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Abstract

Graphene, a two-dimensional (2D) sp*-hybridized carbon sheet, shows excellent chemical, mechan-
ical, and physical properties owing to its unique structure, which makes it a great potential in the
energy storage devices, sensors, composite materials, and biotechnology. The utilization of graphene
sheets into the macroscopic structures is one of the important issues since 2D graphene sheets tend
to restack together in bulk materials due to strong m—m interactions and van der Waals forces. The
aggregation of graphene sheets and their crumbling lead to a significant decrease in electrical con-
ductivity, surface area, and mechanical strength which negatively affects the utilization of graphene
in the practical applications. Recently, three-dimensional (3D) graphene materials have been attract-
ing much attention since they not only preserve the intrinsic properties of 2D graphene sheets by
inhibiting the agglomeration behavior of 2D graphene sheets but also provide advanced functions
with improved performance in various applications.

The content of this chapter covers (i) a brief summary of production techniques of 2D graphene
and its drawbacks, (ii) main strategies for the development of 3D graphene structures, (iii) produc-
tion methods, and (iv) possible applications of 3D graphene architectures in composites and energy-
storage devices.
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11.1 Introduction

Graphene, a two-dimensional (2D) hexagonal lattice of sp* carbon atoms, has been the
interest of many studies. The long-range m-conjugation in graphene yields intriguing
properties such as high electrical and thermal conductivity [1, 2], large surface area [3],
good chemical stability [4], and excellent mechanical strength [5], which make it a great
candidate in various applications such as energy storage systems, polymer composites,
and sensors [3]. However, in practical applications, 2D graphene sheets tend to restack
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together due to strong m—m interactions and van der Waals forces, which lead to a significant
decrease in electrical conductivity and surface area, and this affects negatively the utiliza-
tion of graphene in many fields. To overcome this problem and provide advanced functions
with improved performance, several 3D graphene structures such as graphene networks
[6], graphene fibers [7], and graphene spheres [8] have been constructed. The combination
of 3D structures and intrinsic properties of graphene provide high surface area, excellent
mechanical strength, and fast mass and electron transport for the 3D graphene architec-
tures. So far, many studies have focused on the fabrication of different 3D graphene struc-
tures by using different methods. In general, there are two main routes for the synthesis of
3D graphene structures: i) assembly of 2D graphene sheets and ii) direct synthesis of 3D
graphene [9]. The proper choice of the fabrication method relies on the desired quality and
quantity of graphene. While some applications need high-quality graphene such as in the
electronic devices and sensors, other fields like polymer composites and energy storage
devices are in the demand of comparably large quantities of graphene.

This chapter initially focuses on the main routes and recent progresses in the synthesis of
3D graphene architectures. At the second part of the chapter, different morphologies of 3D
graphene and their potential applications are discussed in detail.

11.2 Preparation of Graphene

Graphene was first fabricated via micromechanical exfoliation of graphite [10]. By using
this approach, it is possible to obtain single- or few-layer graphene sheets with high qual-
ity. However, this technique is not suitable for mass production. To address this problem,
several alternative techniques including bottom-up and top-down approaches have been
developed in order to synthesize 2D graphene sheets. Epitaxial growth [11] and chemi-
cal vapor deposition (CVD) method [12] are the most widely used bottom-up techniques,
whereas top-down approach includes electrochemical exfoliation [13] and chemical exfo-
liation of graphite oxide [14]. Among top-down methods, chemical approach has attracted
great interest because of easy processability and large-scale production; thus it could be
utilized in many applications [15]. On the other hand, chemically derived 2D graphene
sheets are the main component for the construction of 3D graphene structures [16]. This
technique involves the oxidation of graphite, followed by the exfoliation process in order
to obtain graphene oxide (GO) [17]. Figure 11.1 shows the schematic representation of
the different methods for the fabrication of graphene [18]. Many studies have focused on
the oxidation of graphite into graphite oxide. Brodie [19] first reported the synthesis of
graphite oxide in the presence of potassium chlorate and nitric acid. Later, Staudenmaier
[20] improved the procedure by adding concentrated sulfuric acid (H,SO,) to the mix-
ture. However, this method was time consuming and hazardous. In 1958, Hummers [21]
used a combination of potassium permanganate and concentrated H SO, in the presence
of sodium nitrate. So far, Hummers method with some modifications and improvements is
the most common used route for the synthesis of graphite oxide [22, 23]. The synthesized
graphite oxide is then exfoliated into single- or few-layered GO sheets dispersed in aqueous
solutions or expanded by applying heat treatment [24]. Finally, graphene oxide is reduced
to graphene sheets by applying thermal annealing [25] or using reducing agents such as
hydrazine [26], hydroquinone [27], and sodium borohydride [28].
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Figure 11.1 Schematic representation of the methods used for the synthesis of graphene, which are
classified into top-down and bottom-up approaches. The top-down approach is widely used for the scalable
synthesis of graphene that produces a relatively low quality of a graphene-like material commonly known as
reduced graphene oxide (rGO) or graphene in large quantity required for the preparation of graphene-based
nanocomposites [18]. (Reproduced with permission of Royal Society of Chemistry.)

11.3 Preparation Methods of 3D Graphene Architectures

In the past few years, large efforts have been devoted to the utilization of 3D graphene
materials with different morphologies and functionalities. In this section, the preparation
methods of 3D graphene structures are classified as assembly of GO sheets by using differ-
ent techniques and direct deposition of 3D graphene architectures through CVD. All the
methods and recent studies have been discussed in detail.

11.3.1 Assembly of GO Sheets

Assembly method is one of promising strategies for the construction of 3D graphene archi-
tectures because of its distinct advantages including high yield, low cost, and easy func-
tionalization of graphene [29]. In this technique, GO solution is preferred over graphene
since GO behaves like an amphiphilic material with hydrophilic edges and hydrophobic
basal plane [30]. Therefore, it could easily make a stable dispersion in aqueous solutions.
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At the final step of assembly technique and in order to obtain 3D graphene architectures,
GO sheets are reduced whether by chemical routes or thermal annealing to the reduced
graphene (rGO) [31]. It should be noted that the driving force behind formation of the 3D
graphene architectures via assembly method are the interactions like van der Waals forces,
hydrogen bonding, dipole interactions, electrostatic interactions, and m-m stacking [32].

11.3.1.1  Self-Assembly Method

Self-assembly is one of the most widely used techniques that converts 2D graphene sheets to 3D
macroscopic graphene architectures with different functionalities. The obtained structures have
great potentials to be used in various applications such as energy storage devices [33], medicine
[34], and optoelectronics [35]. In this technique, 3D graphene structures are obtained through
the gelation of GO dispersion followed by the reduction process of GO to rGO [31]. Basically, in
colloidal chemistry, gelation occurs when the electrostatic forces between colloids are changed
[36]. In the case of stable GO dispersion, there is a force balance between the van der Waals
attractions of GO basal planes and the repulsion forces of functional groups of GO sheets. Once
this force balance is broken, gelation process is started and subsequently GO sheets overlap and
form different GO morphologies such as hydrogels, organogels, or aerogels, which are physi-
cally or chemically linked to each other [37, 38]. At the final step, GO hydrogels are reduced
to form 3D graphene networks. There are many ways to initiate the gelation process of a stable
GO dispersion. For example, additive-free GO hydrogels were fabricated by changing the pH of
dispersion [31] and applying ultrasonication technique [39]. During sonication, GO sheets are
fractured to the smaller sheets. As a result, produced new edges contain nonstabilized carboxyl
groups. This change in the surface of GO initiates the gelation (Figure 11.2a, b). Moreover, the

AN M /)

sonicate
fracture
@ sonicatebragment
sonicate
aqueous h |
dispersion PR gz graphene O _ carboxyl
oxide moieties
(b)

Figure 11.2 (a) Diagram illustrating the fracture and fragmentation of GO sheets during sonication, where
reduced coverage of carboxyl moieties (represented as spheres) along the edges of the sheets fragments
leads to gelation. (b) Digital image demonstrating the conversion of an as-prepared aqueous graphene oxide
dispersion (left) into a hydrogel (right) after sonication [39]. (Reproduced with permission of Elsevier.)
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addition of cross-linkers like polyvinyl alcohol (PVA) [40], DNA [41], and metal ions [42] to
the solution can trigger the gelation process. Bai and co-workers [40] reported the synthesis of
GO hydrogel by the addition of PVA, a water-soluble polymer, as a cross-linker to the aqueous
GO solution. The hydrogen bonding interactions between hydroxyl-rich polymeric chains and
oxygen functional groups of GO form cross-linking sites and thus fabricate GO hydrogels.

On the other hand, 3D graphene architectures can be directly obtained by the self-assembly
of GO sheets via hydrothermal or chemical reduction processes. In these techniques, GO
sheets are directly self-assembled and reduced to rGO at the same time [37]. For instance, an
electrically conductive and porous 3D graphene network has been prepared via mild chem-
ical reduction of GO by sodium bisulfide at 95°C under atmospheric pressure and in the
presence of iron oxide nanoparticles [43]. He ef al. [44] reported the facile fabrication of 3D
graphene sponges containing palladium and indium by combination of the hydrothermal and
chemical reduction techniques. In this study, GO aqueous solution containing palladium and
indium salts and vitamin C as reducing agent were treated hydrothermally at 110°C for 6 h.

Generally, after gelation and reduction of 3D graphene architectures, a drying procedure is
needed to remove the water and organic molecules from the structure while preserving the
main framework [45]. Freeze-drying as one the feasible drying techniques is usually applied as
the final step of the assembly methods. By using this technique, it is possible to fabricate highly
porous structures with improved mechanical and electrical properties since the pores size could
be controlled by monitoring the process parameters like temperature [46]. Figure 11.3 shows the
SEM images of 3D graphene structures which are freeze-dried at different temperatures [46].

Alternatively, electrochemical reduction as a well-known route is usually used to deposit
active materials like 3D graphene architectures on the surface of the electrodes [47]. Chen
et al. [48] fabricated 3D porous graphene-based composites involving two electrochemical
deposition steps. As shown in Figure 11.4, GO sheets were first electrochemically reduced
to a porous 3D graphene framework, and then three different components as conduc-
tive polymers, noble metals, and metal oxides were integrated to the 3D porous graphene
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Figure 11.3 (a—-d) Microstructures of sponge graphenes frozen at different temperatures of -170°C, -40°C,
-20°C, and -10°C, respectively. (e) High-magnification SEM image of the pore walls composed of graphene
nanosheets corresponding to panel a. The mean thickness of the pore walls is 10 nm. (f) Statistics of the
average pore size, and (g) Wall thickness as a function of freezing temperature. Mean pore size varies from 10
to 700 mm [46]. (Reproduced with permission of Springer Nature.)
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Figure 11.4 Schematic illustration of the self-assembly of GO sheets using electrochemical deposition [48].
(Reproduced with permission of Royal Society of Chemistry.)

network, separately via in situ electrochemical deposition. Electrochemically deposited
3D graphene-based architectures can be directly used in the electrochemical devices as
high-performance electrode materials.

11.3.1.2  Template-Assisted Method

3D graphene architectures can be fabricated with another feasible and convenient way by
using predesigned 3D templates such as polystyrene (PS) [49] and silicon dioxide (SiO,)
[50] following by the reduction of GO and removing the template from the structure.
Generally, the used template is surrounded by graphene sheets by electrostatic interactions
between negatively charged graphene sheets and positively charged template. Compared to
self-assembly strategy, with this technique, it is possible to obtain more controlled struc-
ture with desirable morphology [37]. However, the size of architectures directly depends
on the size of templates [8]. So far, considerable amounts of work have focused on the
production of 3D graphene-based materials using template-assisted method. In one of the
works, as shown in Figure 11.5a, positively charged PS spheres as template were coated with
GO sheets followed by the reduction of GO to rGO by using hydrazine. Finally, graphene
hollow spheres were fabricated after calcination at 420°C for 2 h to remove PS from the
core [51]. Wu et al. [52] reported a facile synthesis route for the fabrication of graphene-
based hollow spheres as electrocatalysts for oxygen reduction. As shown in Figure 11.5b,
strong electrostatic interactions between polyethylenimine functionalized SiO, spheres and
graphene sheets result in the formation of GO-SiO, spherical particles. After reduction pro-
cess and washing with hydrofluoric acid, graphene-based hollow spheres were obtained.

In an effort to produce 3D graphene architectures with more controlled manner, Huang
and coworkers [53] reported a facile assembly method of porous graphene foams with con-
trolled pore sizes with the help of hydrophobic interactions of GO sheets and functional-
ized SiO, spherical templates followed by the calcination and silica etching. Figure 11.6
represents the schematic illustration of synthesis procedure of the nanoporous graphene
foam with a controllable pore size of 30-120 nm.
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Figure 11.5 Schematic illustrations of the fabrication procedure of graphene-based hollow spheres using
(a) PS [51] and (b) SiO, [52] as template. (Reproduced with permission of Royal Society of Chemistry.)
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Figure 11.6 Schematic illustration of the synthesis procedures of the nanoporous graphene foams. I) The self-
assembly occurs between GOs and hydrophobic silica templates. II) Calcination and silica etching to produce
NGFs [53]. (Reproduced with permission of Wiley.)
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11.3.1.3  Electrospraying

Electrospinning/electrospraying is a simple and well-known technique to produce
graphene-based fibers and spherical or bead-like structures with the diameters ranging
from few micrometers to nanometer by adjusting the process parameters. In this process,
a strong electric field is applied between a nozzle containing graphene-based solution and
grounded metallic plate as a collector. When the surface tension of solution at the tip of the
nozzle is overcome to the electric field, the droplet stretches and forms a continuous jet,
which is collected as graphene-based fibers or spherical structures on the collector [54].
More recently, core-shell electrospinning/electrospraying has received great attention due
to its possibility to attain multifunctionality and utilize different materials in one-step pro-
cess by eliminating deposition steps as in the self-assembly and template-assisted methods,
and thus it expands the potential applications of fabricated structures in many areas including
drug delivery, energy storage, sensors, and nanocomposites [8, 55]. In this technique, the final
morphology is affected by various solution properties (such as viscosity and electrical conduc-
tivity) and process parameters (such as voltage and flow rate) [56]. Up to now, there are lots of
attempts for the integration of graphene into fiber structure using both classic and core-shell
electrospinning technology [57-59]. However, very recently, Poudeh et al. [8] proposed a new
design of 3D graphene-based hollow and filled polymeric spheres through one-step core-shell
electrospraying technique. In this study, the proper polymer concentration for the sphere pro-
duction was determined by using Mark-Houwink-Sakurada equations since proper polymer
concentration and solution viscosity are required in order to obtain desired spherical mor-
phology. In the case of hollowness, core material should contain a solvent with a high vapor
pressure than the shell solution. Figure 11.7 represents the schematic illustration of fabrication
of graphene-based spheres using core-shell electrospraying method, which eliminates crum-
bling, and agglomeration problem of 2D graphene sheets and provides better dispersion of
graphene layers through polymer chains. The possible interactions between the polymeric
chains and graphene sheets during sphere formation are also shown in Figure 11.7 (left).

Core solution or air
Graphene based polymeric
spheres

Graphene based
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Figure 11.7 Schematic illustration of fabrication of 3D graphene-based spheres using core-shell electrospraying
technique and (left) possible interactions between polymeric chains and graphene sheets during sphere formation
[8]. (Reproduced with permission of Royal Society of Chemistry.)




THREE-DIMENSIONAL GRAPHNE-BASED STRUCTURES 367

11.3.2 Direct Deposition of 3D Graphene Structures

Chemical vapor deposition (CVD) is a convenient method for the construction of 3D
porous graphene networks with superior properties such as large surface area and high
electrical conductivity comparable to that of pristine graphene [12]. Over and above this,
in the aforementioned 3D graphene synthesis routes, chemically derived graphene is the
starting material, and since during oxidation and reduction process of GO some defects
are introduced to the system, the fabricated 3D graphene structures would exhibit low elec-
trical conductivity when compared to 3D graphene structures growth with CVD. In this
method, graphene directly grows from organic precursors on a substrate [60]. Compared
to the classical CVD process, which uses flat metal substrates as template and is able to
produce a low amount of graphene, 3D graphene architectures can be fabricated by using
different 3D templates like nickel foam in large quantities [37].

Pioneered by Chen et al. [61], they reported a general strategy for the growth of graphene
films directly on the 3D nickel template by decomposition of methane (CH,) at 1000°C
under ambient pressure. The wrinkles present in the surface of graphene film, which is due
to the difference between thermal expansion coeflicients of nickel and graphene, provide
better interactions of graphene films with polymers. Therefore, a layer of poly(methyl meth-
acrylate) was easily deposited on the surface of fabricated graphene films in order to pre-
serve the graphene network during etching the template. Lastly, nickel scaffold was etched
in hydrochloric acid or iron chloride solution and then immersed in hot acetone to remove
polymeric layer. Figure 11.8 shows the schematic illustration of production of 3D graphene
foam by using nickel template.

It should be noted that the surface area of fabricated 3D graphene networks depends on
the number of layers in the graphene film [9]. For instance, a high surface area of 850 m*/g
was reported in the case of three-layer graphene foam [61]. Another important parameter is
the pore size of the chosen templates since it directly affects the final properties of graphene
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Figure 11.8 Synthesis of 3D graphene foam (GF) and integration with poly(dimethyl siloxane) (PDMS).

(a, b) CVD growth of graphene films using nickel foam as the 3D scaffold template. (c) An as-grown graphene
film after coating a thin PMMA supporting layer. (d) A GF coated with PMMA after etching the nickel

foam with hot HCI (or FeCl,/HCI) solution. (e) A free-standing GF after dissolving the PMMA layer with
acetone. (f) A GF/PDMS composite after infiltration of PDMS into a GE. All the scale bars are 500 pm [61].
(Reproduced with permission of Springer Nature.)
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foam [9]. Therefore, along with the 3D nickel foam, another template precursors have been
explored. In one of the studies, 3D graphene was grown on an anodic aluminum oxide tem-
plate with an average pore size of 95 nm at a temperature of 1200°C for 30 minutes under
the flows of argon, hydrogen, and methane [62]. Ning et al. [63] demonstrated that by using
a porous MgO layer as a template and methane as a carbon precursor, one to two graphene
layers with an extraordinary large surface area of 1654 m?/g and an average pore size of
10 nm were formed on the surface of the template. In addition to the above-mentioned
templates, the use of other templates such as metallic salts was also reported [64, 65]. Over
and above this, in order to tailor the pore size of 3D graphene foam, Ito et al. [66] designed a
novel nanoscale nickel template by electrochemically leaching manganese from a Ni, Mn_
precursor in a weak acid solution. Three-dimensional graphene foam with a pore size of
100 nm to 2.0 um was achieved by controlling the size of nickel ligaments by monitoring
CVD time and temperature.

As an alternative approach, the nontemplate direct deposition of 3D graphene networks
through plasma-enhanced CVD method was also reported. By using methane as carbon
source and substrates like gold and stainless steel, graphene sheets were firmly adhered to
the substrate and connected to each other to form 3D graphene architectures [67].

11.4 3D Graphene Structures

In order to enhance the functionalities and performance of the graphene-based mate-
rials in different application areas, tremendous efforts have been devoted to develop
new 3D graphene-based architectures with different morphologies. In this section, a
review of the most typical structures along with their characteristics has been discussed
in detail.

11.4.1 Spheres

Graphene-based spheres, thanks to their promising properties like high electrical con-
ductivity and large surface area, are one of the most reported 3D graphene architectures.
Template-assisted method and assembly approach are the main techniques for the fabri-
cation of graphene-based spheres [52, 68, 69]. Typically spherical templates like SiO, and
PS are used to convert 2D graphene sheets to 3D graphene spheres. For example, hollow
graphene/polyaniline (PANI) hybrid spheres were fabricated via layer-by-layer assembly
of negatively charged GO sheets and positively charged PANI on the surface of sulfonated
PS spheres followed by the removal of the template (Figure 11.9a) [69]. Recently, graphene
nanoballs with crumpled structure were fabricated through using an aerosol-assisted cap-
illary compression method shown in Figure 11.9b and c. To this aim, GO aqueous solution
containing various metals or metal oxides (e.g., Pt and SnO,) were sprayed into a tube fur-
nace carrying nitrogen gas at a temperature of 800°C, which led to a rapid evaporation of
solvent and thus compression and aggregation of GO sheets and formation of crumpled 3D
graphene balls [70]. In another novel approach, hollow and filled graphene-based spheres
was fabricated through one-step core-shell electrospraying technique without applying any
post-treatment or using any template (Figure 11.9d, e) [8]. Using precursor-assisted CVD
technique, Lee et al. synthesized mesoporous graphene nanoballs in which iron chloride
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Figure 11.9 (a) TEM image of rGO/PANI hollow spheres via layer-by-layer assembly method [69].
(Reproduced with permission of Elsevier.) (b, c) SEM images of crumpled graphene balls composites
synthesized by direct aerosolization of a GO suspension mixed with precursor ions: graphene balls
composited with SnO, (a) and Pt (b) [70]. (Reproduced with permission of American Chemical Society.)
(d) FIB-SEM image of core-shell electrosprayed hollow graphene-based PMMA spheres. (e) SEM image
of core-shell electrosprayed filled graphene-based PS spheres [8]. (Reproduced with permission of Royal
Society of Chemistry.) (f) High-resolution TEM image of mesoporous graphene nanoballs obtained

by CVD with an interlayer spacing of 0.34 nm. (g) The fabrication process of mesoporous graphene
nanoballs: step 1, drop casting of the SPS-COOH/FeCl, solution onto the substrate and subsequent CVD
growth of graphene; step 2, the removal of iron domains to leave the nanoballs [71]. (Reproduced with
permission of American Chemical Society.)

and PS balls were used as the catalyst precursor and carbon source, respectively. Obtained
graphene nanoballs, which are given in Figure 11.9f, showed a large specific surface area
of 508 m*/g. Figure 11.9g illustrates the schematic representation of produced mesoporous
nanoballs, where PS balls were first functionalized with carboxylic acid and sulfonic acid
groups in order to enhance the dispersion of PS balls in FeCl, solution and then annealed
at 1000°C under hydrogen atmosphere. During the process, the adsorbed iron ions on the
surface of PS were reduced to ion metals, and thus it acted as 3D domains and catalyst for
the growth of graphene through CVD method [71].
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11.4.2 Networks

Three-dimensional graphene networks, including graphene foams [72, 73], hydrogels [74,
75], aerogels [76, 77], and sponges [78, 79], are the most reported 3D graphene architectures.
CVD technique is the main method for the production of high-quality 3D graphene net-
works where few layers of graphene are deposited on the surface of a metal substrate through
carbon dissolution and segregation mechanism. Figure 11.10a-d represents the CVD grown-
graphene networks before and after etching the template [80]. Obtained 3D graphene net-
works contain less defects than chemically derived graphene, which can be also approved by
Raman characterization technique [61, 80]. Since D-band (~1350 cm™), a characteristic peak
in the Raman spectra of graphene, is related to disorderness and its intensity changes with
the defects in the structure [81], disappearance of D band of CVD growth graphene network
in the Raman spectra confirms the formation of defect-free graphene (Figure 11.10f).
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Figure 11.10 Photographs of (a) Ni foam before and after the growth of graphene, and (b) =0.1 g 3D
graphene networks obtained in a single CVD process after removal of the Ni foam. SEM images of (c) 3D
graphene networks grown on Ni foam after CVD, and (d) 3D graphene networks after removal of Ni foam.

(e) TEM image of a graphene sheet. Inset: SAED pattern of graphene sheet. (f) Raman spectra of 3D graphene
networks [80]. (Reproduced with permission of Wiley.)
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Figure 11.11 Comparison of 3D graphene networks obtained by using two different templates of (a) commercial
nickel foam and (b) cross-linked nickel skeleton [82]. (Reproduced with permission of Springer Nature.)

Despite their high quality, CVD growth graphene networks suffer from large pore
sizes (e.g., hundreds of micrometers), high porosity (e.g., ~99.7%), and thus low yield
[61]. To address this problem, many studies have been focused on using different tem-
plates. In one of the works, Lee et al. [82] reported the fabrication of high-density
3D graphene networks by using nickel chloride hexahydrate as catalyst precursor by
annealing it at 600°C. After annealing, 3D graphene foam was grown at the differ-
ent temperatures on the cross-linked nickel skeleton in the presence of hydrogen and
argon atmosphere. Figure 11.11a and b shows the difference between CVD growth 3D
graphene networks with commercial nickel foam and cross-linked nickel skeleton. The
pore size of 3D graphene networks grown from commercial nickel template was one to
two orders of magnitude greater than the one grown with cross-linked nickel template.
As a consequence, the smaller pore size of annealed template led to the relatively higher
density of 3D graphene networks ranging from 22 to 100 mg/cm?, compared with that
of the nickel foam (1 mg/cm?).

The effect of growth temperature on the structure of 3D graphene networks was
investigated by Raman spectroscopy (Figure 11.12a, b). Lee et al. [82] demonstrated
that the quality of 3D graphene networks was improved by increasing the growth tem-
perature up to 1000°C since defects in the structure decreased and thinner graphene
layers were formed as D-band (~1340 cm™) disappeared and the intensity of 2D-band
(~2750 cm™) increased, respectively (Figure 11.12a). In the Raman spectra of graphene,
the intensity ratio of 2D-band to G-band (~1575 cm™) together with the 2D-band full-
width at half maximum estimate the number of graphene layers (Figure 11.12b) [81].
The existence of monolayer, bilayer, and multilayer graphene at the same time in the
structure was attributed to the various sizes of cross-linked nickel grains in the template
(Figure 11.12f-k).

In addition to CVD, 3D graphene networks could be synthesized through different
approaches such as assembly methods [47, 83] and template-assisted technique [84].

11.4.3 Films

In the past few years, many efforts have been devoted on the fabrication of 3D graphene
films since it possesses large surface area, interconnected framework, and good mechanical
strength, which make it an ideal candidate for many applications especially energy-related
areas. However, -7 interactions and van der Waals forces between 2D graphene sheets cause
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Figure 11.12 (a) Typical Raman spectra of 3D graphene network grown with different temperatures for

1.5 min. The Raman spectra show that the quality of 3D graphene networks is gradually improved with
increasing the growth temperature up to 1000°C. (b) Typical Raman spectra of a 3D graphene network.
Multilayer, bilayer, and monolayer graphene from bottom to top estimated by the intensity ratio of 2D peak

to G peak, combining with 2D-band full-width at half maximum (FWHM, W, ). (c) A photograph of the
free-standing 3D graphene network. (d, ¢) SEM images of honeycomb-like graphene layers after etching nickel
template with FeCl,/HCl solution at different magnifications. (f) Low-resolution TEM image of the graphene
layers in 3D graphene network. (g-k) High-resolution TEM images of different graphene layers in 3D
graphene network. (g) Monolayer. (h) Double layers and four layers. (i) Three layers. (j) Seven layers. (k) Ten
layers [82]. (Reproduced with permission of Springer Nature.)

a significant loss in the surface area and thus limit the usage of graphene films in practical
applications [37, 85]. For understanding the behavior of graphene sheets in bulky structure,
one can consider graphite as a packed case of graphene, although it lacks many of the superior
characteristics of single sheet graphene as a consequence of dense packing [86]. To address
this problem, further consideration such as addition of spacer materials is essential to inhibit
intersheet restacking of sheets. Up to now, the incorporation of spacer materials such as poly-
mers [87], noble metals [88], metal oxides and hydroxides [89, 90], carbon materials [91],
and metal organic frameworks [92] in between the 2D graphene sheets has been reported.
In addition to the above-mentioned materials, different templates (e.g., PS, PMMA, and SiO,
spherical particles) could be used to prevent the agglomeration problem of graphene sheets.
Choi et al. [93] prepared MnO, deposited 3D macroporous graphene frameworks by using
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Figure 11.13 (a) Schematic illustration of the fabrication procedure of 3D macroporous MnO,-chemically
modified graphene films, (b) SEM, and (c) TEM images of the chemically modified graphene films [93].
(Reproduced with permission of American Chemical Society.)

PS spherical particles as a template followed by the filtration and removal of the template
(Figure 11.13). The proposed material exhibited high electrical conductivity and surface area,
which makes it a great potential as electrode material for supercapacitors.

In another study, Yang et al. [86] by inspiration from nature demonstrated that the water
molecules can act as a natural spacer for enlarging the space in between the graphene
sheets and inhibit the agglomeration. So the resultant graphene film could act as a high-
performance electrode material since water molecules provided a porous structure, allowing
the electrolyte ions to access the inner surface area of each sheet individually. Interestingly,
although the obtained film contained almost 92 wt% water, it showed a high electrical con-
ductivity, which might stem from face-to-face-stacked morphology of the wet film and pro-
vided electron transport paths in the structure.

At the same time, some different methods like tape casting [94], leavening [95], light
scribing [96], and chemical activation [97] have been developed for the fabrication of
porous graphene films without using spacer materials.

11.4.4 Other Novel Architectures

In addition to the aforementioned 3D graphene architectures, the fabrication of different
structures like 3D graphene scrolls [98], tubes [99], and honeycombs [100] have also been
reported. Figure 11.14 represents some of 3D graphene structures, which are reported
in the literature. In a work reported by Zhang et al. [98], nitrogen-doped graphene rib-
bon assembled core-sheath MnO@graphene scrolls was fabricated by a combination of
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Figure 11.14 (a) Schematic representation of the fabrication process for the 3D hierarchical MnO@N-doped
graphene scrolls/graphene ribbons architecture, involving two main steps of the self-scrolling and self-assembly
process between MnO, nanowires and GO sheets as well as a subsequent annealing treatment. (b) FESEM
images of MnO@N-doped graphene scrolls/graphene ribbons at different magnifications [98]. (Reproduced
with permission of Wiley.) (c) SEM image of helical graphene microtubings made by using a twist of two Cu
wires of 100 um in diameter (inset). (d) SEM image of the multichannel graphene microtubings with a channel
number of 4 (the used Cu wire is 40 um in diameter) Scale bars: ¢, 100 um; d, 10 pm [99]. (Reproduced with
permission of American Chemical Society.) (e) High-angle annular dark field image and (f) TEM image of a
honeycomb-structured graphene [101]. (Reproduced with permission of Wiley.)

hydrothermally assisted self-assembly and an N-doping strategy (Figure 11.14a, b). The
obtained 3D architecture could serve as a high-performance electrode in lithium storage
devices.

In another study, 3D graphene microtubings were prepared through hydrothermal
method and Cu wires as template. The morphology of graphene-based tubes is similar to
that of CN'Ts, although the inner diameter of tubes is much larger when compared to CNT.
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In this work, Cu wires were placed inside a glass pipeline and then GO dispersion was filled
in the pipeline. During hydrothermal reduction, GO sheets were wrapped around the Cu
wires and 3D graphene microtubings were obtained by removing the template and pipeline
(Figure 11.14c, d) [99].

Honeycomb-like 3D graphene architecture was fabricated by a simple reaction of lithium
oxide and carbon monoxide gas under low pressure at 550°C, which is shown in Figure
11.14e and f. The obtained structure exhibited a high-energy conversion efficiency, which
makes it a promising material in the energy storage devices [101].

11.5 Applications of 3D Graphene Architectures

As discussed above, 3D graphene structures with improved performance and advanced
functionalities compared to 2D graphene sheets have been widely used in many applica-
tions such as energy storage devices, sensors, polymeric composites, and catalysis.

11.5.1 Supercapacitors

Supercapacitors have drawn significant attention compared to other energy-storage
devices owing to their advanced properties like high power density and long cycle life
[102]. Based on energy-storing mechanisms, supercapacitors divide into two main groups,
which are pseudo-capacitors and electrochemical double-layer capacitors (EDLCs).
Pseudo-capacitors like transition metal oxides and conducting polymers store the charges
via chemical redox reaction on the surface, whereas EDLCs (e.g., carbon-based materials)
store the energy by ion adsorption on the electrode—electrolyte surface. Among various
carbon-based materials, graphene as an EDLC electrode is widely used in the electro-
chemical energy storage systems owing to its rich variety of dimensionality and large sur-
face area [103]. Very recently, 3D graphene structures became an attractive candidate for
supercapacitors thanks to their porous structure, high surface area, and interconnected
network, which improves the accessibility of electrolyte ions to the surface of electrode
and increases the electrical conductivity [104]. So far, different structures of 3D graphene-
based materials like spheres [49], networks [80], and films [105] have been reported as
potential electrodes for supercapacitors. In the following, the supercapacitor applications
of the reported graphene structures and their related composites have been discussed in
detail.

Graphene spheres with hollow micro/nanostructures offer advanced characteristics such
as high surface area and shortened diffusion length for charge and mass transport, which
can greatly enhance the performance as electrode for supercapacitor [106]. For instance,
graphene-wrapped polyaniline hollow spheres were fabricated by deposition of PANI poly-
mer on the sulfonated PS spherical templates followed by the removal of template to obtain
hollow PANI spheres. Then negatively charged GO sheets were wrapped on the positively
charged PANI hollow spheres via electrostatic interaction and then were reduced to graphene
through electrochemical reduction (Figure 11.15a, b). Obtained graphene-wrapped poly-
aniline hollow spheres exhibited an excellent specific capacitance of 614 F/g at a current
density of 1 A/g and over 90% retention of the capacitance after 500 charging-discharging
cycles (Figure 11.15¢, d) [107]. In another work reported by Lee et al. [71], mesoporous
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Figure 11.15 (a) Schematic illustration of the preparation steps, and (b) TEM image of graphene-wrapped
hollow PANI spheres. (c) Galvanostatic charge-discharge curves of electrochemically reduced GO, PANI
hollow spheres, and graphene-wrapped PANT hollow spheres within a potential window of 0-0.80 V at a
current density of 1 A/g. (d) Plots of specific capacitance for PANI hollow spheres and graphene-wrapped
PANTI hollow spheres at various current densities [107]. (Reproduced with permission of American Chemical
Society.) (e) Digital photograph of 3D graphene/MnO, composite networks as flexible supercapacitor [110].
(Reproduced with permission of American Chemical Society.) (f) CV curves of the flexible solid-state
supercapacitor based on the 3D graphene hydrogels at 10 mV/s for different bending angles. (g) Cycling
stability of the flexible solid-state supercapacitor based on the 3D graphene hydrogels at a current density of
10 A/g [109]. (Reproduced with permission of American Chemical Society.)

graphene nanoballs as electrode for supercapacitors were prepared by using CVD method
and showed high specific capacitance of 206 F/g at a scan rate of 5 mV/s. After 10,000 cycles
of charging-discharging, even at high current density, mesoporous graphene nanoballs still
exhibited 96% retention of capacitance.

Three-dimensional graphene networks like graphene foam, sponges, and hydrogels have
attracted great attention due to their desired porous structure, which enhances the move-
ment of electrolyte ions inside the graphene frameworks and thus increases the electrical
conductivity and electrochemical performance of the electrode materials [45]. Sponge-
like graphene nanoarchitectures fabricated by microwave synthesis of graphene and CNT
exhibited a high energy density of 7.1 W-h/kg at an extra high power density of 48,000 W/kg
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and retention of 98% after 10,000 cycles of charging-discharging in 1 M sulfuric acid as
electrolyte. The high performance of the obtained structure may be attributed to the large
surface area of 418 m?/g and fully accessible porous network [78].

Up to now, considerable efforts have been dedicated for the fabrication of flexible
supercapacitors as the potential power supplies for future wearable and portable devices
like electronic textiles [108]. Concerning this, Xu et al. [109] produced a flexible solid-state
supercapacitor from graphene hydrogel film as electrode and polyvinyl alcohol and
sulfuric acid as electrolyte. The obtained electrode with a thickness of 120 pm showed
a high gravimetric capacitance of 186 F/g at a current density of 1 A/g and excellent
cycling capability of 91.6% retention after 10,000 charge-discharge cycles (Figure 11.15f, g).
Besides, 3D graphene hydrogel films with interconnected networks presented high
electrical and mechanical robustness, which is essential for the flexible supercapacitor
applications. Recently, He et al. [110] presented an ultralight and freestanding flexible
supercapacitor of graphene/MnO, composite networks, shown in Figure 11.15e, via CVD
growth of graphene on the nickel foam subsequently followed by electrochemical depo-
sition of MnO, on the 3D graphene network. A high specific capacitance of 130 F/g at a
scan rate of 2 mV/s and low resistance variations upon bending up to 180° were achieved,
which confirms the excellent electrochemical performance of the obtained 3D graphene
networks.

11.5.2 Lithium-Ion Batteries

In recent years, 3D graphene structures have been extensively studied for their potential use
as active electrodes in batteries. The integration of 3D graphene into the structure of elec-
trodes improves the lifetime and energy density as well as the electrochemical performance
of the electrodes since the batteries usually suffer from low reversible capacity and cyclic
life when compared to supercapacitors. Therefore, in the design of batteries (e.g., lithium-ion
batteries, LIBs), one should consider the importance of the LIB components (e.g., elec-
trodes and electrolytes) role in the improvement of the battery performance. By virtue of
outstanding characteristics like high surface area, porous structure, fast mass/charge trans-
fer, and interconnected network, 3D graphene architectures became an outstanding candi-
date for high-performance LIBs.

So far the incorporation of various metal or metal oxides (e.g., Sn [111], NiO [112],
Fe,O, [113], LiFePO, [114]) and CNT [115] with graphene sheets and fabrication of 3D
graphene composites have been studied. Yu and co-workers [116] developed mesoporous
TiO, spheres embedded in 3D graphene networks by a facile hydrothermal self-assembly
strategy. The as-prepared composite as a negative electrode for LIBs exhibited an excellent
high-rate capacitance of 124 mA h/g at a current rate of 20 C when compared to that of pure
TiO, as 38 mA h/g (Figure 11.16a, b). Such an improvement in the electrochemical perfor-
mance of the as-prepared composite may be attributed to the high contact area between
the electrolyte and electrode, desired diffusion kinetics for both electrons and lithium ions,
and high electrical conductivity of the 3D graphene networks as well as porous structure of
TiO, spheres.

Using microwave-assisted synthesis of self-assembled 3D graphene/CNT/Ni, Bae et al.
[115] developed a new electrode for LIBs in which CNTs were grown on graphene sheets
through tip growth mechanism by Ni nanoparticles and acted as a spacer by preventing
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Figure 11.16 (a) Representative cyclic voltammograms of the TiO, spheres embedded in 3D graphene
networks at a scan rate of 1 mV/s. (b) Charge-discharge voltage profiles of the TiO, spheres embedded
in 3D graphene composite at a current rate of 0.5 C [116]. (Reproduced with permission of Royal Society
of Chemistry.) (c) CV curves of the graphene foam supported Fe,O, electrode. (d) Cycling profiles of

the graphene foam and graphene foam supported Fe,O, electrodes at 1-C rate [113]. (Reproduced with
permission of American Chemical Society.)

the re-stacking of 2D graphene sheets. The synthesized 3D composite as anode electrode
for LIBs showed a reversible specific capacity of 648.2 mA h/g after 50 cycles at a current
density of 100 mA/g.

Due to its high theoretical capacity, low cost, and nontoxic properties, Fe,O, has been
considered as a promising electrode for LIBs. However, high volume expansion and
the low conductivity of Fe O, prohibit stable performance of electrodes. Integration
of conductive nanomaterials like graphene and construct 3D architectures is one the
main strategies to improve the performance of Fe O,-based electrodes. To this aim, Luo
et al. [113] prepared 3D graphene foam supported Fe,O, LIB, which exhibited a high
capacity of 785 mA h/g at 1 C charge-discharge rate without decay up to 500 cycles.
The electrochemical properties of the graphene-supported Fe,O, LIB electrodes are
given in Figure 11.16¢ and d.

In all of the above-mentioned studies, 3D graphene provides a short path length for Li
ion as well as electron transport and increases the conductivity by eliminating the agglom-
eration and thus improves the electrode performance.
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11.5.3 Sensors

In recent years, graphene-based materials decorated with metals and metal oxides have been
studied in various sensing devices (e.g., electrochemical sensing and bio-sensing) due to
graphene’s excellent optoelectronic properties as well as high catalytic activity of the metals/
metal oxides [117]. For example, Yavari ef al. [118] prepared a 3D graphene network for the
detection of NH, and NO, at room temperature and atmospheric pressure with a high sensitiv-
ity of gas detection in the ppm range. In another study, Kung et al. [119] designed a platinum—
ruthenium bimetallic nanocatalyst integrated 3D graphene foam as a sensor for the detection of
hydrogen peroxide by enhancing the surface area and improving the effective transport in the
reaction. The proposed material exhibited high performance toward electrochemical oxidation
of H,O, with a high sensitivity of 1023.1 uA/mM cm’ and low detection limit of 0.04 mM.

Large-area 3D graphene interconnected GO intercalated by PANI nanofibers for the
determination of guanine and adenine have been constructed by Yang et al. [120]. By the
help of strong - interactions and electrostatic adsorption, positively charged guanine and
adenine adsorbed to the negatively charged proposed structure. High sensitivity, long-term
stability, and low detection limit of the prepared material make it a reliable approach for the
determination of other small molecules.

11.5.4 Fuel Cells

Nowadays, the finite nature of fossil fuels and rapid increase in energy consumption per-
suade the scientists to design and develop renewable energy sources. To this aim, 3D graphene
architectures have attracted great attention in the fuel cells as catalysts or catalyst carrier
supporting metals and alloys in oxidation and oxygen reduction reactions (ORR) and thus
improve the performance of the fuel cell [45]. Microbial fuel cells (MFCs) convert the chem-
ical energy in biodegradable organic materials into electricity via bio-oxidation process and
thus provide environmental bioremediation. However, most of the commercially available
MEFCs suffer from low power density and low bacteria loading on the surface of the electrodes.
To address this problem, many studies have focused on the integration of catalysts materials
to both anode and cathode of the MFCs [121, 122]. Very recently, the use of 3D graphene
as catalysts or support material has gained great attention because of the large surface area
and high electrical conductivity of 3D graphene structures. In one of the studies, Yong et al.
[122] suggested a macroporous and monolithic anode electrode based on PANI hybridized
3D graphene. Owing to large surface area of graphene, the ability of integration with bacterial
films has improved and thus more electrons passed through multiplexing and conductive
pathways. The schematic illustration of the interface and interactions between 3D graphene/
PANTI electrode and bacteria is shown in Figure 11.17a. As shown in Figure 11.17b and c,
obtained MFC exhibited a high power density of 768 mW/m? which is four times higher
than that of the carbon cloth MFC under the same conditions. Similarly, 3D graphene aerogel
decorated with Pt nanoparticles has been fabricated as a freestanding anode for MFCs with
an excellent power density of 1460 mW/m?. The superior performance of prepared MFC was
attributed to the high bacteria loading capacity, easy electron transfer between the bacteria
and the 3D graphene/Pt, as well as fast ion diffusion in 3D pores [123].
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Figure 11.17 (a) Schematic illustration of the interface between 3D graphene/PANI monolith electrode and
S. oneidensis MR-1 bacteria. (b) Time courses of the power density output of the MFCs equipped with a carbon
cloth anode or a graphene/PANT foam anode. (c) Polarization curves of the two types of MFCs. The inset
shows the I-V relation [122]. (Reproduced with permission of American Chemical Society.)

11.6 Conclusions and Perspectives

This review summarized the recent developments in 3D graphene-based materials by tai-
loring morphologies based on their characteristics and applications. So far, considerable
efforts have been devoted to the design and fabrication of 3D graphene materials in the
form of spheres, films, and networks. Three-dimensional graphene not only preserves the
intrinsic properties of 2D graphene by inhibiting the re-stacking and aggregation of sheets,
but also provides advanced functionalities with desired characteristics in various applica-
tions such as supercapacitors, fuel cells, batteries, sensors, etc. The main approaches for the
construction of 3D graphene architectures are assembly method, template-assisted tech-
niques, chemical vapor deposition, and electrospraying technology. Nevertheless, there are
still some challenges in the production of the 3D graphene architectures. For instance, the
size of constructed structures and their properties strongly depend on the building blocks
(e.g., templates). Besides, the main problem of graphene sheets is their tendency to agglom-
eration, which strongly decreases the electrical conductivity and utilization of graphene in
bulk applications. So there is still a need to design new and feasible approaches that can
prevent the re-stacking of graphene layers and fabricate an ideal 3D graphene structure and
convey the production scale from laboratory to pilot scale by lowering the costs. Finally, 3D
graphene structures bring new opportunities in the commercialization of graphene-based
products and open up new opportunities in energy, electronic, and composite applications.
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