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Article history: Three-dimensional interconnected carbon networks (3DCNs) materials have the advantages of large spe-
Received 2 April 2019 cific surface area, high porosity, and high electronic and ionic conductivity. Especially, 3DCNs can combine
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is the most popular method due to its efficient and versatile process and controllable production. This
paper summarized the recent progress in the approaches to constructing 3DCNs by using hard templates
including metals, inorganic non-metals, etc. The composites based on 3DCNs with multi-dimensional
reinforcements, such as OD nanoparticles, 1D nanotubes/nanofibers, and 2D nanosheets are introduced.
The applications of these 3DCNs composites towards energy storage and conversion devices are reviewed.
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Introduction summarized in the final section with an outlook for hard-templated

Three-dimensional carbon network (3DCN) refers to a kind
of carbon materials with 3D conductive structures [1,2], which
can be defined as a carbon material with uniform function in
three-dimensional direction and connected structure distribu-
tion. Compared with 0D, 1D, and 2D carbon nanomaterials, the
characteristic of 3DCN is a large specific surface area, high poros-
ity, efficient mass transfer and ease of heteroatom doping [3].
Moreover, 3DCNs can serve as a matrix and combine with other
nanomaterials to achieve the synergistic physical and chemical
effects in certain applications [4-6]. As a result, 3DCNs and their
composites have become promising candidates in many state-
of-the-art devices, especially in energy-related fields, such as
batteries, supercapacitors and fuel cells [4,7,8].

To synthesize 3DCN-based materials, the most commonly
adopted strategy is the template method. Template method, includ-
ing soft template and hard template, enable the researchers to
design the component and structure of templates according to the
performance and morphology requirements of the target produc-
tions [9-11]. Comparing to soft templates, hard templates have
higher stability and better space-confined effect, so it can be used
to strictly control the size and morphology of nanomaterials. As a
result, numerous hard templates have been developed in order to
prepare 3DCNs and their composites [12,13].

Generally, the materials used as hard templates are metal, inor-
ganics and many kinds of mixtures, which can maintain their
certain microstructures under treatment processes (e. g. high tem-
perature) [ 14]. In a typical synthesis process, the nanospace in hard
templates will fill with carbonaceous precursors firstly, followed
with a carbonization process enabling convert the precursors into
carbon [13]. Subsequently, these templates are removed by chem-
ical etching or water washing. Based on this simple and efficient
process, the hard templates fully play their potential on consider-
able flexibility and became the widespread method for synthesizing
3DCN-based materials [15]. Especially, several special applications
require high surface area and electron conductivity for ensur-
ing sufficient surface reactions, such as electrochemical processes.
Therefore, many reviews on the preparation of carbon materials
by templates method have been presented previously [9-12]. Yet,
3DCN related hard templates have their own structural and prop-
erties features in the preparation process.

Over the past decades, the researches for synthesizing 3DCNs
by hard templates have obtained great achievements. We believe
that it is worthwhile to summarize recent progress in the
hard-templated 3DCN-based materials and their energy-related
applications. In Section “Multi-scale hard template for 3DCNs”,
we will introduce several typical hard templates and describe the
growth mechanism of 3DCNs based on hard templates. Then, we
will review the 3DCN-based composites combined with 0D, 1D and
2D nanomaterials synthesized by using hard-templates in Section
“Synthesis of 3DCN composites based on hard-templates”. In Sec-
tion “Energy Storage Applications of 3DCN composites”, we will
introduce the applications of 3DCN-based nanomaterials for batter-
ies, supercapacitors and fuel cells. Furthermore, this review will be

3DCN-based materials.

Multi-scale hard template for 3DCNs

In 1988, the hard template was first introduced into the synthe-
sis of carbon materials by Kyotani and his co-workers [16]. Since
then, numerous types of templates have been developed, such as
metal [17], salt [18], ice [19], silica [20], Metal-organic frameworks
(MOF) [21] and so on (Fig. 1). Due to the different characteristics
among various template materials, the corresponding productions
present various architectural features, such as the specific surface
area, pore size distribution, morphology, and even the macroscopic
state of the products. We classify various hard templates according
to the pore sizes of templates and corresponding products (Fig. 1)
and review these templates based on their characteristics.

Metal template

The metals enjoy good plasticity and processability and can be
made into numerous and designable shapes. As a result, the metal
template is one of the most popular hard templates. In general,
the use of metal templates is usually associated with gaseous or
solid carbon precursors and high-temperature conditions. Assisted
by the metal templates, the carbon precursors are pyrolyzed under
high temperature and deposit carbon atoms on the metal surfaces.
As aresult, the carbon products will duplicate the delicate structure
of metal templates. Herein, we will give some examples of these
metal templates for synthesizing 3DCNs.

Metal foam template

Metal foam refers to a series of special metal materials with
a three-dimensional porous structure, whose porosity is usually
more than 95% [22]. Comparing with normal metals, the metal
foams possess lighter weight in the same volumes and have good
sound absorption, energy absorption, and electromagnetic shield-
ing performance. Metal foam can be made of nickel, copper, iron
or alloy materials [23,24]. Numerous researchers have work on
using foam metal as a template to prepare 3DCN. One representa-
tive work was reported by Cheng’s group in 2011. They developed
a general strategy to synthesize 3D graphene foams by using Ni
foam as the templates [25] with a pore size up to millimeter scale.
The procedures consisted of a chemical vapor deposition (CVD) fol-
lowed with a chemical etching process. In the CVD process, CH, as
the carbon source was decomposed at 1000 °C enabling atomic car-
bon dissolved in the Ni foam, and a consequent cooling enabled the
phase segregation happened in the Ni-carbon interphase. The car-
bon atoms diffused to the surface of Ni and form graphene networks
(Fig. 2a-d). This strategy successfully synthesizes the 3D macros-
turctures of foam-like graphene, whose interconnected network
serves as the fast electron transport channels and achieves a high
electrical conductivity.

In this strategy, the template can be extended to other metal
foams, such as copper [26] and silver [27], and the alternative car-
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Fig. 1. The different types of hard templates and their corresponding length scales.
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Fig. 2. (a) Photograph and (b) SEM image of (c,d) TEM image of a free-standing 3D graphene foam by Ni foam template (Reproduced with permission from Ref. [25], Copyright
© 2011 Nature Publishing Group).
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bon source precursors also include other organic gases (e.g., C;Ha,
CyHy), organic solvent (e.g., benzene [28]) and even solid carbon
source (e.g. glucose and dicyandiamide). Moreover, heteroatom-
doping in the final products could also be achieved by introducing
impurity element raw materials into the precursors. For example,
introducing NH3 as a nitrogen source can result in the N-doped 3D
graphene [29].

Nanoporous metal template

Apart from the commercial foam, the metal frameworks with
nanopores are also used as the templates for producing nanoporous
3DCNs. The origin nanoporous metals are obtained from AuAg
binary infinite intersoluble alloys by de-alloying [30], then other
intersoluble alloys are developed to reduce costs, such as Zn-Co
[31], Cu-Pt [30], Cu-Ni[32] and Ni-Mn [33]. Recently, ternary alloys
are also developed such as Ag-Au-Pt [34], Ni-Cu-Mn [35], Ni-Fe-Mn
[36] and Mg-Cu-Al [37]. As an example, Chen’s group fabricated
a nanoporous Ni framework by a simple dealloying method by
removing Mn from a Ni3gMnyq alloy foil [28]. As the residual,
the Ni matrix has an interconnected nanostructure with ~20 nm
pores. Incorporating this nanoporous Ni with the carbon source
of pyridine, a free-standing 3D nanoporous graphene with open
nanoporous channels was synthesized by a CVD process (Fig. 3a-d).

The nanoporous metal template approach has been extended
to other metals, such as Cu. Qin et al. prepared a Cu matrix with
continuous nanopores (NPC) by chemical dealloying a CugoMngg
alloy [38]. The graphene was grown on NPC by a short-time CVD
method (at 900°C for 2min). In this process, Cu presents the
surface-mediated growth for graphene, meaning that the carbon
atoms directly assemble on the Cu surface instead of dissolving in
the metal bulk. After removing the Cu matrix, a 3D graphene net-
work with continuous duct-like structure (3D-DG) was obtained,
exhibiting a real density of 0.15mgcm~2 and high specific sur-
face area of 586.3m2 g! (Fig. 3e-m). Additionally, this 3D carbon
matrix showed an extremely low electrical resistance (23.3 2sq!)
due to its duct-like structure-preserving the high electrical con-
ductivity of graphene. This research highlighted that hydrogenated
graphite (HG) can relieve the coarsening of NPC in the CVD pro-
cess. Furthermore, the short-time CVD process can be employed
in nanoporous Ni template for synthesizing a nitrogen-oxygen
co-doped 3D nanoporous graphene (NO-3DNG) film as shown in
Fig. 3n. Due to the decreased size of metal pores, the corresponding
pore size of NO-3DNG was less than 20 nm (Fig. 30-q). The active
material loading of NO-3DNG film was up to 3.65 mg cm~2, enabling
an improved volume utilization of the material [39].

Metal powder template

Besides the above-mentioned top-down strategies, another
roadmap to synthesize 3DCNs is the bottom-up method. By using
catalytic metal powders as the templates, a 3D structural graphene
can be obtained after removing metal templates. The pore size
of 3DCNs was controlled by adjusting the size of metal particles.
It has proved to be a good strategy by using metal powders as
the templates, and the pore size can be tuned by choosing dif-
ferent sizes of raw material powders. To this regard, Sha et al.
first demonstrated a simple technique to combine traditional pow-
der metallurgy and CVD for fabricating free-standing 3D graphene
foams (Fig. 4a) [40]. Ni powders and sucrose were mixed to obtain
a pre-made powder mixture, which was then cold-pressed and
heated to 1000°C. During synthesis, Ni powders were sintered
as the template and catalyst, and sucrose was decomposed and
carbonized into graphene (Fig. 4b-e). The final product (PMT-GF)
consisted of carbon shells and graphene layers display good electri-
cal conductivity (13.8 Scm~!). More importantly, this 3D graphene
foam did not break even being compressed. To further control the
pore size of the obtained 3D carbon, Garrido and colleagues pre-

pared the templates by sintering metal powders at 600-1100°C
[41]. In their work, the density and the pore size can be changed by
controlling the temperature and metal particle sizes. In addition,
both of Ni and Cu were sintered to the templates with pore size
down to 1 wm, and the produced 3D graphene had a similar size
with these metal powders.

These metal powder templates have the advantage of uncom-
plicated pre-processes and easy to shape. Since the metal powders
are potential raw materials for 3D-printing technology, it shows
great potential to couple these two techniques in the synthesis of
3DCN-based materials. Sha and co-workers carried out an early
exploration of metal-templated 3D-printing technology and suc-
cessfully obtained a 3D-printed graphene monolith [42]. By mixing
carbon source and Ni powders, the precursors were deposited on a
stage and sintered by CO, laser in a laser cutter. As described in the
metal powder template mechanism, the Ni powders catalyzed the
carbon source decomposition for growing graphene. After remov-
ing the metal powders, researches obtained a 3D graphene foam
(3D GF) with high porosity (99.3%) and good mechanical proper-
ties. This work verified that the laser can directly convert a solid
carbon source into graphene and pave the way for the use of the
hard template in state-of-the-art manufacturing technology.

Inorganic templates

Representative inorganic templates include silica, zeolite, salt,
etc. Comparing with metal templates, inorganic templates can
be used to manufacture 3DCNs on multiple scales from sub-
nanometer to micrometer. Yet, most inorganic templates lack the
catalysis ability on carbon atoms, they need high-temperature
assistance to produce 3DCN with high quality and crystallinity.

Salt templates

Comparing with metal, the salts perform as low-cost in-situ hard
templates and satisfy the requirements of large-scale production.
In a typical synthesis, carbon precursors (e. g. glucose, sucrose,
biomass) and inorganic salts (e. g. NaCl, Na;COs3, ZnCl,, CaCO3)
are mixed together, and the followed carbonization processes con-
vert the carbon precursors into carbon [18,43,44]. The salt template
maintains its structure because of their chemical stability and then
can be removed by a simple water-washing step, which is more
environmentally friendly compared with the chemical etching of
metal templates.

Recently, our group has developed a general strategy for pro-
ducing 3DCNs based on NaX salts (X=Cl-, CO32", Si032") [18]. This
salt assembly technique follows the basic steps: carbon precur-
sor and salt were dissolved in water, and a freeze-drying process
enabled the salt self-assembly with carbon precursors coated on the
surface. This 3D composite was heated under certain atmosphere
and the carbon precursors were converted into carbon nanosheets
inside the nanoconfined space between salt surfaces. The salt tem-
plates were removed by water washing to obtain the final 3DCNs.
Obviously, this method is characterized by their convenient prepa-
ration, environmental protection, and non-pollution. Moreover, the
morphology of the carbon networks can be controlled by the selec-
tion of salt templates: the micrometer-scale pores were generated
by NaCl particles; Na,CO3 particles resulted in the pore size of
50-100 nm, while the 5-10 nm nanopores were derived from the
Na,SiO3; template (Fig. 5a-i). When mixing these three types of
salts as multi-template, the corresponding 3DCN showed a hier-
archical porous network structure, whose pore size distribution
could be tuned by varying the ratios of these salts (Fig. 5j-m).
For example, the combination of NaCl and Na,SiO3 were used as
hierarchical templates to produce porous 3DCN. The corresponding
carbon presents an interconnected cubic-like macropore network,
which is constructed by mesopores carbon nanosheets. Elevating
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Fig. 4. (a) Schematics of powder metallurgy-chemical method to prepare 3D graphene foam. (b, ¢) SEM and (d, e) TEM images of as-prepared PMT-GFs (Reproduced with

permission from Ref. [40], Copyright © 2015 American Chemical Society).

the ratio of Na,SiO3 from 2% to 4%, the mesopore size rises from 5
to 8 nm. In this process, the thickness of the carbon layers was also
adjusted: increasing the proportion of salt reduces the thickness of
carbon layers [44]. Thus, this salt template method can be applied in
the production of a few layers of graphene. In the case of ZnCl, /NaCl
salts [45], by controlling the ratio of the two salts, the high pore
volume of 5.2 cm3 g'! and specific surface area of 2540 m? g'! were
achieved. Furthermore, by adding the corresponding heteroatom
source in the precursors, this method can be extended to synthesize
heteroatom-doping (e.g. N, O, S) carbon materials [44,46,47].

The organic salts also can act as the multifunctional tem-
plates to fabricate heteroatom-doping carbon networks. The
researcher applied ethylenediaminetetraacetic acid disodium zinc
salt (EDTANa,Zn) as a hard template. During heating the mixture of
saltand carbon sources, EDTANa;Zn will produce the nano-ZnO and
Na, COs particles, which are evenly dispersed in the carbon sources.
Na,COs3 can serve as a template to create mesopores, and the nano-
ZnO canetch carbon as an activation agent to deliver the micropores
and small mesopores. Moreover, the decomposition of EDTANa,Zn
can introduce nitrogen-doping in the carbon matrix. Because of the
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Fig. 5. (a) Schematic of NaCl template, (b) SEM image of carbon-coated micro-sized NaCl and (c) the obtained 3DCN after washing step. (d) Schematic of Na,CO3; template,
(e) SEM image of carbon coated Na,CO5 and (f) the obtained 3DCN after washing step. (g) Schematic of Na,SiO3 template, (h) SEM image of carbon coated Na,SiO3 and (i) the
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(k) SEM, (1) TEM and (m) HRTEM images of HPC-BMS. (Reproduced with permission from Ref. [18], Copyright © 2015 Royal Society of Chemistry).

multifunction of this salt template, the obtained carbon shows the
hierarchical porous structure, large surface area (2160 m2 g-1) and
nitrogen doping [48].

Silica templates

The 3DCNs synthesized by salt templates often present pores
with a certain distribution range. To synthesize the carbon materi-
als with regular pore structure (2-50nm), silica templates, such
as MCM-48 and SBA-15, were the better choice [15,49-51]. For
example, the carbon materials derived from MCM-48 have the
mesopores of 2-10 nm [15,49]. The typical process of this template
method is similar to the metal template, including the precursor
immersion, carbonization and template removal [52]. However, the
removal of the silica-based templates usually uses HF or NaOH con-
centrated solution, instead of an acid solution for metal templates
or water for salt templates (Fig. 6a) [53]. Moreover, Schuster et al.
applied a phenol and formaldehyde mixture precursor to synthe-
size spherical 3D mesoporous carbon structure by using spherical
silica as the template. The obtained carbon exhibited a bimodal
pore size distribution with average pore diameters of 6 and 3.1 nm
[54,55].

Besides mesoporous silica, silica particles can also be applied to
fabricate 3D carbon matrix [56]. Huang et al. used methyl func-
tionalized silica particles (30-120nm) as templates [57]. They
mixed the silica spheres and GOs in a neutral aqueous solution,
and these two materials would assemble to form a 3D mixture
due to the hydrophobic interaction. This composite was then
annealed to reduce GOs and followed by the removal of silica tem-
plates (Fig. 6b). Moreover, the continuum of silica can be used as
a template for 3DCN. Backov’s group produce a silica monolith
Si(HIPEs) with interconnected structure by a sol-gel method [58].
Then, they used this Si(HIPEs) as a hard template to produce an
interconnected macro/microporous carbon monolith (Fig. 6¢c-g).
This carbon monolith demonstrates a specific surface area above
600m?2 g-! and the conductivity of 20 S cm~!, which has excellent
mechanical properties (Young's modulus of 0.2 GPa) and can be cut
and shaped easily.

Zeolite template

To further decrease the pore size of 3DCNs to the micropores,
the zeolites are used as the hard templates [59,60]. Zeolite is a series
of aluminosilicate porous solid, which possess 3D interconnected
nanochannels, such as zeolite X, zeolite Y and EMT-type zeolite [61].
Carbon sources can be introduced into the zeolite nanochannels

by polymer-impregnation followed by carbonization and/or CVD
process. After removing the zeolite, the zeolite-templated carbons
(ZTCs) were obtained (Fig. 7a—c) [62]. These ZTC present higher
volumetric surface area and particle density than those of the 3D
carbon materials produced by using other templates.

There is a hindrance to the application of zeolite-based synthesis
that the filling of carbon sources into nanopores of zeolite (<1.5 nm)
is difficult. This issue was partially solved by conducting a pulsed
chemical vapor deposition. Enabled by this improved technique, a
3D ordered microporous carbon with a surface area of 2100 m2 g !
was produced in the confined nanochannels of zeolite Y by using
acetylene gas through [63].

To further optimize the process of preparing 3DCNs from zeolite
template, Kim’s group applied lanthanum ions embedded in zeolite
pores, and lower the temperature required for the carbonization
of ethylene or acetylene [64]. Therefore, a carbon framework was
formed along the walls of micropores in the zeolite, which was
supported by X-ray diffraction data from zeolite single crystals after
carbonization (Fig. 7d-f). This ZTC possesses the superior electrical
conductivity: the value is two orders of magnitude higher than that
of amorphous mesoporous carbon.

Other hard templates

In addition to the metallic and inorganic templates, there are a
lot of hard templates, such as MOF, ice, metal oxides, metal sulfides,
metal nitrides, metal carbides and so on [65], and we focus on two
of them.

MOF template

As a novel class of nanoporous materials, MOF is a kind of
framework structures constructed by transition-metal clusters and
organic ligands [66-70]. Due to their high specific surface area
and large pore volume, several kinds of MOFs, such as MOF-5, Al-
PCP, and ZIF-8, have been considered as promising precursors to
construct 3D carbons with nanopores [71-73]. Xu and co-workers
applied a vapor phase protocol to introduce furfuryl alcohol (FA)
into the nanopores of MOF-5 [74]. Consequent carbonization at
1000°C enabled the formation of nanoporous carbon with a high
specific surface area of 2872 m2g~!. When decreasing the tem-
perature, the carbon material presents much lower specific surface
areas of 417m2 g~! at 800°C and 217 m? g~! at 503 °C. This work
verified that MOFs can serve as the sacrificial templates for syn-
thesizing 3D nanoporous carbons, and figured out the influence of
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heating temperature on the morphology of the as-obtained carbon
as well. Yamauchi et al. demonstrated that FA can also be immersed
in AI-PCP and converted into porous carbon with a specific sur-
face area of 513 m? g1 [70]. Besides, many kinds of carbon sources
can be combined with MOF template, including glycerol, carbon
tetrachloride, ethylenediamine and phenolic resin [70]. Further-
more, the structure of 3DCN can be obtained by calcining MOF itself
directly, because the organic component in MOF is used as a carbon
source, and the inorganic component acts as the template and cat-
alyst. In this aspect, by assembling the particles of a microporous
ZIF-8, 3D carbon with micro-, meso- and macropores was pre-
pared by ultrasonication and consequent carbonization [21]. This
research demonstrates that the secondary voids of MOF nanopar-
ticle can be used as “mesoporous” template. Besides, the effort
has been made to prepare different kinds of MOF structures. For
example, researchers synthesize the superlong single-crystal MOF
nanotubes. Then, hierarchical structure carbon nanofibers wrapped
by carbon nanotubes are formed by the carbonization of the Co-
MOF nanotubes along with dicyandiamide [75]. Great progress
has been made to control the structure of MOF and MOF-derived
materials, and the relationship between their structure and the
physico-chemical properties have been reviewed inrelative articles
[66,67].

Ice template

As the typical in-situ template, ice templates are used for pro-
ducing 3DCNs and can be regarded as the most inexpensive one
among various hard templates [76]. To use ice template, the sol-
uble carbon precursors are dissolved in water and froze at low
temperatures. In this process, the growing ice-crystals repel the
carbon precursors in the space of ice particles [77]. After remov-
ing ice, the arrangement of concentrated precursors is maintained,
and the pores are the negative replica of the ice-crystals. This ver-
satile method has been used to produce carbon materials and their
composites [78]. For example, a kind of 3D macroporous carbon
monolith has been fabricated by using an ice-rod template [79].
The authors found that the ice template assembled as an array of
nanorods during the freezing process, and the consequent carbon
monolith exhibited a honeycomb-like morphology with 180 nm
pores. Furthermore, this macroporous architecture can be tuned
by adjusting the freezing conditions and precursors amount. As
one advantage of the ice-template strategy, the starting materi-
als can be an extremely dilute suspension, which can be applied
to produce many kinds of carbon-based aerogels, such as carbon
nanotube, graphene oxide, porous carbon and their composites

Table 1
Characteristics of various hard templates and their corresponding carbon products.

Type Removal Price Example Products state
Metal foam Acid solution Middle Nifoam Monolith

Porous metal  Acid solution High Porous Cu Monolith

Metal powder Acid solution Middle Ni/Cupowders Powder/Monolith
Salt Water Low NaCl, Na,COs3 Powder

Silica NaOH, HF Middle Silica sphere Powder

MOF Acid solution  High MOF-5, ZIF-8 Powder

Zeolite HF Middle Zeolite X/Y Powder

Ice Water Low Powder/Monolith

[19,76,80]. To this regard, the ice-template was applied to syn-
thesize macroporous graphene monolith with a density as low as
0.14-0.16 mgcm~3 [76] (Table 1).

Up to now, we have introduced various templates based on their
components, such as metal and inorganic materials. Based on the
above review, we find that these different types of templates have
some common features in the aspects of 3DCNs’ growth mechanism
and the generation of hard templates. As shown in Fig. 8, we can
classify these hard templates into four quadrants. Firstly, two types
of hard templates can be summed up according to their catalytic
activity for carbon: the active-type and the inactive-type. For the
active-type templates, the used materials are catalytic for the car-
bon precursors, such as most of the metal templates, meaning that
the templates can provide their catalytically active surface for car-
bon atom assembling [81]. As a result, the gaseous carbon sources
are often applied with the active-type templates. By comparison,
the inactive-type templates lack the catalytic activity for carbon
atoms and require the solid or liquid precursors for filling into the
space of the substrates [59]. As a typical example of inactive-type
templates, Kyotani et al. used zeolite Y as a template and FA as a
carbon source to synthesize the 3D nanoporous carbon with the
nanocasting and carbonization [82].

In another dimension, the hard template can be classified into
pre-form templates and co-form templates based on their forma-
tion processes. The ‘pre-form’ means that the template is prepared
before mixing with carbon precursors. The above-mentioned tem-
plates, such as porous metal, metal foam, silica, MOF and zeolite,
belong to the type of pre-form template [83,84]. The ‘co-form’refers
that the templates are forming concurrently during the carbon syn-
thesis processes [85,86]. In this aspect, the typical examples are the
soluble salt and salt applied as templates for fabricating 3DCNs.

Although we provide such a classification, we have to say
that there are too many kinds of hard templates to give simple
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Fig. 9. The schematic of 3DCNs and their multi-dimensional nanomaterial compos-
ites. 0D nanomaterials.1D nanomaterials: 2D nanomaterials.

dichotomy. In this classification, we try to extract the commonali-
ties of various templates, so that readers can have a general guide in
screening templates during their experimental designs. In practice,
the basis for template selection is which one is helpful to prepare
the required structures, to meet the experimental conditions, and
to reduce the cost as much as possible.

Synthesis of 3DCN composites based on hard-templates

The composite material is the combination of various compo-
nents and optimized by advanced material preparation technology,
which is the current development direction in the field of structure
and function applications [87-89]. Because of the advantages of
large specific surface area, high electrical conductivity, and high
connectivity, 3DCNs can combine with other nanomaterials to
achieve the synergistic benefits (Fig. 9). Therefore, 3DCNs can be
used as both the reinforcement of composite materials and the
matrix of composite materials to meet different application needs.
This section introduces 3DCN-based composites prepared from
hard templates. Several examples of 3DCN composites using the
hard template method in recent years are listed in Table 2. As can
be seen, the 3DCNs can be composited with numerous types of
nanomaterials, from carbon materials, metal oxides to metal sul-
fide. Moreover, the weight percentage of these second components
ranges from 5% to 90%, ensuring a great potential for controlling
the overall properties of these composites. In addition, it should
be pointed out that the high temperature is required in all hard-
template method to achieve a carbonization process, which indeed
increases the energy consumption and process complexity of these
methods.

In order to systematically review these 3DCN-based composites,
we choose the morphology features of the second components as
the classification basis and classify the second components into 0D,
1D and 2D materials (Fig. 9).

DCNs/0D composites

The typical OD materials include single atoms, nanoparticles
(NPs) and even spherical nanomaterials. Firstly, the isolated single-
atom catalysts have attracted great interests in electrocatalysis
since they have the maximized atom utilization efficiency. To this

regard, a simple hard template method is reported to synthesize
carbon networks containing metal atoms (e.g. Ag, Rh, Ir, and Pt)
[113]. Firstly, the target metals and carbon precursors were intro-
duced into the zeolite template by wetness impregnation, and
the nanospace of zeolite can capture these metal atoms. After the
carbonization, the metal/3DCNs composites were obtained. Also,
the characteristics of ZTC can influence the mass loading of metal
atoms. It has been approved that S-doped ZTC can achieve 5 wt%
platinum loading in the carbon matrix [96]. Also, a SiO, template
method is applied to fabricate the isolated Fe single atomic anchor-
ing on graphene hollow nanospheres (Fe ISAs/GHSs) (Fig. 10a,b). In
the precursor, the Fe phthalocyanine has planar macrocycle struc-
ture, which exhibits the steric hindrance effect with graphene and
resulting in the atomic dispersion of Fe-Nx species. As a result, the
obtained sample shows the morphology of the 3D sphere with the
Fe single atoms anchoring on the carbon walls (Fig. 10c-e) [114].

Meanwhile, the metal NPs have attracted attention due to
their high chemical activity in numerous reactions. Using capsu-
lar MOF and melamine as precursors, Xu et al. reported iron-nickel
phosphide nanoparticles immobilized on capsular carbons inter-
connected by plentiful carbon nanotubes [115]. Our group reported
a strategy to synthesize 3D porous graphene networks anchored
with Sn NPs (Sn@G-PGNWs)[91]. This method uses metal precursor
as a catalyst and self-assembled NaCl as a template. In the process,
freeze-drying enables a film of SnCl, and carbon source confined
in the space between NaCl particles, and the following calcination
reduces the metal precursors into Sn NPs (5-30 nm), which act as
a catalyst for graphene growth. As a result, the graphene formed
not only in the space between NaCl particles but also on the Sn sur-
face. The obtained 3D Sn@G-PGNWs depicts good conductivity and
high specific surface area, in which the NPs are tightly pinned on
the surfaces of thin walls of 3D graphene. This method is further
extended to other NPs such as Co304, Fe;03, NiO, MnO,, Ni(OH),,
etc.[93,116-118].

The definition of 0D nanomaterials is not only regarded as the
NPs smaller than 10 nm but also refers to the materials with 0D
architectures. For example, our group has founded the 3DCN with
macropores produced by using salt template can play an important
role in the growth of MOF particles [103]. 3DCN can provide nucle-
ation sites for the MOFs particles and result in the heterogeneous
nucleation effect. Furthermore, 3DCN can exert its confinement
effect when MOFs grows too large. As a result, the obtained MOFs
particle size is much smaller than that without the carbon network
(Fig. 11).

DCNs/1D composites

There are two types of assembling forms between 1D nanoma-
terials and 3DCNs. The first type is that 1D nanomaterials were
attached to the surface of 3DCNs with a line-to-face¢onnection
[119]. In this respect, 1D materials serve as the reinforcements to
enhance the mechanical or electrochemical properties of 3DCNs.
The second type is point-to-facetype, referring that 1D nanomate-
rials (e.g. metal oxide nanowires) were anchored on 3DCNs with
their tips [108]. As a result, the role of 3DCNs is to provide a contin-
uous conductive substrate for improving the overall performances
of composites.

For the line-to-facetyped 1D/3D composites, Sha et al. [107]
reported a powder metallurgy strategy to fabricate a 3D carbon
hybrid of graphene and CNTs inspired by rebar graphene work of
Tour’s group. For this purpose, a mixture of Ni powder, sucrose,
and surface-modified CNTs was cold-pressed and then calcined
at a high temperature. During this process, a 3D rebar graphene
foam (3D rebar GF) material was grown in situ in one step. The
shape of the composite foam can also be adjusted by changing the
shape of the pre-formed block, as shown in Fig. 12a-c. Zhu et al.
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Table 2
Recent achievements of 3DCN-based composites.

Second component Features of second component 3DCN’s type Temp. (°C) SSA* (m2g1) wt % Template Ref
SnSb alloy 1-3 nm 3D N-doped porous graphene 750 219.8 NaCl salt [90]
Sn NPs 5-30nm 3D graphene 750 365 46.8 salt [91]
Fe,GeO4 NPs 1-5nm N-doped carbon network 500 257.6 salt [92]
MnO NPs 50-100 nm Continuous carbon nanosheets 650 330 25.20 salt [93]
Si0, NPs 70 nm Porous carbon 22 salt [94]
CogSg NPs 3D graphene 120 Ni foam/MOF [95]
RuO; NPs 3-5nm N-3D graphene 188.7 55-75 Ni porous metal

Pt atom atomic scale ZTC 800 2800 5 NaX zeolite [96]
LiBH4 NPs ZTC 900 11.79 zeolite [97]
Carbon nanocage porous metal [98]
Pt 3D Graphene ice [80]
SnO; NPs 3-4nm 3D Graphene 350 237.7 40.20 ice [99]
Cu;,Se NPs 3D MOF-derived Carbon 700 68.85 56 Cu-MOF [100]
Fe;Sg NPs 3D MOF-derived Carbon 450 42.72 44 Fe-MOF [100]
NiSe NPs 3D MOF-derived Carbon 450 64.79 82.60 Ni-MOF [100]
Co304 NPs 5nm 3D porous carbon network 550 2174 49 MOF and Salt [101]
WCx NPs 5-50nm 3D mesoporous carbon 900 433 30 silica [102]
ZIF-8 0.2-1 pm 3DCN 650 1361 33 Na,COs salt [103]
CNTs 10 nm diameter 3DCN 650 462 NaCl salt [104]
Ag nanowire 3D-GC and mesoporous carbon 350 484 4.7 Ni foam [93]
Co304 nanowire 100-150 nm diameter 3D N-doped carbon foam 180 61 metal foam [105]
Co304 nanowires 200-300 nm diameter 3D graphene 1000 metal foam [106]
CNT graphene 1000 80 Ni powder [107]
NiCo-LDH nanoneedle 10-20 nm diameter 3D graphene 900 405 Porou Cu [108]
MoS; nanosheets thickness<3nm porous carbon networks 750 355 salt [109]
graphene thickness<3nm 3DCN 650 498.5 Na,COs3 and Cu [110]
Ni(OH); nanoplates 120nm 3D graphene 180 metal foam [111]
CoMoO4 nanosheets thickness<2nm 3D GF Ni foam [112]
MnO, nanosheets 100-200 nm 3D-DG 900 porous metal [38]

# SSA: specific surface area.

demonstrated a one-pot strategy for fabricating 3D B/N-doped net-
works of CNTs/carbon nanosheets hybrids [108]. To produce this
1D/3D carbon hybrid, NaCl serves as templates, and the hydroxyl
single-walled CNTs and organics are space-confined in the gap of
salt particles. After heating and removing the templates, the CNTs
remained in the B/N-doped carbon nanosheets in the obtained sam-
ple (Fig. 12d-f).

The point-to-facetyped composites were mostly fabricated by
two-step methods. A continuous 3DCN is first prepared by hard
template, and then a functionalized 1D structure is grown by a
subsequent method means, such as hydrothermal. As a typical
example, NiCo-layered double hydroxide (NiCo-LDH) nanoneedles
were demonstrated to grow on a 3D rivet graphene (H-3DRG) film
[108]. During the processing, a hydrothermal method enables the
NiCo,S4 nanostructures grown on the H-3DRG (Fig. 12g-i). This
research further proves the flexibility of 3DCN substrate.

DCNs/2D composites

2D materials have received extensive attention and research
over the past decade due to their unique structural, mechanical
and physical properties and potential applications. 3DCNs were
combined with a large family of 2D materials includes 2D crystals
of single elements (such as graphene), metal oxides, metal disul-
fides, etc. [7,120]. The fabrication of 2D/3D carbon hybrid is rarely
reported because of the difficulty of seamlessly connecting of these
two architectures. To tackle this issue, our group demonstrated the
important role of the hard template. By combining two kinds of the
template (Cuand Na,CO3), a graphene-reinforced N-doping porous
carbon network (N-GPC) was successfully fabricated [110]. In this
approach, the Na,COs is dissolved with glucose and urea and then
dipped in a Cu substrate. A subsequent heating process enables the
carbon precursor to convert into porous carbon copying the pattern
of salt assembly. Meanwhile, wave-like graphene is formed at the
interspace between metal and salt. This graphene layer not only
increases the electronic conductivity but also enhances the struc-

tural stability for engaging the material with free-standing feature
(Fig. 13a-d). According to the molecular dynamics simulation, the
nanospace between Cu and salt conduct a heterogeneous space-
confined effect, which is favorable to the atomic rearrangement of
carbon and the formation of graphene.

Another connection type of 2D and 3D nanostructure is that
2D nanosheets attach on the wall of 3D networks to achieve a
face-to-face contact. Zhou et al. demonstrated a 2D spatial confine-
ment strategy to in situ synthesize MoS, nanosheets anchored on
3D porous carbon networks (3D FL-MoS; @PCNNs) [109]. The key
role in this strategy is NaCl, which not only serves as a template
for growing 3D carbon networks but also provides a 2D-confined
space for constructing few-layer MoS, nanosheets. In the pre-
pared 2D/3D composite, the face-to-face contact between MoS,
and carbon nanosheets can effectively avoid the aggregation and
restacking of MoS, nanosheets (Fig. 13e-g). Besides, the typical 2D
nanosheets of MnO, were vertically anchored on 3D nanoporous
graphene (3D-DG@MnO, ). This hybrid was synthesized through an
electrodeposition technique with 3D-DG as the matrix (Fig. 13h-j)
[38]. The 3D-DG not only ensures a high electron and ion transfer
but also allows a large MnO, mass loading of 90.5 wt% based on the
entire electrode.

Energy storage applications of 3DCN composites

Because of their excellent physical and chemical properties,
3DCNs and their composites have shown excellent performance
in a series of electrochemical energy storage, such as metal ion
batteries, supercapacitors, and fuel cells, etc [121,122].

Battery

Nowadays, batteries are the most popular energy storage appli-
cations in electric cars, computers, mobile phones, and other
electronic products. Several types of rechargeable batteries show
great potential in energy storage, such as lithium-ion batteries
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(LIB), sodium-ion batteries (SIB) and lithium-sulfur (Li-S) batter-
ies [123-127]. A typical battery configuration consists of anode,
cathode, electrolyte and current collector. 3DCN and their compos-
ites produced by hard templates contribute a lot to enhance these
components.

Due to the high electron conductivity of 3DCNs, it was inter-
esting to apply 3DCNs to enhance the performance of the cathode
electrode. Rouff's group used graphene foam (UGF) produced on
Ni foam as current collectors to replace the traditional Al in a bat-
tery [128]. Then, the LiFePO4 NPs were deposited on this UGF and
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exhibited a near theoretical capacity (170 mAh g-1). Moreover, the
hysteresis between the charge and discharge curves of LiFePO,4 on
UGF was 30% less than that with Al current collectors (Fig. 14a-b).
This research work plays the advantage of UGF’s excellent electron
conduction. Also, owing to the large free space inside UGF, it is a
good substrate for loading other functional materials.

Among many energy storage devices, LIB is the most popular at
present. The anode electrode of traditional LIB is graphite. Yet, the
specific capacity of graphite is limited at 372 mAh g~!. Therefore,
a variety of new materials have been used in the LIB anodes, such
as metal oxides, metal Sulfides, alloy and carbon-based composite
[127,129,130].

In the application as anode materials, there are numerous exam-
ples. We have chosen one of the examples as an introduction. Sn
has an ultrahigh theoretical capacity of 993 mAh g-! yet suffers
from the issue of volume change during the charge/discharge pro-
cess [131]. To this aspect, 3DCNs can serve as the buffers to tackle
with this problem. As mentioned earlier, Sn NPs were attached
to the 3D graphene frame by a one-step in-situ template method
(Sn@G-PGNWs) [91]. In the case of Sn@G-PGNWs composite, the
CVD-synthesized carbon shells provided Sn NPs from the exposure
to the electrolyte. Moreover, the carbon matrix can preserve the
structural stabilization of Sn NPs and suppress their aggregation.
As a result, this 3D hybrid anode exhibits high rate performance
(1022mAh g1 at 0.2 A g~! and 270mAh g-! at 10 A g~ 1) and
extremely long cycling stability (capacity retention > 96% after 1000
cycles) (Fig. 14c-g). More examples of 3DCN-based materials for
the anode of LIBs are listed in Table 3. Moreover, the composites
combining 1D or 2D nanomaterials with 3DCNs conduct better per-
formance than a single type of materials. In this aspect, a network
constructed by carbon nanotubes and 3D carbon nanosheets net-
work can integrate the advantages: (1) the nanosheets supplies

large specific surface area; (2) the interconnected CNTSs serves as
electron conductive paths and reinforces the whole architecture. As
a result, this 1D/3D carbon hybrid achieves electrochemical prop-
erties used in Li-ion battery for long-run experiments: reversible
capacity is 358 mAh g1 after 1000 cycles tested at2 Ag™! (Fig. 14h,
i) [104]. Besides, the abovementioned 3D FL-MoS, @PCNNs mate-
rials were tested as the anode of LIBs. Since 3D PCNN ensure the
fast transport of both electrons and ions in the whole electrode,
the composite of 2D MoS, and carbon network achieves a specific
capacity as large as 709 mAh g~ delivered at 2 A g~ ! and maintains
~95.2% even after 520 deep charge/discharge cycles.

Li-S battery is another type of lithium battery, by using sulfur as
the cathode. The theoretical capacity of the pure sulfur electrode
is 1675mAh g-! [132]. However, the low electrical conductivity
and the instability of sulfur greatly limit its practical application.
A facile in situ method was reported by Geng's group to pre-
pare 3D porous carbon-containing sulfur NPs (3D S@PGC) with a
90 wt% of sulfur loading [133]. Merited by this high sulfur con-
tent and the strong bonding between sulfur and carbon matrix,
this 3D S@PGC cathode demonstrates the high specific capacity of
1382mAh g! and long cycling stability (0.039% capacity decay at 2
C)(Fig. 15a-e). Moreover, the low-cost ice templates were extended
to synthesize sulfur-containing 3D porous carbon by adding sodium
poly(4-styrene sulfonate) with carbon source as the starting mate-
rials. The following heat treatment at 800 °C enabled the generation
of sulfur salts, which can further convert into sulfur in the carbon
matrix. Although the capacity of this S-containing 3DCNs is not so
high, it exhibits great potential to be the candidate for the cathode
of Li-S battery.

Another problem in Li-S batteries is the severe shuttle effect
of soluble lithium polysulfide intermediates (LiPS), leading to the
rapid capacity decay and low coulombic efficiency. In this regard, a
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Table 3
The battery performance comparison for various nanomaterials and their composites with 3DCNs produced by NaCl template methods.

Battery Materials Capacity (mAh g1) Rate performance (mAh g=1) Long cycle Ref
Sn@3DCN 1022 @0.1 A g™ 459 @5A g 1000 cycles @2 A g! [91]
Sn/C 500 @0.1A g! 50@5Ag!
MoS,@3DCN 1060 @0.1 A g™! 709@2Ag! 520 cycles @2 A g~ [109]
MoS; 600 @0.1Ag! 50@02Ag!
MoS,/C 600 @0.1Ag! 2002Ag!

LIB Si0,@3DCN 434@0.1Ag! [94]
Fe,Ge0,@3DCN 1280 @0.4 A g-! [92]
Fe,GeOy4 400@04Ag!
FeS@3DCN 703@1Ag! 530@5Ag! [140]
FeS 20001Ag!
NayGe409@3DCN 800@0.2Ag! 1000 cycles@ 1 A g1 [141]
Sb@3DCN 456 @0.1Ag! 270@2Ag! [142]
Sb 10@0.1Ag™!
SnSb@3DCN 400@0.1Ag! 270@2A g 4000 cycles@ 10 Ag! [90]
SnSb/N-C 300@0.1Ag! 200@2Ag!

SIB Fe,Ge0,@3DCN 350@0.1Ag! [92]
Fe,GeO4 250@0.1Ag!
Ni3S,@3DCN 600@0.1Ag! 453@2Ag! 200 cycles@2 Ag! [143]
Ni3S2 250@0.1Ag! 50@2Ag!
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Fig. 15. (a) The TEM image of 3D S@PGC (90% S) composite, and EDS elemental maps of (b) carbon and (¢) sulfur (Scale bars: 200 nm) (Reproduced with permission from Ref.
[133], Copyright © 2016 Nature Publishing Group). (d) Rate performance and (e) cycling performance of (1000 cycles) of 3D S@PGC. (f) TEM images of Cu@NC-F networks,
and (g) TEM image of Cu,S@NC/S—F composite (Reproduced with permission from Ref. [134], Copyright © 2018 Wiley-VCH). (h, i, j, k) EDS element mapping images of Cu,
N, and S, respectively. (1) Rate capability at various current densities of CuxS@ NC/S—F, CuxS-NC/S, and NC/S—F composite electrode.

3D Cu/N co-doped carbon network was developed by freeze-drying
NaCl template method [134]. This 3DCN-based material possesses
strong chemical absorption for LiPSs since Cu/N-doping effect
serves as the confinement for polysulfides by chemical bonding.
Moreover, a further sulfidation process can convert Cu into copper
sulfide (CuxS), which were still embedded on 3DCNs. When tested
in Li-S batteries, this composite shows a high capacity of 1432 mAh
g~ 1 with a coulombic efficiency of nearly 100% (Fig. 15f-1). Also, it is
effective to enhance the polysulfides adsorption by introducing the
second phase in the carbon-based materials. Qiao et al. reported a

two-dimensional (2D) heterostructured MoN-VN as a new model
sulfur host [135]. Since the electronic structure of MoN can be
tailored by incorporation of V, this composite can enhance the poly-
sulfides adsorption and result in the high capacity of 708 mAh g1
with high sulfur loading (3.0 mg cm2).

Similar to LIB, SIB is a rechargeable battery by transferring
sodium ions between the cathode and anode [136,137]. Compar-
ing with lithium, the raw materials for sodium are abundant in
reserves and low-cost. Meanwhile, there are some unique require-
ments for the materials for the SIB electrode. For example, graphite
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performs well in LIB, enjoying the theoretical capacity of 372mAh
g~ 1. However, the same material has a low sodium storage capacity
of 31 mAh g~1. Therefore, searching for suitable materials is crucial
for the development of SIBs. For example, red phosphorus is a kind
of promising anode material due to its ultrahigh sodium storage
capacity (2595 mAh g—1) for SIBs. However, red P has the disadvan-
tages of insulating property and volume variation during cycling,
which cause low capacity and unstable cycling performance in
practical applications. To deal with these issues, red P was confined
in a 3D N-doped microporous carbon matrix (P@N-MPC) by using
the ZIF-8 template [ 138]. As the anode in SIB, this P@N-MPC shows
ahigh reversible specific capacity of 600 mAh g1 at0.15Ag~! with
alow capacity fading rate of 0.02% per cycle. The ultramicropores (<
1 nm) of carbon matrix facilitates the rapid diffusion of electrolyte
ions and improves the conductivity of red P. Moreover, N-MPC can
relief the volume change of red P during sodiation/desodiation pro-
cesses, ensuring its long cycle life. Another example of the 3DCNs
application in SIBs is the SnSb alloy NPs confined in 3D N-doped
porous graphene networks (3D SnSb@N-PG) [90]. This composite
(45wt % of SnSb) shows superior performance, including the high
capacity (400mAh g-1) and cycling stability (190mAh g-! after
4000 cycles at 10 A g1) (Fig. 16). Investigate by in-situ TEM, the
SnSb nanocrystals in composite transform into the hollow struc-
ture during charge/discharge processes, indicating that the SnSb
are in-plane embedded in graphene and maintain its stability after
repeated cycles. At the same time, 3D carbon can be used as a coat-
ing layer toimprove the overall performance of the electrode. As the
anode of sodium-ion batteries, the Na; Ti3 O hollow spheres coated
by N-doped carbon ultrathin nanosheets shows superior rate per-

formance and achieves 60 mAh g! after 1000 cycles at 50 C [139].
Such performance is derived from the unique multilayer structure
of nanosheets, which reduce the Na-ion diffusion energy consump-
tion and increase electronic conductivity. In addition to regulating
the structure of carbon materials, researchers have found that by
controlling the inter-spacing of carbon layers can improve its anode
performance in the sodium-ion battery. The graphene with control-
lable layer spacing can achieve 56.6mAh g1 at the ultrahigh rate
of40 Ag'1 [121]. Also, the electrode combing with titanium carbide
and carbon exhibits the reversible capacities of 72mAh g at5A
g1 in sodium ion batteries [122].

In order to demonstrate the advantages of 3DCNs in battery-
type applications, we summarized the performance of 3DCN-based
composite prepared by the same NaCl template. By combining with
3DCNs, various nanomaterials achieved enhanced performance
as the electrodes of LIBs and SIBs, including increased capacity,
enhanced rate performance and improved cycle stability (Table 3).

Supercapacitors

The supercapacitor is a kind of electrochemical energy storage
devices with great potential in the power delivery and energy har-
vesting applications. According to E=0.5CV2, the energy density
(E) is proportional to the specific capacitance (C) and the square of
voltage window (V)[144]. Thus, researchers aim to increase capaci-
tance and expand voltage windows for enhancing the performance
of supercapacitors.

To increase the capacitance, two main factors are considered,
which are improving the structures (specific surface area and pore
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size distribution) and introducing heteroatoms in carbon matrix
[145,146]. Since the electric double layer is a surface phenomenon,
a larger surface area is required to achieve high capacitance. We
demonstrate that controlling the types and ratio of the salt tem-
plate can adjust the morphology of 3DCNs, and directly influence
the capacitance. By mixing three types of NaX salts, the obtained
3D porous carbon network delivered a capacitance of 320F g1 at
0.5 A g1 due to its high specific surface area (1088 m2g-1) [18].
By comparison, the carbon sample fabricated by single NaCl tem-
plate only shows 147 Fg~1 at 0.5 Ag~!, because of its lower specific
surface area of 608 m2 g~1. Secondly, to reveal the different roles of
pores, Lu’s group adopted the silica template and chemical etch-
ing method to produce the carbon matrix with multi-scale pores
[147]. In their work, this porous carbon (CF) electrode achieves a
remarkable capacitance of 375F g~! at the current density of 1 A
g~ 1.Even at the ultrahigh current density of 500 Ag~1, the electrode
still remains 236 F g~ 1. This remarkable capacitive property derives
from the large surface area of 2905 m? g1, which enables an 88% of
charge are stored by the electrical double layer. Moreover, the hier-
archical porous structure allows efficient ion diffusion and charge
transfer, resulting in the excellent rate capability (Fig. 17a-c).

Besides the morphology, the components also affect the capaci-
tive properties of 3DCNs. To this regard, two kinds of ZTCs were
produced to investigate the influences of N-doping effect [148].
Both of these samples have a comparable structure yet different
surface functional groups: the N-ZTC has 4 at% N-doping in a car-
bon matrix, and most of them are quaternary N (N-Q). Tested in
1M H,S0Oy4, the N-ZTC electrode achieves higher energy density
(6.7Wh kg~1) than ZTC (5.9 Wh kg~1). Meanwhile, the power den-
sity (98 kW kg~1) of N-ZTC electrode is four times higher than the
value of ZTC, since the electrical conductivity was enhanced by
the N-Q functionalities in N-ZTC (Fig. 17d). Coordinating the above
two aspects, the optimized template method for preparing 3DCNs
show superior comprehensive performances. Zhao et al. reported
a facial self-template strategy to produce 3D the mesoporous car-
bon nanofibers using ethylene glycol as the carbon precursor and
Zn(CH3COO0), as the structural constructor. The mesoporous car-
bon production prepared by this self-template method has a high
surface area of 1725m?2 g1, and rich oxygen surface functionalities
(9 wt%). As aresult, these carbon materials show high capacitance in
both aqueous (280 F g'!) and organic electrolytes (168 F g'1) [149].
Huang’s group reported that an N-doped ordered mesoporous few-
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layer carbon (OMFLC) were synthesized by the mesoporous silica
template [150]. This 3D porous carbon can achieve a capacitance as
high as 855 Fg~1 in aqueous electrolytes since N-associated defects
in graphene-like layered carbon caused the robust redox reactions.
In addition, this mesoporous carbon network was able to store a
specific energy of 41 Wh kg~! in an electrochemical cell.

To expand the operation voltage of supercapacitors, one effec-
tive strategy is to choose electrolyte with high decomposition
voltages, such as organic electrolyte and ionic liquids [28]. To coop-
erate with these novel electrolytes, Hu et al. combined porous Cu
and MgO templates to synthesize 3D hierarchical carbon nano-
materials [151]. The obtained 3D few-layer graphene-like carbon
(3DG) has a large specific surface area (1500m2g-') and high
conductivity (800 S m~1). Moreover, this carbon material exhibits
high wettability in ionic liquid electrolytes. As a result, this 3DG
presented a wide voltage window of 4V in the electrolyte of
EMIMBF,, whose maximum power density was 740.8 kW kg~1.
Another effective method to extend the voltage window is to
assemble asymmetric supercapacitors (ASCs). Qin et al. synthesized
a free-standing 3D duct-like graphene (3D-DG) by porous metal
template, which acts as the robustness backbone for depositing
MnO, nanosheets (3D-DG@MnO,) [38]. To assembly ASC, 3D-
DG@MnO, acted as the positive electrode and 3D-DG served as
the negative electrode. This device displayed ultrahigh volumetric
energy density (28.2 mW h cm3) and power density (55.7 W cm3)
at 2.0V in LiNO3-PVA gel electrolyte (Fig. 18a-c). Furthermore, a
piece of this kind of ACS can illuminate 25 LED lamps at the same
time, supporting its high energy density and promising application
prospect [38].

Noteworthy, the use of lithium-ion in the capacitor also resulted
in high energy density. The lithium-ion capacitors (LIC) capture the
merits of the electric double-layer capacitor (EDLCs) and LIBs: its
positive electrode utilizes the materials for EDLCs, and the negative
electrode material uses the material for LIBs [152,153]. Tested as
electrodes of a LIC, the 3D rebar GF made by Ni powder template
achieved the capacity of 320mAh g-! and the energy density as
high as 32 Wh kg~! (Fig. 18a-c) [107].

By investigating the electrochemical performance of 3DCN-
based batteries and supercapacitors, we can summarize the
advantages of 3DCN in electrochemical applications into two
aspects, including the three-dimensional morphology and the
porous structure. The 3D structure mainly plays its function in
the electrode condition with high mass-loading. [154]. With grad-
ual increasing the mass of the active material, it will affect the
mass-transfer and charge-transfer process in the whole electrode.
In addition, for the electrode with larger thickness, only a part of
the surface active material can give full play to the electrochem-
ical performance. In such a system, the electrode based on 3DCN
active material can show its advantages in order to ensure effi-
cient material transfer and charge transfer (Fig. 19a). Therefore,

3DCN-based electrodes are particularly suitable for energy stor-
age applications with high capacity and high rate. For example, the
3D electrodes composed Nb, 05 and 3D graphene (Nb, O5/HGF-2.0)
exhibits the similar capacity with the mass loading increasing. In
contrast, the capacity of a simple mixture of Nb,O5 and graphene
decrease rapidly (Fig. 19b, c). According to the voltage-capacity
curves of these two types of electrodes, Nb,05/HGF-2.0 has the
lower voltage drops than Nb,Os/graphene electrode. On the other
hand, the pores introduced by 3D structure can contribute to ion
transportation greatly. The tailored pores in a 3D holey graphene
framework (HGF) electrode can serve as the shortcuts for the rapid
ion diffusion (Fig. 19d, e). The electrochemical impedance spec-
troscopy tests (Fig. 19f, g) demonstrate that HGF electrodes have
the advantage of smaller equivalent series resistance (0.65 €2) and
shorter time constant (0.17 s).

Fuel cells

As a promising energy conversion application, a fuel cell con-
verts chemical energy into electrical energy by reducing oxygen
gas at the cathode and oxidizing fuel (e.g., Hy gas) at the anode
[155,156]. In the practical devices, the oxygen reduction reaction
(ORR) at the cathode plays the key role in improving the per-
formance of a fuel cell device, since the four-electron transfer
process of ORRs is sluggish [157,158]. Fuel cells with noble metal
loaded carbon were developed for catalyzing ORR reactions [159].
However, since non-porous carbon has sluggish dynamics in reac-
tion and has low charge/discharge round-trip efficiency [160,161],
3D porous carbon combined with highly efficient catalysts are
attracted research interest and, which can achieve improved per-
formance. Sun et al. fabricated 3D graphene decorated by Ru
nanocrystals. As the cathode for Li-O, batteries, this Ru/carbon
composite can operate reversibly with high capacity and good sta-
bility [160].

Yet, the high cost of noble metal (Pt, Ru) greatly obstructs
their commercial applications. Recently, researchers investigated
many kinds of alternative ORR catalysts with high activity and low
cost, such as heteroatom-doping carbon, non-precious metal, and
metal oxides [161-164]. In these aspects, 3DCNs and their com-
posites derived from hard templates have attracted great attention
due to their controllable structure and high electron conductivity.
For example, a 3D N-doped hierarchical porous carbon monolith
(NHPCM) was synthesized by an in situ source-template-interface
reactions (Fig. 20a-d). This material composed by branched meso-
porous rods, which is derived from the nanocasting of N-doped
hierarchical porous silica monolith (NHPSM) [165]. In the process,
NHPSM not only acts as a hard template but also provides N atoms
for the doping effect. The N-doping can attribute to the solid-solid
interface reactions of carbon source and N functional groups inside
the nanospaces of the hard template (Fig. 20e-h). As a result, these
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edged C-N functional groups on the surface of the carbon matrix
presents superior electrocatalytic activity in a four-electron dom-
inant reaction pathway. By conducting linear sweep voltammetry
(LSV) in Oy-saturated 0.1 M KOH, NHPCM shows a positive shift
of the onset potential (0.88 V vs RHE) comparing to N-free sample
(0.82V), whichisstill higher than the commercial Pt/C(Fig. 20i). The
enhanced performance of ORR derives from the increased exposure

of the catalytic sites since the O, could be more favorably activated
at the edged groups than in the basal planes.

Another strategy for developing a high-efficient ORR catalyst is
to incorporate non-precious metal or metal oxides into the 3DCNs.
As a typical example, Xu et al. synthesized Fe/N-doped graphic
porous carbon (Fe/N-GPC) by using the nanospaces of MOFs to
encapsulate metal nanoparticles precursors. Fe/N-GPC exhibits a
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half-wave potential of -0.13V versus Ag/AgCl [68]. A series of 3D
microporous carbon materials with high specific surface areas and
large pore volumes were prepared by using transition metal ion-
exchanged zeolites as a hard template [166]. In this method, in situ
incorporation of transition metal atoms inside 3D carbon materials
(3D CM) was achieved, and the amount of the metal can be tuned by
a post selective leaching (Fig. 20j,k). In this class of materials, the N-
doped cobalt-carbon sample (N-Co-C-A) shows an onset potential
comparable to a commercial Pt/C (20 wt %) (Fig. 201, m). Comparing
with CNTs and graphene, this 3DCN-based catalyst exhibits good
durability and superior activity in ORR. The improved performance
of N-Co-C-A derives from the well-defined pore distribution stem-
ming from the 3D structure, which facilitates the electrolyte and
0, diffusion and enhances the contact between the active sites and
electrolyte.

Along with 3D N-doped carbon networks prepared by MOF and
zeolite templates, salt-template synthesized N-doped 3DCNs have
also been demonstrated to show good ORR electrocatalytic activ-
ities. As an example, an edge-rich N-doping porous carbon with
a high proportion of pyridinic and pyrrolic N (94%) was synthe-
sized by using nano CaCOs3 as template [167]. The obtained samples
exhibit 3D structure, hierarchical pores, and large pore volumes
and a large number of active sites for catalyzing ORR. As a result,
the sample shows the half-wave potential of 0.853V and long-
term stability in alkaline media, which is among the best in similar
metal-free catalysts.

The reaction rate and stability of ORR can be further improved by
introducing two kinds of heteroatoms in 3DCN. A 3D nanoporous
graphene synthesized by nanoporous Ni template, then this 3D
graphene can be doped with both N and Ni single atoms/clusters.
The pre-doping of N is in favor of increasing the Ni doping amount.
The resulting N and Ni co-doped 3D graphene have excellent
electrocatalytic activities for ORR in 0.1 M KOH [168]. Zhao et al.
reported submillimeter-scaled carbon networks decorated with
single atoms by MOF-template. Zn-based MOFs doped with Co and
Fe ions were used as precursors. The consequent pyrolysis pro-
cess enabled organics decomposed to form the hierarchically pores
and formed the metal ions (Fe and Co). The as-obtained product
(CoFe@C) exhibits superior electrocatalytic in the alkaline elec-
trolyte, which shows more positive onset potential and half-wave
potential than those of commercial Pt/C [169].

Summary and outlook

In this review, we have summarized the recent development on
the hard-templated synthesis of 3DCNs and their composites, and
the application of 3DCNs-based materials in fields of energy stor-
age and conversion. Merited by hard template strategy, researchers
were able to controllably synthesize 3DCNs in the aspects of struc-
tures, properties, and processes to meet the demand of applications.
Firstly, it is achievable to tune the structure of 3DCNs from micro-
scopic to the macroscopic scale, including the specific surface area,
pore volume, and pore size distribution. The sub-structures of the
3DCNs transform from 0D (nanopowder or NPs), to 1D (nanowires
or nanotube), and 2D (nanosheets or nanoplate) as well. Secondly,
the physical and chemical properties of 3DCNs, including chemical
conductivity, thermal conductivity, mechanical stability, etc., can
be adjusted by combining with other nanomaterials. Thirdly, the
mechanical properties of the 3DCNs can be strengthened by shift-
ing the pore size and combining with reinforcements. Fourthly, the
production processes of 3DCNs have the potential for industrial
production by using simple and low-cost hard templates, such as
water-soluble salt template and ice template.

To achieve these virtues, there are several important factors
should be considered in the production of 3DCN-based materi-

als by hard templates: (1) selecting the appropriate templates
with suitable morphology and pore size; (2) rational coordinating
the precursors and the hard templates; (3) choosing appropriate
carbonization conditions, such as temperature and atmosphere;
(4) adapting the prepared materials to the appropriate applica-
tions. Based on these factors, the hard template approach exhibits
controllability, versatility, and great potential in the fabrication
of 3DCN-based nanomaterials with large specific surface area
and porosity, high mass-transfer ability and superior electrical
conductivity for efficient energy storage, conversion, and other
engineering applications.

Furthermore, there are still several challenges remained to be
addressed in materials preparation. Firstly, the morphology of
3DCN-based nanomaterial is difficult to precise control by the tem-
plate method. Although the hard-templated lithography can solve
this problem at the expense of low yield and trivial processes, the
3DCNs with ordered and uniform structure is still rare to obtain.
Secondly, the hard-templated 3DCNs suffer from the issues of high
production cost. This problem is especially critical in the metal
and silica template, which involve the tidy preparation process
and complex raw materials. Thirdly, all template-based methods
inevitably involve the corrosive solution for removing the tem-
plates. These processes are often harmful to the environment. How
to reduce the waste and pollution in such processes is an important
step to play the potential of template method. To this regard, water-
soluble salts have certain advantages, since they can be removed
and recycled by simple water washing. Sustained and dedicated
researchers still devote to developing low-cost processes to pro-
duce high-performance 3DCNs and their composites.

In energy storage application, 3DCN produced by hard templates
still have some bottlenecks to overcome. At first, the transport char-
acteristics of ions in 3D configuration materials need to be in-depth
studied. Most of the research on ion diffusion is based on the tra-
ditional 2D configuration or 1D configuration. To tackle with 3D
configuration, it is necessary to combine in-situ characterization
(i.e. electrochemical scanning electron microscopy) with the con-
struction of new analysis models. Besides, most of 3DCNs face the
problem of low density because of its high porosity, which will
cause low volume energy density and low volume power density,
thus limiting its application potential in some miniaturized equip-
ment. According to this, consideration can be given to further filling
the second phase in the pores of 3DCN to increase the overall den-
sity of the material. By overcoming abovementioned issues, we
believe that hard-template derived 3DCN-based materials will pro-
vide us with great potential for the state-of-art applications in the
fields of energy, environment, and medicine, etc.
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