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crystalline structures. In particular, intensive interest has been devoted to configuring 2D materials into
three-dimensional (3D) nanoporous superstructures (3DSs), which can effectively prevent aggregative
restacking and maximize the exposure of active nanoscale planar surfaces. Here, we survey the recent
progress of 3DSs made of several important 2D materials, including graphene, boron nitride (BN), transi-
tion metal dichalcogenide (TMD), and transition metal carbide/carbonitride (MXene). The characteristics
of the formed 3DSs, including density, porosity, electrochemical activity, electronic and surface proper-
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Graphene ties, depend on respective synthesis approaches and conditions. The obtained 3DSs, exhibiting distinctive
Boron nitride properties, have been exploited in an array of applications, including shielding electromagnetic, thermal,
TMD and acoustic energies; sensing chemical, optical, and mechanical signals; serving as 3D scaffolds of energy
MXene and environment devices; and supporting 3D growth of live cells and tissues. At the end, this comprehen-

sive review is summarized with future outlooks, including the great potentials, challenges, and bottleneck
issues in fabrication and large-scale implementation of 3DSs.
© 2019 Elsevier Ltd. All rights reserved.
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Introduction

Since the discovery of 2D graphene in 2004 [1], its grand poten-
tials have attracted immense attention in multiple fields, including
electrochemistry, electronics, biomedical and environmental engi-
neering [2]. The unique properties and promising applications of
graphene have also triggered the intensive interests and studies of
various non-graphene 2D materials, such as BN [3], graphitic car-
bon nitride (g-CN) [4], TMD [5], MXene [6], and black phosphorus
(BP) [7]. Those 2D materials consist of a single layer or few layers
of covalently bonded atomic sheets interacted by van der Waals
forces. The broad spectrum of 2D materials delivers a wide range
of properties, ranging from electrical/thermal conductors to insu-
lators. However, the serious restacking and aggregation of such 2D
materials have hindered the full manifestation of their exceptional
electrical and chemical properties. The additional processes nec-
essary to separate 2D materials from liquid suspensions in certain
applications, such as water purification, also limit the applicabil-
ity and practicability. Therefore, it is desirable to synthesize 2D
materials into free-standing 3D superstructures with controllable
hierarchical porosity with enhanced physical and chemical prop-
erties [8,9].

In particular, the assembly of 2D materials into 3D structures
not only circumvents undesirable restacking and, thus, preserves
the unique characteristics of 2D materials, but also provides addi-
tional advantages, such as large accessible surface area, mechanical
durability, and feasibility of being utilized as substrate-free compo-

nents in macroscopic devices. The resulting 3D architectures have
demonstrated tremendous potencies in numerous applications
[8,10-15], including energy conversion[16,17], storage[18,19],and
dissipation [20-22], sensing [23], water treatment [24], and tissue
engineering platforms [25]. Commonly referred to as foams, net-
works, woven fabrics, aerogels, hydrogels, sponges, frameworks,
monoliths, and papers, 3DSs have emerged with various synthe-
sis methods. They can be generally categorized into either high
temperature and gas involved chemical vapor deposition (CVD)
and thermolysis, and solution based self-assembly, or template-
assisted and template-free synthesis.

To date, there have been numerous insightful review papers
on 3DSs made of 2D materials, but most of them primarily cover
graphene and graphene derivatives with very little focus on non-
graphene 2D materials [8,13,15,26-29]. This work summarizes the
structures and properties of 3D graphene, BN, TMD, and MXene,
and the state-of-art synthesis approaches of constructing those
3DSs with tailored structures for a broad spectrum of applications.
Given that solution synthesis of 3D graphene has been intensively
reviewed by many other great articles [9,30,31], this review pri-
marily discusses the CVD growth of graphene foams (GF) and
the relationship between the employed templates, gas precursors,
deposition conditions and the resulting porosity, chemistry, lat-
tice structures, morphologies, and electrical properties. In contrast
to 3D graphene, the fabrication of 3D BN, TMD, MXene can be
mainly achieved by solution-based self-assembly methods, such
as dip coating, freeze-drying, filtration, hydrothermal reaction, and
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Fig. 1. Structures of various 2D materials. (A) Chemical structures of graphene, GO, and rGO [32]. (B) Atomic structures of few-layer h-BN [46]. (C) Metal coordination and
stacking sequence of TMD structural unit cells [50]. (D) Structures of 2D MXenes [53]: schematics of conventional single transition metal MXenes, and double transition
metal MXenes M,M"C, and M,M, Cs (M and M" are different elements: Ti, V, Nb, Ta, Cr, or Mo).

(A) Reproduced with permission from Ref. [32]. Copyright 2018, Springer Berlin Heidelberg, is licensed under CC BY 4.0. (B) Reproduced with permission from Ref. [46].
Copyright 2012, Royal Society of Chemistry. (C) Reproduced with permission from Ref. [50]. Copyright 2017, Royal Society of Chemistry, is licensed under CC BY 3.0. (D)
Reproduced with permission from Ref. [53]. Copyright 2015, American Chemical Society.

cross-linking, which are all featured in this work. Furthermore, we
systematically review the application-oriented structural design
and hybridization of 2D materials with active guest materials. The
applications include energy conversion and storage; shielding elec-
tromagnetic waves, heat, and acoustic energy; biochemical, optical,
and mechanical sensing; and porous scaffolds for cell culturing. The
review is concluded with prospects, challenges, and opportunities.

Structures and properties of 2D materials
Graphene

Graphene is a one-atom-thick 2D layer of honeycomb lat-
tice consisting of sp®-bonded carbon atoms [Fig. 1A] [32].
The unique structure imparts graphene supreme materi-
als properties, such as ultrahigh room-temperature electron
mobility (2.5 x 10°cm?V-1s-1) [33] and thermal conductivity
(5150 Wm~1K-1) [34], excellent mechanical stiffness (Young’s
modulus: 1TPa; intrinsic strength: 130 GPa) [35], exceptionally
large specific surface area (2630 m?2 g-1) [36], and superior optical
transmittance (97.7%) [37]. Single-layer or several-layer graphene
nanosheets can be obtained by mechanical exfoliation [38], liquid
exfoliation [39], and CVD [40-42]. Graphene oxide (GO) [Fig. 1A],
a kind of chemically modified graphene prepared by oxidation
and exfoliation is also regarded as a 2D material of the graphene
family, which is a monolayer structure with a high oxygen content,
typically characterized by C/O atomic ratio less than 3.0 [43,44].
After reduction with chemical or thermal methods, GO can be
converted to reduced graphene oxide (rGO) [Fig. 1A] [43].

Boron nitride

Boron nitride (BN), an analog to graphite both in electronic
number and crystal structure, exists in three major polymorphs,
hexagonal boron nitride (h-BN), sphalerite boron nitride ([3-BN)
and wurtzite boron nitride (y-BN), among which h-BN is the most
stable type [45]. Unless otherwise specified, the BN in this paper
refers to h-BN. BN possesses thermal conductivity and mechanical
properties comparable to graphite. However, due to the polarity of
B—N bonds, the symmetry of electron states of BN is broken and
an intrinsic bandgap of 5.9eV is developed, making BN an elec-
trical insulator. Similar to graphene, boron and nitrogen atoms
interact with each other with covalent bonds within one single
layer and stack with van der Waals interactions [Fig. 1B] [46].
Single- to few-layer BN shows an average Young’s modulus of
0.865TPa and fracture strength of 70.5 GPa [47]. The theoretical
thermal conductivity of monolayer BN, which can be as high as
1700-2000W m~! K-1, is among the best of the thermal conduc-
tive materials discovered so far [48]. Furthermore, BN is stable in
corrosive environments and at temperatures over 800°C in air,
indicating its superior chemical inertness and thermal stability
[49].

Transition-metal dichalcogenide

Transition metal dichalcogenide (TMD) refers to a class of atomi-
cally thin semiconductor materials with a chemical formula of MX5,
where M stands for the transition metal atom (Mo, W, Co, Ni, etc.),
and X for the chalcogen atom (S, Se, or Te). Similar to graphite, bulk
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TMD crystals are made of monolayer stacks assembled by van der
Waals force. In each single layer, two layers of chalcogen atoms
sandwich one layer of metal atoms via covalent bonds. Most bulk
TMDs have three polymorphs: trigonal (1T), hexagonal (2H) and
rhombohedral (3R) phases, which are distinguished by the stack-
ing sequence. Among them, the 2H phase is the most stable one.
The schematic image of the crystal structures of TMD is shown
in Fig. 1C [50]. Due to their layered structure and relatively large
interlayer distance (~0.6 nm) compared to graphite (~0.335 nm),
lithium ions can readily intercalate into bulk TMDs. The physical
properties of TMDs can vary from insulating, semiconducting to
metallic, as represented by HfS,, MoS,, and NbSe,, respectively
[51]. Most semiconductor TMDs also exhibit thickness-dependent
bandgaps. For instance, the bandgap of MoS, changes from 1.2 eV
(bulk) to 1.9 eV (monolayer), accompanied with a transition from
indirect to direct bandgap structure [52].

MXene

MXene is a group of emerging 2D materials composed of tran-
sition metal carbides, carbonitrides and nitrides with the general
formula of Mp+1X,Tx, where M is an early transition metal, such
as Sc, Ti, V, and Cr, X represents carbon or nitrogen and Tx refers
to surface termination molecules, such as —OH, —O or —F groups
[Fig. 1D] [53]. One MXene sheet usually consists of 3, 5, or 7 atomic
layers, corresponding to M, X, M3X5,, or M4X3, respectively. There
would be 2 more layers if the aforementioned functional termi-
nation groups are presented and bonded to the outer transition
metal layers. The termination layers are the common results from
the synthesis in acidic fluoride-containing solution. Apart from
single metal carbides, such as Ti3C, and TizC3, compounds with
binary metals also exist, including Mo, TiC,, Mo,Ti,C3. Because
of their metallic conductivity (9880Scm~1) [54], high Li storage
capacity (447.8mAhg-1) [55], ultrahigh theoretical capacitance
(1982 Fcm—3) [56] and hydrophilic surfaces, MXene is generally
viewed as promising materials for electrochemical energy conver-
sion and storage devices.

CVD synthesis of 3D superstructures

The methods of constructing 2D materials into 3DSs are piv-
otal to the structures and properties of 3D architectures and,
hence, are of paramount significance for the respective applica-
tions. In this review, the synthesis techniques are classified into
high-temperature and gas involved CVD (including thermolysis)
and solution based self-assembly. The self-assembly method that
creates 3DSs from colloids of exfoliated 2D materials is commonly
cost-effective, high-yield, and amenable to large-scale manufac-
turing. However, the self-assembly approach commonly induces
defects in the lattice structure of 2D materials that impair the cap-
tivating electrical properties. In contrast, 3DSs synthesized via CVD
technique exhibit better crystallinity and electrical properties with
controllable porosity. However, the employed high temperature
increases the cost and requires the maintenance of the equipment.

Chemical vapor deposition is a process whereby a solid mate-
rial is deposited from the vapor phase by the decomposition of
chemicals occurring on the surface of a heated substrate surface.
Thermolysis is a process of thermal decomposition of materials at
elevated temperature in an inert atmosphere. If the decomposed
materials are organics, the process is also referred as to pyrolysis.
Since both processes involve the employment of high temperature
and gases, this review generalizes them as one section.

CVD synthesis of 3D graphene

Conventional CVD synthesis of 3D graphene

The CVD synthesis of 3D graphene usually involves the use
of catalytic templates that facilitate the decomposition of the
carbon source (CH4, CH3CH,OH, C;Hy, CoH,, and CgHg) for depo-
sition of graphene and that can be removed after CVD to obtain
free-standing ultralight 3D GF. The catalytic templates can be 3D
metallic scaffolds (e.g. Cu meshes [57,58], and Ni foams [59,60]) or
porous metal oxides (e.g. Al,03 [61,62], and CaO [63]).

Since the solubility of carbon in Cu is much lower than that in Ni,
the CVD growth of graphene on Cu is proposed as a surface adsorp-
tion process [42,64], whereas the synthesis of graphene on Ni is
regarded as carbon segregation and precipitation [64,65]. There-
fore, CVD growth on Cu substrates usually results in monolayer
graphene that is difficult to be self-supported in 3D macrostruc-
tures [44,64]. In contrast, multilayer growth of graphene on nickel
substrates is feasible and the 3D growth of graphene on nickel
foams is more widely adopted [8,44].In 2011, Cheng group reported
the first CVD fabrication of 3D GF using commercial Ni foams
as catalytic templates and methane as a carbon source at a high
temperature of 1000 °C as illustrated in Fig. 2A [59]. The catalytic
templates can be strategically tailored and selected to tune the
size, shape, density, distribution of pores in the 3D graphene foams.
The selected carbon source and modified CVD technique also influ-
ence the morphology, quality and physicochemical properties of
synthesized graphene foams.

CVD synthesis with strategically engineered catalytic templates

Though commercial Nifoams are excellent templates for 3D CVD
growth of graphene, the large pore size of a few hundred microme-
ters limits the applications. To enhance the surface area, one needs
to fully utilize the empty spaces between the interconnected Ni
micro-struts. Fan group created multilevel porous nickel foams
with second level micropores of 1.9-8.3 um on the main branches
[18,66,67] and ramified porous nickel foams with Cu-Ni alloy
microdendrites filling in the empty interspace of nickel branches
[Fig. 2B] [19] through electrochemical subtractive and additive
manufacturing on commercial nickel foams. Such microstructures
result in graphene foams with up to a three-fold enhancement
in surface area. Besides the strategically engineered commercial
nickel foams, other research groups also created novel porous
nickel templates with customized porosity, such as nanoporous
Ni substrates made by electrochemically leaching Mn from cold-
rolled Ni3gMnyq sheets in acid [Fig. 2C] [68], 3D porous nano-Ni film
prepared via electrodeposition with a dynamic hydrogen bubble
template [69], and microcellular Ni foams fabricated by electro-
less plating of Ni films on sintered poly(methyl methacrylate)
(PMMA) spheres [70]. Moreover, GF can be also synthesized using
templates made of pressed and/or sintered nickel nanowires [71],
powders or pellets [Fig. 2D] [72-77]. These nickel materials are
either chemically synthesized [71,77], or commercially available
[72-76]. Graphene foams fabricated through those strategically
engineered catalytic templates usually deliver enhanced surface
area, porosity, and reduced mass density.

Porous oxide templates are also exploited for metal-catalyst-
free CVD growth of 3D GF, including porous MgO [78], anodic
aluminum oxide (AAO) templates and porous Al,03 ceramic sub-
strates [62], AAO wires [61], and calcined seashells (porous CaO)
[63]. It is proposed that oxygen atoms on the surface of templates
are beneficial to the direct nucleation and growth of graphene as
they enhance the absorption and decomposition of hydrocarbons at
high temperature and, thus, promote the carbon-carbon coupling
on the substrates [63,79,80]. Liu group developed a microporous
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Fig. 2. CVD growth of 3D GF with a variety of templates: (A) commercial Ni foams [59]; (B) ramified porous Ni foams [19];

Crumpled Graphene

(C) nanoporous Ni foams [68]; (D) closed-packed

Ni powders [74]; (E) porous CaO (calcined seashell) [63]. (F) SEM images of hierarchical GF with vertical graphene nanosheets on graphitic struts [90]. (G) Fabrication of

crumpled graphene on a swollen PDMS substrate [97].

(A) Reproduced with permission from Ref. [59]. Copyright 2011, Springer Nature. (B) Reproduced with permission from Ref. [19]. Copyright 2018, John Wiley and Sons. (C)
Reproduced with permission from Ref. [68]. Copyright 2014, John Wiley and Sons. (D) Reproduced with permission from Ref. [74]. Copyright 2017, Springer Nature, is licensed
under CCBY 4.0. (E) Reproduced with permission from Ref. [63]. Copyright 2016, American Chemical Society. (F) Reproduced with permission from Ref. [90]. Copyright 2017,
John Wiley and Sons. (G) Reproduced with permission from Ref [97]. Copyright 2015, American Chemical Society.

CaO template by calcinating scallop seashells and grew GFs with
an extremely low density of ~3 mgcm~3 [Fig. 2E] [63].

Carbon source of CVD synthesis

The carbon source involved in CVD synthesis of 3D GF is usu-
ally methane, ethanol, acetylene, or benzene at a high temperature
of 900-1000°C. Some researchers choose to use ethylene (C;Hy)
instead of methane because the high reactivity of C;H4 allows
graphene to grow at a deposition temperature as low as 700°C
[18,66,67].1tis found that low-temperature growth leads to thicker
graphene layers (>10 layers) but with more defects [81,82]. The
multilayer GFs are usually called as ultrathin graphite foams,
which are better free-standing and self-supported than single- or
few-layer GFs [18,66,67]. Because of their improved mechanical
properties, PMMA is not needed as a support during the etching
process.

The use of carbon sources other than pure hydrocarbons allows
one to grow graphene doped with other elements such as nitro-
gen (N), boron (B) and sulfur (S). Nitrogen can be doped into the
hexagonal graphene lattice by using ethylenediamine [17], pyridine
[83,84], or amixture of hydrocarbon gas and NH3 [ 17]. Boron-doped
graphene can be obtained by using toluene and triethyl borate as
carbon and boron sources [17]. The co-doping of N and B [17], or
N and S [82], can be realized by utilizing melamine diborate [17],
or pyridine and thiophene as CVD precursors [82], respectively.
Doping in GFs can enrich free charge-carrier density and enhance
electrical conductivity [85,86], augment lattice defects and pro-
vide more active sites for electrochemical applications [17,82,87],
reduce thermal conductivity [83], and improve hydrophilicity [83].

PECVD synthesis of 3D graphene

Vertical graphene nanosheets can be grown on either metal or
metal-free substrates through microwave plasma-enhanced CVD
(PECVD) [88]. This modified CVD technique can be also adopted for
the growth of hierarchical GF (h-GF) foams [Fig. 2F] [89-91]. GFs
containing such vertical graphene sheets exhibit multiple advan-
tages: (1) they can fully expose the chemically active graphene
edges and enable facile electrolyte access [89,91]; (2) they provide
enlarged surface area either for electrochemical reactions or heat
exchanges [90,91]; (3) the vertical nanostructures guarantee the
optical absorption at an arbitrary incident angle with decreased
light reflection [90].

Wrinkling engineering for crumpled graphene

Two-dimensional sheets of CVD-grown graphene can be
“crumpled” into 3D structures. Although some wrinkling of 2D
materials during synthesis, handling, and subsequent process-
ing is inevitable, introducing controlled topographical features
to the CVD-prepared graphene requires treatment either pre- or
post-deposition. Three major approaches have been developed to
achieve scalable crumpling [92]. First, the CVD-prepared graphene
can self-shrink into crumpled graphene on an ethanol solution
surface owing to the reduced surface and interface energy of
the graphene/ethanol system [93]. Second, by designing the sur-
face morphology of the CVD growth template, crumpled graphene
with tunable wrinkling dimension, density and orientation can be
obtained [94]. Third, transferring the CVD-grown graphene onto
engineered foreign substrates, such as pre-stretched [95,96] and
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swollen [Fig. 2G] [97] surfaces, also results in the formation of
crumpled graphene.

CVD synthesis of 3DSs made of beyond-graphene 2D materials

Similar to graphene, 2D sheets of BN and TMDs can be also
incorporated into 3DSs via CVD; the CVD synthesis of 3D MXene,
however, has yet to be reported. In contrast to metallic templates
for CVD-grown GF, CVD substrates employed for 3DSs of BN and
TMDs only serve as sacrificial or supporting scaffolds and have
no catalytic function. The CVD substrates can be nickel foams
[98-100], aerogels [101-103], and polymer sponges [104]. The
involved gas precursors vary from the category of 2D materials.

CVD synthesis of 3D BN

Golberg group fabricated 3D tubular BN networks with SiO,
aerogel as an initial template as illustrated in Fig. 3A [103].
N-doped graphitic/SiO, foam was firstly synthesized via an N, N-
dimethylformamide (DMF) assisted CVD. Then, 3D BN foam can be
synthesized via a modified carbothermal-reduction CVD reaction in
the presence of B,03 and nitrogen vapor. Here, the doped nitrogen
atoms provide sites for the B,O3 vapor to be adsorbed and further
converted to continuous BN. As a result, BN networks with pore
sizes ~0.36 wm were synthesized [103]. Guo group synthesized
porous BN using nickel foam as the template by low-temperature
CVD [100]. Here, borazine powder was used as the precursor and
a piece of nickel foam was used as the substrate. Benefiting from
the large pore size and the hollow branches structure, the BN foam
was ultralight with a density of 1.6 mg cm~3 and exhibited balanced
rigidity and elasticity.

CVD synthesis of 3D TMD

Ni foams can be used as precursors for the synthesis of nickel
dichalcogenides, a member of TMD that exhibits good electri-
cal conductivity. Foams made of hybrid NiSe,/Ni can be obtained
by one-step selenization of Ni foam via a CVD method [99].
Based on this work, Ren group further grew ternary molybdenum
sulfoselenide (MoS;(1_x)Sezx) and ternary tungsten sulfoselenide
(WSy(1.x)Sezx) on the NiSe, foam via thermal selenization of surface
coated (NH4)2MoS4 [Fig. 3B] [105], and (NH4), WS4 [106].

Thermolysis synthesis of 3D superstructures

Apart from the use of toxic and flammable carbonaceous gas,
3D GFs can be also synthesized via thermolysis of polymer (pyrol-
ysis) in the presence of nickel catalysts. Lee et al. reported a 3D
graphene nanofoams by annealing polyvinyl alcohol (PVA)/NiCl,
film in a gas mixture of H, and Ar at 1000°C [107]. Nanopores
(40-50 nm) were generated by the loss of organic materials during
the carbonization process. Carbonized-C and reduced nickel in a
3D nanoframe created by the pyrolysis of the sample in a hydrogen
gas environment provided a solid carbon source and a catalyst for
the graphene growth in the CVD process, respectively. 3D graphene
structures were also obtained by pyrolyzing photoresist films pat-
terned by interference lithography [108], where 3D amorphous
carbon structures were conformally sputtered with nickel and then
annealed, converting the materials into 3D graphitic monoliths
[Fig. 3C]. Ye group mixed and pressed melamine and Ni powders,
then annealed them in a CVD furnace with H,/Ar flowing under
a negative pressure, where Ni powders served as catalysts and
reaction templates while melamine decomposed into carbon and
nitrogen and deposited onto the nickel surface [Fig. 3(D, E)] [75].

Similarly, BN foams can be obtained by thermolyzing the porous
monolithic precursor in an ammonia atmosphere. The precur-
sor can be obtained from self-bubbling [109] and freeze-drying
[Fig. 3F] [20]. The introduced ammonia could preferably favor the

conversion of B—0 into B—N at high temperature, efficiently remov-
ing the C elements in the precursor and offsetting the loss of N
during the thermolysis process. For instance, Golberg group pre-
pared the precursor by self-bubbling solidification of boric acid
in formaldehyde-dicyandiamide resin (FDR) solution [109]. After
pyrolysis at 1000 ° for 6 hours, porous BN structure with a high
specific surface area and high bulk crush strength was synthesized
[109]. Large size (~23 cm) ultralight BN foams were achieved by
Tang group with a similar pyrolysis process [20]. However, the bulk
precursor was obtained by freeze-drying the mixture of boric acid
and melamine in distilled water. The synthesized BN foam was con-
structed by porous BN microfibers and exhibited a high porosity of
~99.3% [20].

The pioneering work on the thermolysis synthesis of 3D TMD
superstructures was reported by Li group [110]. (NH4);MoS,4
coated on GF/Ni is was annealed in Hy/Ar environment at vari-
ous temperatures (100-300°C) and decomposed to MoSy film on
the surface. Almost at the same time, Zhang group developed a
similar method to synthesize MoS, nanosheets on graphene foam
[Fig. 3G] [111]. Inspired by their work, vertical ReS; nanosheets on
3D graphene foam were synthesized by using NH4ReO, transition
metal precursors and H,S/Ar as the thermolysis atmosphere [112].
Unlike the randomly grown MoS,, the vertical ReS; nanosheets uni-
formly dispersed on the graphene foam, as displayed in Figs. 3(H, I)
[112]. Free-standing MoS, and WS, aerogels can be also obtained
by in-situ thermolysis of their aerogel precursors as well [Fig. 3]]
[113,114]. In this method, ammonium thiomolybdate (ATM) and
ammonium thio-tungstate (ATT) were dissolved in deionized water
and then submerged in liquid nitrogen to dry rapidly. The obtained
ATM and ATT aerogels were then sealed in 2% H,/98% inert gas
at 450°C for 4 h. After cooling to room temperature, free-standing
MoS, and WS, aerogel can be obtained.

Solution based self-assembly of 3D superstructures

Solutions of GO dispersions can be arranged into 3D porous
architectures through controlled self-assembly or the use of solid
templates and fluid interfaces. Strategies for the solution-based
synthesis of 3D porous graphene have been well researched and
documented in several insightful reviews [9,30,31]. In order to
avoid overlap, this review provides a general overview of the
solution-based synthesis mechanism of 3D graphene, which could
apply to 3DSs made of 2D materials besides graphene or graphene
derivatives. Examples will be discussed in the solution-based self-
assembly of 3D BN, TMD, and MXene.

Solution based self-assembly of 3DSs made of graphene oxide

Dispersing GO nanosheets in an aqueous solution creates a sta-
ble colloid that can be purposely destabilized, freeze-dried, and
reduced to create 3D graphene with a variety of chemical com-
positions and physical morphologies. The colloidal stability of GO
suspensions depends on the balance of attractive and repulsive
forces between GO nanosheets. In theory, universally attractive van
der Waals forces between GO sheets in solution must be coun-
terbalanced with repulsive electrostatic forces to form a stable
colloid [115]. Thus, the general scheme for the fabrication of 3D
graphene involves the removal of repulsive forces and the gen-
eration of attractive forces via hydrothermal reduction [116,117].
The dynamic amphilicity of the GO nanosheets during the reduc-
tion process produces the porous structure. Supercritical water
acts as a reducing agent, removing the functional groups, exposing
the hydrophobic basal plane and promoting -1 stacking between
adjacent basal planes. Residual functional groups, however, expe-
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rience hydrogen bonding with water and trap water in pores on the
micrometer scale.

Besides hydrothermal reduction, there are various approaches
of building 3DSs of GO, such as chemical reduction [118], change
in pH [119], addition of crosslinkers [120], freeze-drying [121],
and filtration [85,122]. In contrast to the hydrothermal method,
chemically assisted reduction allows rGO hydrogels to form at
much lower temperatures with shorter reaction times at atmo-
spheric pressure. Freeze-drying prevents volume shrinkage and
pore collapse that would result from drying in ambient conditions.
Filtration is another facile and efficient way of separating solids
from liquid with controlled thickness and high yield. Moreover,
the addition of crosslinkers like PVA in the reduction process can
promote the gelation of GO. Appropriate choices of chemical reduc-
tants, crosslinkers, active materials, and even other 2D materials
can create 3D graphene structures with chemical dopants, opti-
mized porosities, and functionalized surfaces. These principles will
be elaborated in the review of the following self-assemblies of 3DSs
made of BN, TMD, and MXene. Furthermore, recent advances in

3D printing [123], and laser-induced/scribed graphene [124] have
emerged to solve issues related to optimized microscopic structure,
customized macroscopic morphology, and large-scale manufac-
turability. In the future, these advances will likely be mirrored in
the self-assembly of beyond-graphene 2D materials.

Solution based self-assembly of 3DSs made of beyond-graphene
2D materials

Hydrothermal synthesis

Distinct from the hydrothermal synthesis of 3D GO compos-
ites, the hydrothermal synthesis of 3DSs made of beyond-graphene
materials usually utilizes porous structures such as nickel foams,
GFs, carbon foams/cloths, and polymer sponges as templates, which
are immersed in a solution of precursors and sealed in a Teflon
autoclave. By controlling the concentration of the precursor, reac-
tion temperature, and time, various kinds of 2D nanostructures
can be directly synthesized on the templates. For instance, Shen
group synthesized honeycomb-like MoS, nanoarchitectures on 3D
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GF (MoS,/GF) via a hydrothermal reaction between Na,MoO4 and
thiourea with the assistance of surfactant P123 at 200°C for 24 h
[125]. Following this work, MoS, nanostructures were synthe-
sized on N-doped graphene sheets [126], graphene wrapped carbon
microtubes[127]and cellulose paper[128] via hydrothermal meth-
ods [126-128]. Apart from MoS,, 3D structures made of other
TMDs, like MoSe; /Nifoam [129], WS, /Ni foam [130], FeS,/GF[131],
and VO, /graphene@NiS; aerogel [132], can be synthesized as well.
Though hydrothermal synthesis is a facile approach, the quality of
the 3DSs is generally compromised due to the stacking of 2D mate-
rials. It is also challenging to control the final morphology of the
structures. We also note that there is almost no report on the direct
synthesis of 3D BN and 3D MXenes through hydrothermal synthesis
because of the intrinsic fabrication limitation of 2D BN and MXene.

Freeze-drying synthesis

Freeze-drying is a powerful technique that is utilized in the
synthesis of 3DSs. During the rapid cooling process, liquid water
will transform into solid ice and separate from the nanoarchitec-
tures. The porous structures can be maintained without shrinking
by the following sublimation of ice. However, because of the local
differences in the freezing rates and associated temperature gra-

dients, the morphology of 3DSs is generally not uniform. A typical
freeze-drying process is illustrated in Fig. 4A. A wide spectrum of
2D materials can be assembled into 3DSs through freeze-drying,
such as BN/PVA hydrogel [133], MoS,/rGO (MG) hydrogel [Fig. 4B]
[134],and MXene/rGO aerogel [Fig. 4A] [135,136].In most of freeze-
drying synthesis processes, GO and the reduction of GO through
hydrothermal reaction are involved because rGO nanosheets play
a vital role in the formation of the interconnected porous network
due to the - interactions and the resulting hydrophobic nature.
Without rGO nanosheets, 2D nanosheets tightly clumped together
during the freeze-drying process as shown in Fig. 4C [134].

Filtration

Filtration can separate solids of 2D materials from the liquid
phase and form a thin-film 3D monolithic structure. It shows
several advantages including the ease and low cost of fabrica-
tion, large-scale manufacturability, and controllable thickness. The
major problem of filtered 3DSs is the restacking of 2D nanosheets
once the film is dried. To address this issue and to preserve the
porous structure after drying, several techniques have been devel-
oped including the surface charge control of 2D materials [137],
the addition of non-volatile solvents [ 138] and spacing layers [139],
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and post-filtration processing [ 140]. Through mediating the surface
charge of MoS, nanosheets with pH values, the electrostatic repul-
sion between different layers prevents the restacking after filtering
MoS, dispersions to form freestanding porous MoS, hydrogels
[137]. Adding carbon nanotubes (CNTs) as spacing layers in the
filtration process is also reported to be an effective way to main-
tain the scaffold structures of 3D MoS,/rGO/CNTs [139]. Inspired
by the seashell nacre, Hong group fabricated BN nanosheets
(BNNSs)/gelatin nanocomposite via a vacuum filtration-induced
self-assembly technique [Fig. 4D][141]. The BNNSs were firstly dec-
orated with hyperbranched polyglycerol (HPG). During the vacuum
filtration process, electrostatic interactions between the functional
groups on HPG and gelatin chains bridged the interlayers to form
a classic brick-and-mortar structure like nacre. In contrast, pure
2D BN films without gelatin and HPG were typically brittle and not
freestanding, which limits their applications [141]. Recently, a free-
standing 3D microporous MXene film was produced by Gogotsi
group, where 2D MXene flakes were filtrated and wrapped on
PMMA spheres followed by thermal removal of the PMMA poly-
mers at 450 °C [Fig. 4E] [142].

Dip-coating

Dip coating or drip-drying is a common and facile method
to assemble 2D nanoarchitectures onto porous templates, such
as polyurethane (PU) and melamine-formaldehyde (MF) sponges
and nickel foams, through van der Waals or electrostatic inter-
actions. The general process is as follows: cleaned 3D scaffolds
are cut into suitable sizes and dipped into a suspension of 2D
nanosheets in ethanol followed by vacuum drying at a mild temper-
ature, i.e. below 80 °C to assemble a thin layer of 2D nanomaterials
on the 3D surfaces of the porous templates. The thickness of the
coated 2D nanoarchitectures can be controlled by repeating the
“dipping-coating” process. The schematic of the dip-drying pro-
cess is illustrated in Fig. 4F [143]. Recently, Fan group fabricated
a MoS,/C coated PU sponge by electrostatic forced-induced self-
assembly [24]. Similarly, MoS;/MF sponges [144], BN/MF sponges
[145], MXene/nickel foams [146] and MXene/MF sponges [143]
composites were obtained through the simple dip-drying method.
The major limitation of this method could be the instable peeling-
off of 2D nanosheets from 3D substrates resulting from the weak
interaction.

Cross-linking

The gelation of 2D materials dispersions can be promoted by
adding crosslinking molecules. The BNNSs/PVA fibers [22] and
hydrogels [147] can be obtained through mixing the solution of
BNNSs and PVA, in which the strong hydrogen bonding between
the hydroxyl groups of PVA crosslinkers and the nitrogen groups
on BN facilitates the gelation. In addition to the direct gelation
between 2D materials and crosslinkers, some 2D materials like BN
can be evenly dispersed or distributed within gels made of gelatin
[21], glutaraldehyde [148] and divinyltetramethyldisiloxane-
bis(benzocyclobutene) [149]. MXene nanosheets can be also mixed
with hydrogels made of cross-linked PVA to directly fabricate
MXene hydrogels [150]. Besides the organic molecules, GO can be
also applied as crosslinkers to form a 3D network architecture as
a scaffold of MoS, nanosheets [Fig. 4G] [151]. Here, the formation
of cross-linked network structures is ascribed to the electrostatic
interaction between negatively charged GO and positively charged
hollow carbon spheres (HCS).

Properties of 3D superstructures

The grand applications of 3DSs rely on the exceptional proper-
ties governed by the synthesis approaches. Table 1 summarizes the

main properties (i.e., surface area, electrical and thermal conductiv-
ity, mechanical property) of various 3DSs. Since the CVD technique
imparts 3D superstructures, especially 3D GF, with high quality, this
section mainly discusses the properties of CVD grown 3D GF and
how they are regulated by the fabrication methods, which could be
applicable to other 3DSs.

Surface area

Three-dimensional graphene foams derived from various tem-
plates through CVD have demonstrated high surface areas
[59,60,152,153]. Those made of Ni foams offer a surface area up
to 850m2g-!, which can be modulated by tuning the number
of layers deposited with different deposition time and flow rate
[59]. However, the intrinsic large pores of diameter from 200 to
500 wm in between the Ni foam struts limit the surface area. Two
ways have been reported to address this problem. First, the sur-
face area can be enhanced by filling the pores with rGO aerogel
(1.68X) [87], ramified graphitic microdendrites (3.4X) [19], CNTs
(3.3X) [154], and sintered nickel powders (68X) [19]. Second, the
employment of nanoporous substrates with reduced pore sizes also
greatly improves the surface area. For example, GF with a pore size
of 5-10 wm possesses a surface area of 980m? g~ [155]. When the
pore size is further reduced to the range of 100 nm to 2.0 um, a sur-
face area as high as 1320 m2 g~! can be obtained [68,82,83]. 3D BN
also exhibits a surface area with a similar magnitude of that of 3D
GF. Owing to the ultralow mass density of aerogels, 3D BN and TMD
aerogels usually deliver ultrahigh surface area ranging from few
hundreds to one thousand meter squares per gram. The detailed
data can be found in Table 1. Those high surface areas are pivotal
for the applications of 3DSs in energy conversion and storage as
well as oil absorption.

Electrical conductivity

The electrical conductivity of CVD grown 3D GF ranges from 2
to 55Scm~! [59,60,156], which can be further enhanced by the
following approaches. First, heteroatom doping can augment the
charge carrier density, accordingly, improve the electrical conduc-
tivity. For example, after the N doping, the electrical conductivity
of graphene foam can be increased from 2.86Scm~! t0 3.33Scm™!
[87]. Second, the low electrical conductivity is a result of the porous
structure, which makes the electron-transfer pathway longer [72].
So the graphene pellets synthesized from compressed Ni powders
reduces the pore size to 2nm and results in the conductivity of
148 Scm1 [72]. It is worth noting that the intrinsic metallic con-
ductivity of MXene endows 3D MXenes with outstanding electric
conductivity as high as 200Scm~1 [142,157]. The high electrical
conductivities of 3DSs promise the applications in energy conver-
sion and storage, and sensing of mechanical and gaseous clues.

Thermal conductivity

The thermal conductivity of 3D GF depends on the CVD growth
time and etchant used to remove the metallic template [158].
Changing the etchant from HCI to milder Fe(NOs3)s3, increased the
thermal conductivity from 0.26 Wm~!K-! to 0.71Wm~!K-! due
to the improved integrality of graphene foam [158]. Longer growth
time results in thicker graphene layer and thus, higher thermal con-
ductivity (2.12Wm~1K-! for 3-h growth; 0.71Wm~1K-! for 1-h
growth) [158]. Moreover, the air residing in the pores of GF could
lead to a large convective thermal resistance between the air inside
the pores to the surface of the graphitic struts. Li group sintered
nickel powders on nickel foams to synthesize GF with reduced pore
size, resulting in high thermal conductivity of 16.3Wm~1K-1[76].
The same group also grew long continuous CNTs to form secondary
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Table 1
Synthesis and properties of 3D superstructures made of 2D materials.
Materials Methods Surface Area (m2g-1) Pore Size (jum) Mechanical Property Conductivity Ref.
Electrical (Scm~')  Thermal (Wm K1)

GF CVvD ST: 6% (pristine GF) \ \ [57]
GF CVD 850 ST: 95% w/ PDMS 10 \ [59]
GF CVD 392 ~200-500 \ 55 \ [60]
GF CVD \ ~200-500 \ Electrical: 2 [156], 7.2 [208]

GF CVD \ ST: 187% w/ PDMS 11.6 \ [232]
GF CVD \ 590 \ \ 1.7 [158]
GF CVD E: 1.2-1.5 MPa; hardness: 19.9-26.1 kPa \ \ [160]
CNT/GF CcVD \ 250 \ 19 [159]
GF/PDA/APTS/PDMS CVD E: 2.97 MPa; TS: 3.07 MPa; ST: 89.4% \ 28.77 (i.p.) [211]
Compressed GF CVD \ \ \ 82 (0.p.) [98]
GF/PLC CVD E: 254 kPa; TS: 184 kPa; ST: 2763% \ \ [25]
RPGF CVD 0.44m? cm™3 ~100 \ \ \ [19]
N-doped GF (NG) CVD 786 259nm \ \ 52 [83]
N, S-doped GF CVD 1320 100-300 \ \ \ [82]
GF CVD 980 5-10 \ \ \ [155]
GF CVD 145 ~1-5 \ 17.5 \ [71]
N-doped GF CVD 656 ~10-40 \ \ \ [75]
GF CVD 24.2 44-88 \ \ 16.3 [76]
g-RACNT CVD 526.91 ~100nm \ \ \ [61]
N-doped rGO paper Filtration 298 100 nm-10 \ 316 \ [85]
GF-NG Freeze-drying 583 ~10-100 \ 3.33 \ [87]
GO hybrid aerogels 3D Printing 212 ~50 \ 120 \ [123]
Graphene pellets CVD 80 2nm \ 148 \ [72]
BN foam CVD 166 0.2-0.5 E: 13.2 MPa.cm? g~'; MCS: 90% [103]
Compressed BN foam CVvD \ \ \ \ 62 (o.p.) [98]
BN foam CVD 180 ~80 \ \ \ [104]
hBNAGs CVD 1080 \ \ \ 0.0024 [102]
BNPMs Thermolysis 1406 ~5-40 \ \ \ [109]
BN foam Cross-linking \ ~100 \ \ 5.19 (i.p.); [21]
BN foam Thermolysis 773 1-100 \ \ 0.035 [20]
BNNSs/PVA Cross-linking \ \ \ 1.94 (0.p.) [22]
BN aerogel CVD 1051 12-21.5nm \ \ \ [101]
BNNS/gelatin Filtration E: 31.1 GPa; TS: 148.7 MPa \ \ [141]
BN/PVA hydrogels Freeze-drying 124.4 \ \ \ \ [133]
OH-BNNS/PVA Cross-linking E: 46 kPa; TS: 0.27 MPa; ST: 930% \ 0.6432 [147]
MoS;/GA Thermolysis 691 10-200 nm \ 1.12 \ [113]
WS, @Ni foam Hydrothermal 63.5 200-500 \ \ \ [130]
VO,/g@NiS, aerogel Hydrothermal 1414 17.1nm \ \ \ [132]
WS, aerogel Thermolysis 620 20-150nm \ \ \ [246]
MoS,/rGO hydrogel Freeze-drying 2223 \ \ 7.14 \ [134]
MXene porous film Filtration \ 2-3 \ 200 \ [142]
3D Ti3C, Self-assembly 165.3 40-300 nm \ 120 \ [157]
TizC,Tx MrGOA Freeze-drying \ 5-20 \ ~7.0 \ [136]
MXene hydrogel Cross-linking \ \ ST: 3400% \ \ [150]

Graphene radially aligned CNT (g-RACNT); N-superdoped graphene network structure (GF-NG); hexagonal boron nitride aerogels (hBNAGs); BN-based porous monoliths
(BNPMs); cellulose nanofibers (CNF); hydroxylated BNNS (OH-BNNS); graphene aerogel (GA); VO, /graphene@NiS; aerogel (VO,/g@NiS, aerogel); MXene/rGO hybrid aerogel
(MrGOA); in-plane (i.p.); out-of-plane (0.p.); young’s modulus (E); tensile strength (TS); stretchability (ST); maximum compression strain (MCS).

graphitic networks to fill in the interspace of GF, which further
improved the conductivity to 1I9Wm~1K-! [159]. Besides, com-
pressing the GF can remove the air inside the porous structure and
thereby enhancing the thermal conductivity from 1.2Wm~1K-!
to 86 Wm~! K-1 [98]. On the other hand, 3D BN superstructures
exhibit thermal conductivities at a similar level of that of 3D GF.
The high thermal conductivities enable both 3D GF and BN to be
utilized for thermal energy dissipation.

Mechanical property

The elastic modulus of 3D GF is 1.2-1.5 MPa and the hardness
is 19.9-26.1kPa [160]. The high elastic modulus is attributed to
the graphene branch alignment that allows the strut to sustain
high load during in-plane tensile stretching. However, the low
hardness results from branch bending and elastic depression of
branch walls under the compression, which does not utilize the
extraordinary mechanical property of 2D graphene. Incorporating
polymers, such as PDMS and Ecoflex, with 3D GFs has been widely
adopted to improve the stretchability [59], which is to be discussed

in the section of mechanical sensing. In contrast, 3D BN architec-
tures usually exhibit superelasticity [100,103]. For instance, cellular
interconnected tubular BN network fabricated from CVD conver-
sion method can sustain a maximum compressive strain of 90% and
afford a density-normalized elastic modulus of ~13.2 MPacm? g~!
[103].

Applications of 3D superstructures

Energy conversion: fuel cells, solar cells, water splitting, and
thermoacoustic sound generation

Energy conversion technologies including fuel cells, dye-
sensitized solar cells (DSSCs), and water splitting devices leverage
the unique properties 3DSs to optimize the efficiency and selec-
tivity of catalytic reactions. Electrochemical catalysis involves
chemical reactions that occur at catalytically active sites, and the
performances of those devices can be improved by increasing the
specific surface area of a catalytic material [161,162], the density of
active sites [91], and/or by incorporating other active materials, e.g.
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metals [163,164], metal oxides [161], and polymer catalysts [165].
Defect sites that are usually more catalytically active, have also been
engineered via heteroatom doping [82] or post-synthesis plasma
treatment [17]. Compared with single- or few-layer 2D materials,
the unique features of 3D architectures make them more appeal-
ing for such applications. The non-agglomerated morphology and
porous structure of 3D superstructures facilitate the loading and
dispersion of catalysts. Moreover, the electrically interconnected
graphitic or MXene scaffolds promote rapid electron transport
between the reaction sites and the supporting electrode.

Fuel cells

Fuel cells that convert chemical energy from fuels, e.g.,
hydrogen, methanol, and ethanol, into electricity through elec-
trochemical reactions with oxygen or other oxidizing agents hold
great promise as future energy conversion devices. At the anode, a
catalyst is normally employed to assist the oxidation of the fuels.
At the cathode of fuel cells, the oxygen reduction reaction (ORR)
is kinetically sluggish, dominating the full potential of fuel cells.
3D GF decorated with Pt NPs improved electrocatalytic activity
towards both reactions in comparison with bare Pt NPs [Fig. 5(A,
B)] [163,164]. The unique advantages of 3D structures in enhanc-
ing ORR catalysis are further confirmed in the 3D GFs loaded
with valence transition metal oxides/sulfides such as mesoporous
NiCo,04 nanoplates [161] and NiCo,S4 nanosheets [162]. With-
out the incorporation of active materials, 3D GFs with boron and
nitrogen doping also exhibited substantially augmented ORR elec-
trocatalytic activities [ 17]. This is because doped B and N atoms act
as active sites for ORR via charge transfer with neighboring C atoms
and enhance the electroactive specific surface areas. Furthermore,
the interaction between adjacent N and B atoms also reduces the
size of the bandgap.

Dye-sensitized solar cells

Dye-sensitized solar cells (DSSCs), emerging as an economical
alternative to silicon solar cells, consist of three components, i.e., a
dye-sensitized TiO, photoanode, an electrolyte solution with an
iodide/triiodide redox couple, and a counter electrode (or cath-
ode). Under solar irradiation, an electron-hole pair is created in
the molecular dye in contact with the TiO, anode. The holes oxi-
dize iodide to triiodide at the electrolyte interface; the electrons are
injected into TiO, anode and travel through an external circuit to
the cathode where triiodide is reduced back to iodide. The reduc-
tion of triiodide is usually facilitated by catalysts such as Pt. Porous
3D GF is a promising, inexpensive alternative to Pt [Fig. 5C] [107].
The DSSC’s performance can be further improved by increasing the
number of defective sites via assembling small-sized laser-reduced
graphene quantum dots (L-GQDs) on 3D GF [153]. 3D GFs were
also exploited as photoanodes to improve performances of DSSCs
[166,167]. By mixing 3D GF with TiO, powder as photoanodes
[Fig. 5D] [167], both the dye absorption and electron lifetime can
be enhanced, which improves the power conversion efficiency.

Water splitting

Water splitting is an environmentally friendly technology that
converts solar or electrical energy into hydrogen gas, a carbon-
free fuel [168]. A water splitting device requires two electrodes:
an anode and a cathode supported with their respective oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER)
catalysts. The N, S co-doped GF grown at 500°C was reported
to exhibit high catalytic activity towards HER [Fig. 5E] [82]. The
improved catalytic properties of NS500 can be attributed to defects
caused by doping and low-temperature growth. The poor electri-
cal transport and ineffective electrical contact to catalysts limit
the manifestation of high catalytic activity of 2D TMDs towards
water splitting. The 3D TMD hybridized with conductive mate-

rials are expected to exhibit enhanced performance for HER or
OER due to their high surface area and rapid proton transfer
during the catalytic process. Examples includes WS;/GF [169],
MoS;(1_x)Sexx/NiSe; foam [Fig. 5F] [105,106]. Some of the 3D
TMD structures (Graphite/CoS, foam [170]) even can work as
bifunctional catalysts for both HER and OER reactions. 3D con-
ductive MXene networks have also been utilized as conductive
scaffolds for water splitting. For instance, ultrafine CoP nanocrys-
tallites anchored on 3D Ti3Cy/MXene architectures were utilized
as bifunctional electrodes for water splitting with enhanced
activities [Fig. 5G] [157], which outperformed both CoP/non-3D-
Ti3Cy/MXene and CoP/3D-rGO.

Thermoacoustic devices

Owing to the excellent electrical and thermal conductivities,
recently, graphene has been exploited in electrodes for thermoa-
cousticdevices. The electrical current passing through the graphene
generates heat (Joule heating), and the pores of the 3D structures
allow heat transfer to the surrounding air, which generates oscil-
lations and produces sound. Two factors control the efficiency
of thermoacoustic devices, i.e. the heat capacities per unit area
(HCPUA) of the electrode and the substrate [16]. Low HCPUA is
desirable for improving the kinetics of heat transfer to the sur-
rounding air. The applications of various nanomaterials including
single- or few-layer graphene have been demonstrated in thermoa-
coustic devices owing to their low HCPUA [16]. A porous substrate
provides even greater specific areas for heat exchange between
electrodes and air. As a result, the 3D GF can readily offer enhanced
performances compared to those of graphene films when inte-
grated as thermoacoustic electrodes, as demonstrated by both Ren
group [16] and Jung group [Fig. 5H] [171].

Energy storage: supercapacitors and rechargeable batteries

Supercapacitors

Supercapacitors that exhibit large power density, long cycling
lifetime, and high charge/discharge speeds have the potential
to meet the growing demand for energy storage. Based on the
charge storage mechanism, supercapacitors can be categorized
into electrical double layer capacitances (EDLCs) that store elec-
trical energy via an electrostatic charging process via adsorption
of ions at the interface between the active electrode and the elec-
trolyte and pseudocapacitors that store electrical energy by rapid
and reversible redox reactions at the interface of active materi-
als. Hence, pseudocapacitors usually deliver much higher energy
density than EDLCs. However, pseudocapacitive materials exhibit
extremely low electric conductivities and have to be loaded onto
conductive supports to fully manifest their high theoretical pseu-
docapacitances. Recently, substantial progress has been made on
the use of 3DSs as either EDLC materials [61,172] or as conduc-
tive electrode supports of pseudocapacitors [18,19,60]. The porous
structure of 3DSs not only facilitates the access of electrolytes to the
entire surface of an electrode but also provides facile electron trans-
fer pathways for the active nanomaterials, effectively enhancing
the performances of both EDLCs and pseudocapacitors. The per-
formance values of 3DSs based supercapacitors are summarized in
Table 2.

The ultrahigh theoretical specific surface area (SSA) of a single
graphene sheet (2630m2g~!) is appealing for the application of
EDLCs. Various approaches have been developed to synthesize 3D
GFs that consist of single or few-layer graphene sheets to manifest
the high EDLCs [78,173]. Hybridizing 3D GF with various types of
carbonaceous materials, such as CNTs [Fig. 6A] [61,172] and rGO
[Fig. 6B] [87], can increase the SSA [172], alter the surface to be
hydrophilic [87], which further improves the EDLC.
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Fig. 5. Applications in energy conversion. (A) Cyclic voltammograms of Pt/3D-graphene and Pt/CF catalysts in H,SO4 [163]. (B) ORR polarization curves of Pt nanostructures
with different morphologies on 3D GF; inset: SEM of Pt nanospikes [164]. (C) Photocurrent-voltage (I-V) curves for DSSCs with 3D-NFG CE and Pt CE [107]. (D) Schematic of
the DSSC device and electron transport paths with 3D GF decorated with TiO, NPs network (in yellow) [167]. (E) HER polarization curves of the samples produced at different
CVD temperatures and with different dopants compared to undoped nanoporous graphene [82]. (F) HER polarization curves of pure NiSe, foam, WS, on porous NiSe;, foam,
WSy(1_x)Se2x on porous NiSe, foam and a Pt wire [106]. (G) A comparison of different MXenes catalysts in onset overpotential and mj=10mA cm~2 [157]. (H) The surface
of the sound pressure level (SPL) as a function of the frequency and input voltage, (i) SPL of sound generated by the thermoacoustic device made of bilayer graphene on a
polyimide film, (ii) SPL of sound generated by the thermoacoustic device made of three-dimensional 3-D graphene foam [171].

(A) Reproduced with permission from Ref. [163]. Copyright 2012, Royal Society of Chemistry. (B) Reproduced with permission from Ref. [ 164]. Copyright 2013, Royal Society
of Chemistry. (C) Reproduced with permission from Ref. [107]. Copyright 2012, Royal Society of Chemistry. (D) Reproduced with permission from Ref. [167]. Copyright 2015,
Elsevier. (E) Reproduced with permission from Ref. [82]. Copyright 2014, John Wiley and Sons. (F) Reproduced with permission from Ref. [106]. Copyright 2018, American
Chemical Society. (G) Reproduced with permission from Ref. [157]. Copyright 2018, American Chemical Society. (H) Reproduced with permission from Ref. [171]. Copyright

2018, Elsevier.

Various pseudocapacitive materials can be decorated on 3D GF
orits derivatives as pseudocapacitor electrodes, such as transitional
metal oxides/hydroxides made of NiO [174], Ni(OH), [66,175],
MnyOy [18,19,60], Co304 [176], and Co(OH), [177], bimetal
oxides/hydroxides [178,179]), metal chalcogenides [180,181], and
conductive polymers [58,154,155,182]. These active materials can
be deposited onto GF via hydrothermal synthesis, electrodeposi-
tion, and drop-casting. The enlarged surface area of 3D GFs largely
boosts the active materials loading and contributes to ultrahigh
specific capacitance. However, increasing the loading of pseudo-
capacitive materials on the conductive substrate impedes the ion
transfer and migration process, which degrades the electrical con-
ductivity and impairs the rate capability, coulombic efficiency, and
cycling stability [60]. Several approaches have been developed to
boost the mass loading without compromising the charge transfer
and electrical conductivity, such as the incorporating conductive
CNTs [Fig. 6C] [154] or polymers [Fig. 6D] [155], or increasing the

surface area of GF via building secondary microstructures [Figs. 2B
and 6 (E-G)] [18,19].

Besides 3D GFs, 3D TMDs and MXenes have also been explored
in applications of supercapacitors because of the high theoreti-
cal capacitance of TMDs [183] and metallic conductive behaviors
of MXenes [Fig. 6H] [146,184]. Similar to most pseudocapacitive
materials, TMDs needs to be hybridized with conductive materi-
als such as graphene [132], acetylene black coated Ni foams [129],
polymers [Fig. 61] [185] to fully manifest its pseudocapacitance.

Rechargeable batteries

Rechargeable batteries, particularly lithium-ion batteries, are
of paramount importance for energy storage owing to their high
energy density and working voltage, low maintenance (low self-
discharge and no periodic discharge needed), and low toxicity.
Three dimensional (3D) GFs have been widely applied as electrode
supports in various rechargeable batteries, as either the anodes
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Table 2
Performance of 3D superstructures based supercapacitors.
Materials Loading (mgcm~2) Specific Capacitance! C.E.(%) Cyclability? Ref.
(Fg™) (mFem~2)
nanomeshed graphene \ 255@ 1Ag! 0.014 \ 94.1 (2000) [78]
graphene/MWCNT/Ni \ 286Fg ! @ 1.78 mAcm~2 (Full) \ 99.34 (85,000) [172]
g-RACNT \ 89.4 \ ~100 (10,000) [61]
GF-NG 1 380@0.6Ag! \ \ 93.5 (4600) [87]
GF/Ni-Co hydroxide 4 1900 7600 99 110 (15,000) [178]
GF/MnO, 0.1 465 @2mVs-! \ 93 81.2 (5000) [60]
GF/CNT/MnO, 0.6 215@10mV s! 130 95 90.2 (10,000) [154]
GF/C0304/PEDOT/MnO, \ ~400@5Ag! (Full) \ \ 90 (20,000) [155]
MPGF/Mn3;04 0.15 538 @ 1mVs™! \ \ 90 (10,000) [18]
RPGF/Mn304 3.91 164 @ 1mVs~! 820 98 88 (3000) [19]
graphene pellets/MnO, 79.6 wt% 395@0.8Ag! \ \ 85 (5000) [72]
GF/NiCo,S4 \ 14546 @13Ag™! \ \ 96 (3000) [181]
GF/Co(OH), 0.21 mg 1636 @ 0.5Ag™! \ \ 75 (1000) [177]
GF/MoS, \ 59@1Ag! (Full) \ \ 95 (2000) [180]
NGF/CNT/MnO, 70 wt% 284@2mVs~! 3030 \ 151.6 (15,000) [247]
Ni/MoSe;-acetylene black \ 2020@1Ag! \ \ 107.5 (1000) [129]
MoS; /PANI/rGO aerogel ~4-5 618@1Ag! \ \ 96 (2000) [185]
VO,/g@NiS, aerogel \ 1280 @ 1Ag! \ \ 86.2 (10,000) [132]
Mn-SnS;/graphene \ 523.51@5mVs! \ \ 98.57 (2000) [248]
TizC,Tx MXene/Ni foam 1.1 mg 499 @ 2mVs~! (Full) \ \ ~100 (10,000) [145]
Ti3C,Tx MrGOA \ 346mFcm2 @ 1mVs! ~100 91 (15,000) [184]
N-doped crumple GO \ 270 @ 1Ag! \ \ 97 (2000) [117]

Coulombic efficiency (C. E.); polyaniline (PANI), multilevel porous graphite foam (MPGF).
! The specific capacitance is the half-cell value (three-electrode tests) based on the weight of active materials excluding the mass of electrode support (i.e., GF, Ni foam,

etc.). (Full): the full cell value (two-electrode tests).
2 X (Y): (X) percentage capacitance is retained after (Y) cycles.

or cathodes of lithium-ion batteries (LIB) [14,186,187], lithium-
sulfur batteries (LSB) [188,189], lithium-oxygen batteries [190],
aluminum ion batteries (AIB) [191], and sodium-ion batteries (SIB)
[192]. The porous conductive structures of 3D GFs provide large
specific surface areas and high electrical conductivities, which not
only facilitate the transport of electrons at the interface between
an electrolyte and an electrode but also reduce fractures caused by
the volume change of metals or metal oxide nanoparticles during
charge/discharge cycles [8,193].

The decoration of 3D GFs with metal oxides, such as Fe30,4 [194],
V;,05 [186], Co304 [195], MnO, [196], TiO; [73,89], NiMoO4 [197],
ZnCo,04 [198]), lithium compounds [187,199], TMDs (MoS, [192],
ReS; [112], FeS, [131]), Si NPs [200], CNTs [201,202], and conduc-
tive polymers [186] combines the respective advantages of active
materials and GFs to assure improvement in capacity, rate capa-
bility and cycling life compared to those of simple 2D electrodes.
The 3D GF based LIB electrodes have been well reviewed by sev-
eral insightful articles [14,27]. Here, we highlight and summarize
most recent work on LIB in Table 3. The electrodes of Li-S batteries
usually suffer from extremely low loading (<2 mgcm—2) and low
weight content (<70 wt%) of sulfur, which can be addressed by a 3D
hybrid graphene hierarchical network macrostructure comprising
of electrically conductive CVD GF and rGO aerogel [Fig. 7A] [188].

Three-dimensional TMD based LIB anodes have attracted
increasing attention in recent years due to their layered structures
similar to that found in graphite while at a much larger inter-
layer spacing, which is favorable for rapid intercalation of Li* ions
without notable volume change [126,131]. The capacity can be
improved by facilitating the electron transfer with the hybridiza-
tion of conductive graphene [Fig. 7B] [126] and CNTs [203] and by
exposing the sulfur edge sites with the growth of vertical TMDs
nanosheets [Fig. 7C] [112].

The high electrical conductivity, low Li-ion diffusion barrier, and
high theoretical capacity of MXenes have been discovered both the-
oretically and experimentally and make these materials attractive
for applications in rechargeable batteries [142,204,205]. Because
of the abundant oxygen functional groups on the MXene sheets,
Li nucleation can occur uniformly. High electrical conductivity and

fast ionic-transport paths originating from a cross-linked network
of MXene sheets enabled even Li growth. The interconnected voids
in the aerogel can work as a stable host for high Li loading with
mitigated volume fluctuation [Fig. 7D] [204].

Though the high specific surface of 3DSs benefits the ion trans-
port in LIBs, it also exposes more redox sites that may cause an
excess overpotential by increasing the interfacial resistance and
pseudocapacitive side-reaction, impairing the energy efficiency,
coulombic efficiency, and cycling stability [193,206]. The large
porosity of 3DSs also results in low packaging density and thereby
reduces the volumetric capacity [193]. Therefore, it is desirable to
fabricate compact 3DSs with tunable interspaces and high volu-
metric performances. Recently, Fan group designed and fabricated
an innovative ramified porous graphite foam (RPGF) with micro-
dendrites filling the interspace between the graphite microstruts
[Figs. 2B, 6 F] [19]. The microdendrites not only increase the sur-
face by ~3X but also reduce the porosity from 81% to 63%, which is
applicable to boost the volumetric energy storage [Fig. 6G] [19].

Energy dissipation: electromagnetic, thermal, and acoustic
energies

Electromagnetic interference shielding

The widespread use of personal computers and portable elec-
tronics has generated severe electromagnetic interference (EMI)
pollution. Great efforts have been devoted to developing EMI
shielding materials. Electrically conductive polymer composites
received intense attention owing to their lightweight, corro-
sion resistance, flexibility and low-cost compared to metal-based
materials. The EMI shielding effectiveness (EMI SE) of poly-
mer composites depends on the intrinsic conductivity, which
can be improved by employing conductive fillers such as 3D
GFs [156], MXenes [136], or conductive polymers, e.g. poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS)
[Fig. 8A] [207]. The incorporation of CNTs on GFs [Fig. 8B] [208]
can further boost the EMI SE by enhancing the dissipation of sur-
face currents, expanding the conductive networks, and introducing
numerous interfaces within the matrix.



14
A (l) Ni foam RIE Oxide Iayer’é’
] e

Fe NPs E-Beam &

CNTs .y Depositior

Graphene m WD i

B(i)

¥
e
B

S W e s, GF+CPM
gsm» o, ,GF+CM
St 3oy GF+PM
€ il GF+CP

:.:- 0

10 20 25 30 35 40

Current density (A g”)

15

GO XeF, " NHs
- - 2404
Annealing nnealin nnealin ‘
GF GF-rGO GF-FG GE-NG 160 GF-NG-8.94

W. Li, Y. Huang, Y. Liu et al. / Nano Today 29 (2019) 100799

300,
‘.\
a0l "~
[ [
200+ \.
150
100
50! (||)
0 5 10 15 20

Current density mA cm”)

o201 ( 1) Scan rate: 5mv s

GF-NG-5.46

804 GF-rGO

Specific capacitance (F g")

500
5 100
§ o} rGO
= 80
o 300p - /
=
é _g 60
8 T = 40 /
S 1o} R | S 100 PANI
T 0055 40 45 50 55 60| &=
= z' (ohm ‘D i
<5 . . A s . 0 L A L . " s 0 T T T T r
0 S0 100 150 200 0 20 40 60 80 100 % 0 5 10 15 1 20
Scan Rate (mV's”) z' (ohm) Current density(A g™')

Fig. 6. Applications in supercapacitors. (A) (i) Schematic of the synthesis process

of GF/MWCNT foams; (ii) specific capacitance values at different scan rates [172]. (B)

N-superdoped 3D graphene networks (GF-NG) [87]: (i) fabrication process; (ii) specific capacitances of GF, GF-rGO, GF-NGs, and NG (nitrogen superdoped rGO) powder
calculated by the CV curves at 5mV s~1. (C) Cross-sectional SEM images of GF/CNT branch [154]. (D) The specific capacitance of GF/Co304/PEDOT/MnO, at different current
densities based on the mass of the whole weight of the electrode [155]. (E, F) SEM of (E) MPGFs [18] and (F) RPGFs [19]. (G) Specific capacitance comparison between RPGM

(RPGF/Mn304) and GM (traditional graphite foams with Mn3;04) [19]. (H) MXene—r

GO composite supercapacitors [184]: electrochemical impedance spectrum of pure rGO

aerogel and MXene—rGO composite aerogel. (I) Degradation of specific capacitances in cycling tests of MoS, /PANI/rGO aerogel supercapacitor [185].
(A)Reproduced with permission from Ref.[172]. Copyright 2013, Elsevier. (B) Reproduced with permission from Ref. [87]. Copyright 2017, John Wiley and Sons. (C) Reproduced

with permission from Ref. [154]. Copyright 2014, Royal Society of Chemistry. (D) Re
(E) Reproduced with permission from Ref. [18]. Copyright 2017, John Wiley and Sons
(H) Reproduced with permission from Ref. [184]. Copyright 2018, American Chemic

Thermal energy dissipation

The remarkable thermal conductivity of graphene and BN
suggests their potential for heat management. The porous architec-
tures of 3DSs provide enormous conductive pathways for electron
and heat transfer, feasible for the application as heat sinks [20-22].
3D BN is a highly effective thermal interfacial material (TIM) for
heat sinks when infiltrated with PDMS/PVA, which can largely dissi-
pate the thermal energy produced by LED chips [Fig. 8E] [22]. When
loaded with phase change materials (PCMs), 3D GF can be applied
as thermally conductive reservoirs for thermal energy storage [62,
209]. The thermal conductivity of the PCM can be improved through
the incorporation of CNTs [Fig. 8C] [159] and hybrid graphene aero-
gel [210]. The functionalization of GF with polydopamine (PDA) and

produced with permission from Ref. [155]. Copyright 2014, American Chemical Society.
. (F, G) Reproduced with permission from Ref. [19]. Copyright 2018, John Wiley and Sons.
al Society. (I) Reproduced with permission from Ref. [185]. Copyright 2016, Elsevier.

silane coupling agent (3-aminopropyltriethoxysilane, APTS) can
increase the interfacial interaction between graphene and matrix,
enhancing the in-plane thermal conductivity [Fig. 8D] [211].

Acoustic backing and sound absorbing

Graphene’s superb thermal conductivity allows it to dissipate
acoustic energy via the conversion of acoustic waves to thermal
energy. When GF is embedded in polymers, the composite can be
utilized as sound-absorbing materials (GF/PDMS) [212] or back-
ing materials (GF/Epoxy filled with tungsten spheres) for acoustic
attenuation [Fig. 8F] [213].
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Table 3
Performance of 3D superstructures based rechargeable batteries.
Materials’ Loading (mgcm~2) Specific Capacity? C.E.(%) Reversible Capacity® Rate Performance? Ref.
Ge-QD@NG 73.76 wt% 1220 76 (i.c.) 996 (200, 10 C) 801 (40 C) [84]
NiMoO4/GF 1 1088 (0.2) 85 (i.c.) 868 (150, 0.2) 770 (3.2) [197]
ZnCo,04/GF/Ni foam \ 2024* 55 (i.c.) 1223 (0.5, 240) 331 (4) [198]
NiC0,S4/GF \ 2137* 75 (i.c.) 1295 (150, 0.5) 733(3.2) [162]
NG-MoS, \ 1875 (0.1)* 63 (i.c.) 1205 (200, 0.1) 710(5.0) [126]
WS,@SWCNT foam 0.6+0.2 1050 (0.1) 63 (i.c.) 688 (1000, 1) 198 (5) [203]
V-ReS;/GF 77-87 Wt 539 (1) \ 200 (500, 1) ~100 (5) [112]
SnS, /CNT 45.82 wt% 1522 (0.1)* 90 502 (100, 0.1) \ [249]
WS, /CNT-rGO aerogel \ 749 (0.1) 53 (i.c.) 253(100, 0.2) 414 (5) [250]
TiO,(B)/EOGF 0.5 475 (0.05) \ \ 49 (40) [89]
V,05/PEDOT/GF \ 297 (1C) 98 (i.c.) \ 115(80C) [186]
FeS,/GF 78.6 Wt% 1244 (0.1) 88 (i.c.) 1080 (100, 0.2 C) 615.1(5) [131]
MoS;/graphene aerogel \ 1220(0.1) \ \ 375(1) [251]
MoS, /GF \ 1400 (0.1) 75 (i.c.) 1127 (100, 0.25) 230 (4) [192]
TisC,/rGO aerogel 70 wt% 149 (0.5 C) \ \ 63 (10) [204]
MXene-rGO hybrid film \ 940~ \ 212(1000, 1) 98.9 (4) [205]
Fe304/GF \ \ 99.9 1198 (400, 0.1) 250 (10) [194]
Co304/GF \ \ ~100 986 (250, 0.1) 340(2) [195]
MnO,/GF \ \ \ 1200 (300, 0.5) >500 (5) [196]
GF-rGO/S (LSB) 9.8, 83 wt% 1000 (0.2 C)* \ 645 (350, 0.2 C) 538(2C) [188]
The following four materials are electrodes of SIB

TisC, Ty porous film \ 390 (2.5 C)* 54 (i.c.) 295 (1000, 2.5 C) 120 (25 C)

Mo, CTy porous film \ 400 (2.5 C)* 51(i.c.) 290 (1000, 2.5 C) 125 (25 C)

V,CTy porous film \ 470 (2.5 C)* 55. (i.c.) 310(1000, 2.5 C) 170 (25 C) [142]
MoS, /GF \ \ 67 (i.c.) 290 (50, 0.1) \ [192]
plasma-etched GF (AIB) \ 148 (2) 98 ~123 (10,000, 5) 123 (5) [191]

Initial cycle (i.c.); Ge-quantum-dot/nitrogen-doped-graphene (Ge-QD@NG); edge-oriented multilayer graphene foam (EOGF); single-wall CNT (SWCNT); V-ReS; (vertical

ReS, )
1 The materials are electrodes of LIB unless otherwise specified.
2 X (2Z): (X) capacity (mAh~! g-') at Y current density (Ag1).
3 X (Y, Z): (X) capacity (mAh~' g1) after (Y) cycles at Y current density (Ag™").

If the specific capacity is not provided, the value is the capacity at the initial discharging.
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Fig. 7. Applications in rechargeable batteries. (A) 3D GF-rGO hybrid nested hierarchical network macrostructure [188]: (i) schematic of the fabrication procedure; (ii)
comparison of areal capacity of the GF-rGO/S cathode with 9.8 mgcm~—2 sulfur loading and 83 wt% sulfur content with LIB cathodes (purple dotted line); (iii) comparison
of areal capacity and sulfur weight percentage of the GF-rGO/S cathode with recently reported Li-S cathodes with high sulfur loading. (B) Cycling performance at 0.1 A g’
of the NG-MoS;, NG/MoS,, and NG&MoS, cathodes for lithium-ion batteries [125]. (C) V-ReS,/3DGF [112]: schematic of lithium intercalation. (D) Schematic of the Ti;C,

MXene aerogel scaffolds for Li metal anodes [204].

(A) Reproduced with permission from Ref. [188]. Copyright 2015, John Wiley and Sons. (B) Reproduced with permission from Ref. [126]. Copyright 2016, John Wiley and
Sons. (C) Reproduced with permission from Ref. [112]. Copyright 2018, John Wiley and Sons. (D) Reproduced with permission from Ref. [204]. Copyright 2018, John Wiley

and Sons.

Sensing: electrochemical, optical, mechanical, and gaseous clues

Electrochemical sensing

Electrochemical sensors produce electrical current when the
analyte molecules of interest participate in an electrochemical
reaction at the surface of the sensor in the electrolyte. The sen-

sitivity, detection limit, and linear range of detection are vital
parameters in characterizing the performance of electrochemi-
cal sensors. Dopamine [214] and uric acid [77] can be directly
oxidized electrochemically and are widely used in the evalua-
tion of electrochemical sensors. As an electrode material, 3D GF
is advantageous over the conventional glassy carbon due to the
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(A) Reproduced with permission from Ref. [207]. Copyright 2017, American Chemical Society. (B) Reproduced with permission from Ref. [208]. Copyright 2017, Elsevier.
(C) Reproduced with permission from Ref. [159]. Copyright 2015, American Chemical Society. (D) Reproduced with permission from Ref. [211]. Copyright 2017, American
Chemical Society. (E) Reproduced with permission from Ref. [22]. Copyright 2017, American Chemical Society. (F) Reproduced with permission from Ref. [213]. Copyright

2016, American Chemical Society.

enhanced surface area that allows more dopamine molecules to
be collected for detection at a low concentration [214]. The detec-
tion limit can be further reduced through improving the surface
area with the incorporation of CNTs [215], and the electrical con-
ductivity via heteroatom doping [216]. However, many molecules
such as HyO0; [217], glucose [218], and folic acid [219] can only
be indirectly detected with the assistance of enzymes [215] or
active materials such as catalytic metal particles (Pt [217], and
PtRu [220]), electroactive metal oxides/hydroxides (MnO, [217],
Mn304 [43], Ni(OH), [221], and Cu(OH); [218], ZnO [219]), and
functional molecules [222]. Furthermore, redox reactions of metal
oxides/hydroxides triggered by the presence of glucose are also
utilized for nonenzymatic detection of glucose [218,221,223].

Optical sensing
Besides applications in electrochemical sensing, graphene has
also been exploited as a surface-enhanced Raman spectroscopy

(SERS) substrate for optical chemical detection [224,225]. Intro-
ducing three-dimensionality to the graphene/metal nanoparticles
(NPs) hybrid structure would allow higher detection sensitivity of
target analytes by utilizing the 3D focal volume [225]. Two plausible
mechanisms have been proposed to account for SERS enhancement
on graphene: (1) localized surface plasmon (LSP) resulted from the
charge transfer from the graphene to NPs; (2) LSP confinement on
graphene could focus the electromagnetic wave into a smaller area
and shorter wavelength (\), which further enhances the intensity of
the reflected electromagnetic field and hence SERS signal. Srichan
group employed Ag NPs coated 3D GFs as a sensitive SERS substrate
for methylene blue (MB) detection [226]. The 3D structure is use-
ful for SERS-based chemical sensing due to high specific surface
area and enhanced optical scattering. As shown in Fig. 9A, the scat-
tered light from a large number of Ag NPs located on multi-layer
graphene sheets in GFs may be cumulatively integrated, leading to
higher Raman enhancement factor.
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(A) Reproduced with permission from Ref. [226]. Copyright 2016, Springer Nature, is licensed under CC BY 4.0. (B) Reproduced with permission from Ref. [228]. Copyright
2011, Springer Nature, is licensed under CC BY 3.0. (C) Reproduced with permission from Ref. [229]. Copyright 2018, Royal Society of Chemistry. (D) Reproduced with
permission from Ref. [23]. Copyright 2017, John Wiley and Sons. (E) Reproduced with permission from Ref. [230]. Copyright 2017, John Wiley and Sons. (F) Reproduced with
permission from Ref. [233]. Copyright 2016, American Chemical Society. (G) Reproduced with permission from Ref. [231]. Copyright 2018, American Chemical Society. (H)
Reproduced with permission from Ref. [135]. Copyright 2018, American Chemical Society.

Gas sensing

Conductive 3D GFs [227,228] and MXenes [229] have demon-
strated potential applications for gas sensing. The electrical
conductivity of graphene and MXene can be readily changed upon
the adsorption of gas molecules owing to charge transfer induced
by the attached molecules that serve as electron donors or accep-
tors, such as NH3, NO, [Fig. 9B] [228] and CO [227]. The surface
terminations of oxygen, hydroxyl, and fluorine endow MXene
with abundant active sites for gas absorption [229], exhibiting
acute sensing of volatile organic compounds (VOC), e.g. methanol,
ethanol, and acetone [Fig. 9C] [229].

Mechanical sensing: tensile-strain and pressure sensors

The high electric conductivity of 3D GF [59] and MXene [150] is
sensitive to tensile and compressive strains, which allows them to
be employed as a key element of piezoresistive strain sensors. Upon
mechanical stretching or bending, the 3D interconnected networks
start to deform, corresponding to a moderate resistance increase. At
larger strains, microcracks on main struts generate and propagate,
which effectively reduce the electron pathway and lead to a notice-
able resistance increase. Pristine GFs can only sustain tensile strains

ofless than 6% [57]. The gauge factor (G), given by G=(R — Ry )/(Ro¢),
where R is the instant resistance at a strained state, Rg is the initial
resistance, and ¢ is the strain value, can be up to 1000. However,
the low strain limit before the generations of cracks can restrict
the detection of a large movement of human. The infiltration of GF
with elastic polymers such as PDMS [59,230] and Ecoflex [231] can
effectively improve the stretchability up to 95% [59]. The decora-
tion of CNTs on GFs allows the strain to be distributed evenly under
extremely deformed geometry CNTs and hence, largely enhances
the strain tolerance [Fig. 9D] [23]. 3D GFs grown with long CVD time
consist of ~60 layers graphene sheets, which provide a high density
oflattice defects and resultin an ultrahigh sensitivity [Fig. 9E] [230].
The reduction of the CVD temperature decreases the graphitization
and thereby improves the gauge factor up to ~1500 [232].

3D superstructures of graphene and MXene also work as pres-
sure sensors. When an external force compresses 3DSs, individual
conductive branches start to attach locally and establish more elec-
tric conductive pathways, lowering the electric resistance [Fig. 9F]
[232]. The decoration of cracked paddy-shaped MoS, on GFs further
improves the sensitivity because of the generation of additional
electric conduction pathways upon compression [Fig. 9G] [231].



18 W. Li, Y. Huang, Y. Liu et al. / Nano Today 29 (2019) 100799

-

- Water

] A | & p : % m

o O o Gas
: — - -
$3 2 .& 3

Treated with Defected
oxygen plasma Graphene

Pristine
Graphene

No treatment

¥ % » & W

HDF-S self-assembly
HDF-S self-

elch Assembled Graphene Omniphobic GF filter

Fig. 10. Applications in oil/organic solvent absorption. (A) Wettability of 3D-BNF at different pH values of 1, 7, and 14; (i-v), photographs of hexane (dyed with a red agent)
and its adsorption process by the 3D-BNF on the water surface. Scale bar: 2 cm [103]. (B) Continuous collection of gasoline in situ from a water surface with a MoS; coated
MF sponge [235]. (C) Schematic of three diff ;erent types of GF by using surface treatment and their selective filtering properties [236]. (D) SEM and optical images of contact

angle measurement of 3D GF (a) and 3D GF/CNTs (b) [234].

(A) Reproduced with permission from Ref. [103]. Copyright 2017, American Chemical Society. (B) Reproduced with permission from Ref. [235]. Copyright 2016, Springer
Nature, is licensed under CC BY 4.0. (C) Reproduced with permission from Ref. [236]. Copyright 2015, Springer Nature, is licensed under CC BY 4.0. (D) Reproduced with

permission from Ref. [234]. Copyright 2012, Royal Society of Chemistry.

The combination of the rGO’s large specific surface area with the
MXene’s high electrical conductivity can also improve the per-
formances of the composite pressure sensor compared to that of
single-component rGO or MXene devices [Fig. 9H] [135]. The incor-
poration of MXenes in a hydrogel matrix made of PVA deliver both
high tensile strain and compression sensitivities [150].

Environment remediation

Water decontamination: removing oil, dyes, and heavy metals
Three-dimensional (3D) architectures made of graphene, GO,
BN, and TMDs have been developed for rapid removal of contami-
nants from water, including oil/organic solvents, heavy metal ions,
and bacteria [12,15,27]. First, the high porosity of 3DSs provides
large volume for the absorption of oil and other organic solvents.
Second, the large delocalized 7 bond of graphene [63,234] and
BN [Fig. 10A] [101,103] is favorable for interactions with oils and
organic solventvia -1 bonding. Third, the covalent bonds between
transitional metal and chalcogen atoms at the edge of the 2D TMD
layers are strongly polarized, which could attract polar molecules
and increase absorption capacity [Fig. 10B] [143,235]. Fourth, the
wettability of the 3DSs can be tuned to realize either hydrophilicity
or hydrophobicity and, thus, favor either the absorption of oil and
organic solvents or soluble molecules from water [Fig. 10C] [236].
The CVD gown GF is hydrophobic with a contact angle of ~108.5°,
which can be increased to 152.3° by incorporating CNTs [Fig. 10D]
[234], or to 163° by coating with hydrophobic Teflon [237]. Finally,

the formation of hydrogen bonds or complexation and electrostatic
interactions enabled by the residual oxygenated functional groups
on GO [15], activated materials loaded on BN [238], and chalcogen
atoms on TMD [24] can be exploited to remove heavy metals ions
such as Cd?*, Pb2*, Mg?*, and Cu?* and Cr,072~ [15].

Solar steaming

Solar steaming is an emerging renewable and environment-
friendly technique for water purification, which exploits solar
energy to vaporize water at the air-liquid interface by efficient pho-
tothermal materials. Graphene exhibits broadband absorption of
solar light, but its hydrophobicity hinders its application in solar
steaming, which can be altered via N-doping [Fig. 11A] [83]. The
wide-angle optical absorption is realized by the growth of verti-
cal graphene nanoplates on 3D GF [Fig. 2F], thereby improving the
solar-thermal energy conversion efficiency [Fig. 11B] [90]. Besides
CVD grown GFs, the natively hydrophilic hydrogels and aerogels
made of GO or partially reduced GO have also been developed for
solar steaming [239], providing ultrahigh steaming rates [120,240].
The recent development of MoS,/C coated PU sponges utilizes the
effective photothermal property of carbon beads and high affinity
between MoS, and heavy metal ions, contributing to the synergetic
solar steaming and mercury removal as well as efficient bacterial
removal [Fig. 11C] [24]. The same group further improved the solar-
steaming efficiency and evaporation rate via exploring an origami
strategy in making photothermal thin films into 3D roses [241]. A
portable low-pressure water purification-collection uni-system is
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(A) Reproduced with permission from Ref. [83]. Copyright 2015, John Wiley and Sons. (B) Reproduced with permission from Ref. [90]. Copyright 2017, John Wiley and Sons.
(C) Reproduced with permission from Ref. [24]. Copyright 2018, John Wiley and Sons. (D) Reproduced with permission from Ref. [25]. Copyright 2015, John Wiley and Sons.
(E) Reproduced with permission from Ref. [243]. Copyright 2018, American Chemical Society.

also developed for enhancing the efficiency in water collection rate
[241].

Cell culture scaffolds and tissue engineering

Tissue engineering, one of the most exciting areas in biomedical
research, aims to generate living tissues ex vivo for in vivo replace-
ment or therapeutic applications. The research has been carried
out via material development, biochemical manipulation, cell cul-
ture, and genetic engineering. The biocompatibility of graphene
[Fig. 11D] [25,242] and BN [Fig. 11E] [140,243] imparts capabil-
ity for cell culturing. The porous structure of 3DSs, especially 3D

GF, provides a microenvironment for the cells to grow within a
3-D biomimetic framework while simultaneously enhancing the
functionality of the electroactive neural cells by providing highly
conductive pathways for charge transport. Therefore, 3D GF and
BN have been employed as biocompatible platforms for tissue
engineering. The growth and differentiation of various cells, e.g.,
human mesenchymal stem cells (hMSCs) [25,242], myoblasts [244]
and calvarial osteoblast cells [243] have been successfully demon-
strated. Apart from pristine 3D GFs, Agarwal group developed a
high-strength biocompatible scaffold by dip-coating biodegradable
poly(lactic acid-poly-g-caprolactone) copolymer (PLC) onto 3D GF
(denoted as GrF-PLC) and enhanced the mechanical strength by
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3100% and the ductility by 3700% [Fig. 11D-(i)] [25]. It was found
that the higher strength of the GrF-PLC scaffold enabled the hMSCs
to grow normally without undergoing large deformations [Fig. 11D-
(iii)]; in contrast, the pristine graphene foam did not have sufficient
strength to withstand cell-induced strains, resulting in the growth
of hMSCs in a highly elongated morphology [Fig. 11D-(ii)] [25].

Outlook: potentials, challenges, and opportunities

In summary, we have portrayed a comprehensive list of 3DSs
made of 2D materials with focuses on CVD grown graphene, h-BN,
TMDs, and MXene. The general structure, unique characteristics,
synthetic methods, and diverse applications of those 3DSs are
thoroughly discussed. A graphical summary of materials, synthe-
sis, and applications of 3D nanosuperstructures is exhibited in
Fig. 12. In order to fully leverage their unique properties in a
macroscopic device or composite, researchers and engineers must
arrange 2D materials into 3D architectures that prevent aggrega-
tion and restacking. Great progress has been made in fabricating
such 3DSs via high-temperature and vapor involved CVD syn-
thesis (including thermolysis) and solution-based self-assembly.
The detailed fabrication approaches vary for each category of 2D
materials. For instance, 3D graphene, BN and TMD superstruc-
tures can be obtained through both methods, but 3D MXene can
be only achieved by solution-based synthesis techniques. CVD
growth highly depends on the employed templates that determine
the size and distribution of pores, and gas precursors that gov-
ern the chemistry and lattice structures of obtained materials. As

shown by the review of CVD-based GFs, the high-temperature of
CVD reactions endows 3D superstructures with better crystallinity,
electrical and thermal properties than those obtained from self-
assembly. However, it remains a challenging task to sculpt the
templates into desired features and sizes by design. This repre-
sents a great opportunity in future research, e.g. the combination
of top-down fabrication leveraging 3D and bottom-up synthesis
for structural realization. On the other hand, the solution-based
synthetic approaches—hydrothermal reaction, dip coating, electro-
spinning, filtration, and freeze-drying—enable the fabrication of
3D superstructures—foams, films, hydrogel, aerogels—that are not
limited by template availability or stability. Furthermore, the low
temperature and liquid phase synthesis conditions make super-
structures produced via template-free methods more amenable
to functionalization and hybridization with other 2D materials or
active nanomaterials. This advantage has been demonstrated in the
synthesis of 3D BN, TMDs, and MXenes. However, the solution-
based synthesis shares the same challenge in creating layers and
features of 3DSs by rationality and design.

The great research interest of 3DSs made of 2D materials also
lies in their broad promising applications, ranging from energy
conversion/storage/dissipation, environment remediation, electro-
chemical/optical/mechanical sensing, to biomedical engineering.
However, there are still a few challenges to be overcome before
successfully commercializing those attractive materials. First, the
lab-scale synthesis of 3D superstructures needs to be scaled up for
mass production to meet the demand for industrial applications.
The associated manufacturing issues should be addressed, e.g. to
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obtain highly controllability of physical and chemical properties
on a large scale and to achieve these goals with low cost. Precision
and automated equipment for fabrication and in-situ testing should
be investigated. Second, though 3D GF exhibits great potential in
various aspects, its fragility makes it hard to be handled and trans-
ferred. Therefore, a study of improving the mechanical property of
3DSs with minimal additives needs to be continued. Third, most 3D
composites have applications in technologies, e.g. energy storage
devices and sensors, which must be integrated with external elec-
tronics or power supply to function as a complete device. However,
up to now, very few reports covered the packaging and integra-
tion of 3D composites with other functional parts for practical uses.
Comprehensive evaluations and resolutions of problems on the dif-
ferent material-, device-, system-level are desired. Fourth, the real
application and excellent performance of 3D materials rely on the
incorporation of many other active materials such as metal, metal
oxides, polymers and other kinds of 2D materials. For instance, het-
erojunctions of distinct materials have been widely studied in the
2D material system for enhanced electronic and electrochemical
performances[245]. There is a compelling interest of a rational inte-
gration of bespoke materials into 3D in order to further excavate
new properties or boost performances for the desired application.
Finally, up to now, only graphene and BN can be built as 3DSs
without any foreign supporting substrates. It remains a daunting
challenge but also an attractive research direction to create com-
pletely free-standing 3D TMDs and MXenes to copiously display
unique characteristics of 2D materials.
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