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Abstract 
Increasing concerns over climate change and energy shortage have driven the development of clean energy devices such as 
batteries, supercapacitors, fuel cells and solar water splitting in the past decades. And among potential device materials, 3D 
hierarchical carbon-rich micro-/nanomaterials (3D HCMNs) have come under intense scrutiny because they can prevent the 
stacking and bundling of low-dimensional building blocks to not only shorten diffusion distances for matter and charge to 
achieve high-energy-high-power storage but also greatly expose active sites to achieve highly active, durable and efficient 
catalysis. Based on this, this review will summarize the synthetic strategies and formation mechanisms of 3D HCMNs, 
including 3D nanocarbons, polymers, COFs/MOFs, templated carbons and derived carbon-based hybrids with a focus 
on 3D superstructures such as urchins, flowers, hierarchical tubular structures as well as nanoarrays including nanotube, 
nanofiber and nanosheet arrays. This review will also discuss the application of 3D HCMNs in energy storage and catalysis 
systems, including batteries, supercapacitors, electrocatalysis and photo(electro)catalysis. Overall, this review will provide 
a comprehensive overview of the recent progress of 3D HCMNs in terms of preparation strategies, formation mechanisms, 
structural diversities and electrochemical applications to provide a guideline for the rational design and structure–function 
exploration of 3D hierarchical nanomaterials from different sources beyond carbon-based species.

Keywords  Hierarchical structure · 3D carbon-rich materials · 3D polymer · 3D COF/MOF · Batteries and supercapacitors · 
Electrocatalysis and photo(electro)catalysis

1  Introduction

Ever-increasing energy demand and drastic climate change 
call for the replacement of fossil fuels with renewable and 
green power sources such as rechargeable batteries, super-
capacitors, fuel cells and hydrogen energy [1]. The suc-
cessful application of these electrochemical energy devices 
depends on the development of cost-effective and highly 
electroactive materials with unique structural features [2]. 
In general, materials can be classified into zero-dimen-
sional (0D) quantum dots/nanoparticles, one-dimensional 
(1D) nanowires/nanorods/nanotubes, two-dimensional 
(2D) nanosheets/quantum wells and three-dimensional 
(3D) frameworks in which due to the confinement of 
electrons inside defined structures, different dimensional 

structures can exhibit different electrochemical perfor-
mance in terms of different structural and surface char-
acteristics as well as mass/charge transport pathways [2]. 
And among different dimensional structures, 3D hierar-
chical structures constructed by low-dimensional building 
blocks including 0D, 1D and 2D structures can not only 
inherit the intrinsic properties of the building elements, 
but manifest superior performance beyond these basic 
units, rendering them ideal structures for material fabri-
cation. As a result, numerous 3D materials [3–6] includ-
ing nanocarbons, Mxenes and transition metal dichalco-
genides have been successfully fabricated and investigated 
for a variety of applications, especially in the fields of 
electrochemical energy storage and catalysis, illustrating 
the great potential of these 3D materials.

Carbon as an essential element of life exists in molec-
ular, polymeric and bio-macromolecular forms. And 
with outstanding physical and chemical properties, car-
bon-based products such as fullerene, carbon nanotube, 
graphene and diamond are regarded as next-generation 
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supra-materials with tremendous application potential 
in fields such as energy, electronics, environment and 
aeronautics [4]. However, the aggregation of nanocarbon 
materials due to strong intermolecular forces suppresses 
performance from approaching theoretical values and hin-
ders further application. The construction of 3D carbon 
frameworks can prevent the stacking and bundling of cor-
responding low-dimension building blocks (e.g., CNTs 
and graphene) to shorten diffusion distances for matter 
and charge and greatly expose active sites to achieve not 
only rapid charging/discharging for energy storage but also 
superb activity for catalysis. And despite past progress, 
comprehensive overviews of 3D carbon-rich hierarchi-
cal micro/nanostructures derived from different sources 
remain lacking. In addition, although 3D porous carbon 
networks such as aerogels and foams have garnered much 
attention due to excellent property and broad applications, 
they will not be the focus of this review (see other reviews 
[4, 5, 7]).

The focus of this review will be on the recent progress 
in the design, synthesis and application of 3D hierarchi-
cal carbon-rich micro/nanomaterials (3D HCMNs) with 
well-defined microscale (flower-like, hierarchical tubular 
superstructures) or macroscale (aligned arrays) structures 
for energy storage and catalysis (Fig. 1). This review will 
first briefly discuss the advantageous structural features of 
hierarchical carbon-enriched materials for electrochemical 
energy applications in the Sect. 2. Following this, a detailed 
overview will be provided in terms of synthetic methods 
and formation mechanisms for 3D nanocarbons (fullerene, 
carbon nanotubes, graphene, graphdiyne), 3D polymers 
(polyaniline, polypyrrole, polyimide, polydopamine, gra-
phitic carbon nitride, polyazomethine), 3D covalent/metal 
organic frameworks (COFs/MOFs), 3D templated carbons 
and derived carbon-based composites in Sects. 3–6, e.g., 
“COF and MOF-derived 3D HCMNs” and “6. Templated 
carbon-based 3D HCMNs”. This combined overview of 
carbon-rich materials from different sources can not only 
inspire the synthesis of novel 3D structures, but also lead 
to the discovery of universal guidelines for the construc-
tion of 3D structures and provide guidance for the future 
preparation of carbon-based materials. Subsequently, the 
electrochemical applications of 3D HCMNs for energy stor-
age and catalysis will be summarized in Sects. 7 and 8 and 
will include lithium-ion batteries, lithium metal-based bat-
teries, beyond lithium-based batteries (e.g., sodium/potas-
sium/zinc ion batteries), supercapacitors, oxygen reduction 
reactions, oxygen evolution reactions, hydrogen evolution 
reactions, nitrogen reduction reactions and photo(electro) 
catalysis. Finally, this review will conclude with perspec-
tives on major challenges and opportunities in terms of the 
synthesis, characterization and application of 3D HCMNs 
in energy storage and catalysis.

2 � Advantages of 3D Hierarchical Structures

In energy storage devices, 3D hierarchical structures can 
guarantee efficient charge transport throughout thick elec-
trodes due to shortened mass and charge transfer pathways to 
maximize active material utilization irrespective of electrode 
geometric structure and achieve fast-rate energy storage 
along with large capacity [8, 9]. 3D hierarchical structures 
can also provide adequate spacing to buffer volume expan-
sion and enhance long-term cycling stability. In addition, 
3D hierarchical carbon materials are promising matrixes for 
coupling with active materials due to low densities, large 
surface areas, superb electrical/thermal conductivities and 
excellent electrochemical stability. Hierarchical nanoarrays 
on substrates can also be directly employed as self-support-
ing electrodes without the need for binders or additional 
slurry casting during electrode fabrication to render seam-
less contact between active materials and current collectors 
with minimal internal resistance [8, 10].

As for electrocatalysis, 3D hierarchical structures with 
large surface areas possess highly exposed active sites as 
well as reduced charge transfer resistance through the for-
mation of seamless contact with substrates, allowing for 
enhanced electrolyte penetration, accelerated bubble release 
rates and suppressed material aggregation. Overall, the most 
active non-precious water splitting catalysts are based on 
hierarchical structures [11, 12]. 3D hierarchical structures 
can also enhance performance in photocatalysis through 
enhanced light harvesting with minimized optical reflection, 
improved charge carrier collection through catalyst thick-
ness reduction, increased charge transport through enlarged 
electrolyte-accessible surface areas, facilitated heterojunc-
tion design through the introduction of secondary semicon-
ductors, sufficient spacing to achieve high catalyst loading 
and finely tuned conduction and valence bands by downsiz-
ing building units to nanoscale levels due to quantum size 
effects [13, 14].

3 � Nanocarbon‑Based 3D HCMNs

As typical sp2 nanocarbons, fullerenes, carbon nanotubes 
(CNTs) and graphene have been the focus of research for 
decades owing to unprecedented physical and chemical 
properties and potential application in various fields [4]. 
In addition, graphdiyne as a novel graphene allotrope with 
a single layer of alternating sp and sp2 hybridized carbon 
atoms is gaining increasing attention in the family of nano-
carbons [15]. Moreover, superstructured assemblies of these 
nanocarbons can produce a family of 1D, 2D and 3D prod-
ucts including fibers, membranes, foams and aerogels [4]. 
In this review, the focus will be placed on the synthesis and 
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formation mechanisms of 3D microscopic superstructures 
and macroscopic nanoarrays from these nanocarbons.

3.1 � Fullerene

Fullerene, also known as C60 containing 60 carbon atoms, 
is an icosahedral cage-like molecule with 20 hexagonal and 
12 pentagonal faces (Fig. 1a) in which the 60 carbon atoms 
are conjugated through single and double bonds repeating 
alternatingly with poor electron delocalization [16]. The 
construction of complex 3D fullerene-based assemblies can 
be easily achieved by adopting C60 as a building unit due to 
its poor solubility in organic solvent and easy aggregation 
with random π–π interactions in which the self-assembly 
of C60 at solvent/non-solvent interface and the introduction 
of hydrophobic(philic) functional groups have resulted in 
many molecular-ordered superstructures [17]. As a result, 
researchers have obtained structurally elegant and function-
ally promising fullerene assemblies through these complex 
π–π interactions among fullerene moieties [18].

The morphology of 3D fullerene assemblies can be 
affected by multiple factors including solvent and temper-
ature. For example, Nakanishi et al. [19] dispersed a C60 
derivative (Fig. 2a) into a solvent followed by cooling from 
60 to 20 °C and aging treatment to precipitate assemblies 
out of the solution. Fullerene assemblies with varying mor-
phology could be obtained in different solvents. Nanofib-
ers, nanodisks and conical superstructures were generated 
in 1-propanol, 1,4-dioxane and tetrahydrofuran/H2O mixed 
solvent, respectively, in which formed nanodisks 0.2–1.5 μm 
in diameter and 4.4 nm in thickness (Fig. 2b, c) can subse-
quently be transformed into 3D flower-like superstructures 
3–10 μm in lateral size after cooling to 5 °C (Fig. 2d). Here, 
the formation process of the assembled flowers involved the 
initial formation of 2D nanodisks with slightly rolled edges 
followed by continuous bending into conical shapes and 
further crumpling and branching into the final flower shape 
(Fig. 2e), demonstrating that the temperature-dependent 
morphological transformation was a result of the inherently 
unstable 2D nanodisks and its energetically stabler bended 
state in comparison with the stretched state. And as a result 
of this solution-based self-assembly approach, a series of 
fullerene-derived flower-shaped assemblies have been devel-
oped in subsequent years [16, 17, 20, 21].

Aside from temperature and solvent effects, functional 
groups grafted onto fullerene can also influence the mor-
phology of resulting assemblies. For example, Zhang et al. 
[22] synthesized a series of small alkyl (methyl, ethyl, 
propyl, butyl) benzoate ester group-substituted fullerene 
derivatives to investigate their self-assembly behavior in 
which all samples possessed a flower-like supramolecular 
structure but with varying surface morphology and reported 
that increasing alkyl lengths led to decreased flake amounts 

being assembled into the resulting flower structure, which 
these researchers attributed to the delicate balance between 
π–π interactions and van der Waals forces. Takeuchi et al. 
[23] further studied a flower-like supramolecular structure 
obtained through the self-assembly of a C60 derivative 
bearing a pyridine substituent and reported that the simple 
adjustment of the pyridine nitrogen position can result in the 
fine-tuning of the morphology from flower-like to spheres of 
plates and rods in which charge transfer interactions between 
C60 and pyridine nitrogen atoms in the solution can support 
the flower-like structure with lamellar conformation on the 
nanometer scale.

In addition to self-assembly, 3D fullerene can further be 
obtained through template-assisted synthesis. For example, 
Kim et al. [24] used the anodic alumina oxide (AAO) as a 
template to prepare perpendicularly aligned fullerene micro-
tube arrays with a hexagonal cross section and high orienta-
tion along the crystallographic direction (Fig. 2f) in which 
the microtubes possessed a 10–30 μm outer diameter and 
1–3 μm thick walls (Fig. 2g) and reported that the diameter 
and density of the fullerene microtubes can be finely tuned 
by adjusting growth parameters including solvent addition 
rates and solution quantity.

Fig. 1   Schematic illustration of 3D HCMNs, including nanocarbons, 
polymers, COFs/MOFs and templated carbons with various super-
structures such as urchins, flowers and hierarchical tubes as well as 
nanoarrays on different microscale/macroscale substrates for applica-
tion in electrochemical energy storage devices (batteries and superca-
pacitors) and catalysis systems (ORR, OER, HER, NRR). Reprinted 
with permission from Ref. [40, 82, 107, 181, 308]. Copyright © John 
Wiley and Sons. Reprinted with permission from Ref. [114, 183]. 
Copyright © 2019, Elsevier. Reprinted with permission from Ref. 
[198, 202]. Copyright © Royal Society of Chemistry
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3.2 � CNT

Since discovery in 1991 [25], CNTs have received broad 
research interests due to excellent physical and chemical 
properties as prospective materials for the future. Based 
on the number of walls, CNTs can further be divided into 
single-walled CNTs (SWCNTs) and multi-walled CNTs 
(MWCNTs), and with high tensile strength, rapid carrier 
mobility and large specific surface area, CNTs have been 
extensively applied in electronics and energy device applica-
tions [2]. Despite this, the actual performance of CNTs is far 
from theoretical values [26] in which performance gaps are 
partially caused by immature synthetic methods and severe 
bundling due to strong π–π interactions. The construction 
of 3D CNTs can alleviate this to some extent however, and 
based on this, this section will cover the preparation pro-
cesses of macroscopic CNT arrays and microscale hierarchi-
cal CNT superstructures.

Vertical aligned CNT arrays (VACNTs), or CNT forests, 
are ideal structures to maximize the utilization of individual 
CNTs due to a fully exposed surface area and have been 
intensively investigated for energy, catalysis and electron-
ics applications [26]. In terms of synthesis, chemical vapor 
deposition (CVD) is the most effective method for the verti-
cal growth of CNT arrays. In this process, catalysts are first 
deposited onto a substrate, activated by chemical etching or 
thermal annealing and placed into a furnace for CNT growth 
in which after heating the furnace to desired temperatures 
(e.g., 600–1200 °C), mixtures of CNT precursor gas and 
processing gas (nitrogen, argon, hydrogen) are introduced 
to achieve CNT growth on catalyst surfaces, allowing cata-
lyst particles to remain at the bottom or top of the growing 
CNTs [27]. Here, commonly used catalysts are based on 
Fe, Co and Ni in the vertical growth of CNTs due to high 
carbon solubility and diffusion coefficients. However, other 
catalysts based on Mn, Cu, W, Mg, Al, Na, Pd and Pt have 
also been applied [28]. Regardless, corresponding catalyst 
size plays a decisive role in the diameter of resulting CNTs 
in which catalysts smaller than < 5 nm mainly yield SWC-
NTs, catalysts larger than 10 nm mostly generate MWC-
NTs and catalysts between 5 and 10 nm in size can generate 
both SWCNTs and MWCNTs. In terms of carbon sources 
for CNT growth, any carbon-containing materials in gas, 
liquid or solid states can be used, including hydrocarbons 
(methane, ethylene, ethanol, benzene, etc.), polymers and 
biomaterials (camphor, coconut oil, etc.) [28]. However, 
the molecular structure of the carbon source has significant 
influence on CNT morphology in which linear hydrocarbons 
such as methane can generate CNTs with straight hollow 
structures whereas cyclic hydrocarbons such as benzene 
likely yield curved CNTs with a bamboo-like structure. As 
for substrates, materials such as silicon, silicon carbide, sil-
ica, graphite, quartz, alumina, magnesium oxide and zeolite 

are all viable substrates for CNT growth with the most com-
monly used being silica, zeolite and alumina. Similarly, the 
surface topology and texture of substrates can further impact 
the yield and quality of resulting CNT arrays. CVD param-
eters such as flow rate, reaction temperature and time can 
also significantly impact the growth rate, length and density 
of final VACNT arrays.

Overall, the scalable and high-yield preparation of large-
area, highly dense and super-long VACNT arrays with con-
trolled CNT diameters, chirality and purity are the ultimate 
goal for the CVD growth of VACNTs. For instance, Hata 
et al. [29] used water-assisted ethylene CVD to synthesize 
highly dense, vertically aligned and impurity-free SWCNT 
forests on a Si substrate with a height of 2.5 mm and a 
carbon purity above 99.98% and reported that water was 
capable of enhancing the activity and lifetime of catalysts 
that were crucial for the growth of long and pure SWCNT 
arrays. These arrays can further be separated from substrates 
and catalysts to enable patterned and highly organized CNT 
structures. Shanov et al. [30] also applied a water-assisted 
CVD method to achieve record-long (21.7 mm) VACNT 
arrays through careful catalyst formulation (Fe–Gd), sub-
strate design and CVD parameter adjustment to maximize 
catalyst activity time, allowing for a catalyst lifetime of 
790 min as well as CNTs with double walls that were uni-
formly distributed along the growth direction. In another 
example, Dai et al. [31] obtained metal-free nitrogen-doped 
VACNT arrays through CVD using iron(II) phthalocyanine, 
a metal heterocyclic molecule, as the precursor followed by 
electrochemical purification (Fig. 3a-c) in which the result-
ing CNTs ~ 8 μm long and ~ 25 nm in outer diameter pre-
sented a bamboo-like structure similar to previously reported 
CNTs (Fig. 3b) and reported that the as-made VACNT film 
can easily be transferred onto desired substrates for different 
applications (Fig. 3c). In contrast to thermal CVD involv-
ing high reaction temperatures, plasma-enhanced CVD 
(PECVD) enables low-temperature growth of VACNTs. For 
example, via PECVD, Wang et al. [32] synthesized verti-
cally aligned MWCNTs on a Si substrate at 180 °C with 
sputtered FeNi thin films as the catalyst and methane as the 
carbon source in which the growth mechanism involved the 
vapor–liquid–solid mechanism.

Despite being controversial, the formation of VACNTs is 
generally believed to follow the vapor–liquid–solid mecha-
nism, which involves the decomposition of carbon precursor 
gas contacting with hot catalyst particles to carbon, followed 
by continuous dissolution of carbon by metal catalysts until 
the formation of a saturated solid solution in which the fur-
ther deposition of carbon onto metal catalysts will form car-
bon nanoparticles that can act as nucleation sites for the sub-
sequent growth of CNTs [33]. Here, metal catalysts remain 
at the tip or bottom of CNTs depending on the interaction 
between the catalyst and the underlying substrate in which 
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weak interactions will lead to the tip growth mechanism and 
result in the presence of metals at the tip, whereas strong 
interactions will lead to the root/bottom growth mechanism.

Arc discharge is another method to produce VACNTs that 
involves the application of high current between graphitic 
cathodes and carbon anodes millimeters apart immersed in 
gas or liquid atmospheres to generate carbon products onto 
chamber walls or cathode substrates [34]. In fact, the first 
CNTs discovered by Iijima et al. in 1991 were obtained based 
on this method. As an example, Cai et al. [35] achieved the 
catalyst-free synthesis of VACNTs through hydrogen arc 
discharge using graphite powder as the carbon source in 
which the resulting CNTs possessed a bamboo structure 
with lengths of ~ 30 μm and diameters of 40–60 nm. Here, 
the activation of hydrogen radicals, construction of anode 
with enlarged sizes and the vertical electrical field on the 
anode surface are regarded as critical factors for the growth 
of VACNTs.

Besides the vertical growth of CNT arrays on planar sub-
strates, hierarchical CNT arrays have also been grown on 
curved macro-sized or micro-sized substrates through pre-
deposited or in situ generated catalyst-assisted approaches. 
For example, Hou et al. [36] were able to prepare hierarchi-
cal CNT arrays on carbon nanofibers through the carboniza-
tion of electrospun polymer/metal nanofibers followed by the 
CVD growth of CNTs with hexane as the carbon source in 

which Fe nanoparticles were in situ generated on the surface 
of the polymer-derived carbon nanofibers during pyrolysis 
that functioned as a catalyst for the subsequent growth of the 
CNT arrays. Zeng et al. [37] also reported a similar strategy 
for the CVD synthesis of hierarchical CNT arrays onto com-
mercial carbon cloth (CC) with ethanol as the carbon source 
and Ni as the catalyst.

Recently, hierarchical CNT arrays have also been pre-
pared through the direct carbonization of MOFs. For exam-
ple, Lou et al. [38] synthesized hollow structured hierar-
chical CNT frameworks by pyrolysis of ZIF-67 in the H2 
atmosphere, in which H2 was found to be crucial for the 
generation of hierarchical CNTs. Amazingly, ZIF-67 as the 
single precursor was able to provide tri-sources including 
carbon, catalyst and substrate for CNT growth. In the pres-
ence of H2, Co nanoparticles can be in situ generated during 
thermal heating, which further catalyzes the growth of CNT 
arrays on the surface of carbon polyhedron, giving rise to 
hierarchical CNT frameworks. The interior hollow structure 
is a result of the fast consumption of inner carbon for grow-
ing outer CNT arrays. And as a result, a hierarchical CNT 
framework synthesized at 700 °C possessed a hierarchical 
CNT shell thickness of ~ 200 nm, a CNT length of several 
hundred nanometers, a high surface area of ~ 513 m2 g−1 and 
a pore volume of 1.16 cm3 g−1 (Fig. 3d–f). These research-
ers further reported that the length and density of the CNT 

Fig. 2   Fullerene-based 3D 
HCMNs. Flower-shaped 
supramolecular assemblies of 
fullerene derivatives. a Molecu-
lar structure of a fullerene 
derivative. b SEM image of a 
disk-shaped ensemble. c Pro-
posed molecular arrangement 
in the disk-shaped ensemble. d 
SEM image of a flower-shaped 
supramolecular architecture. 
e Schematic diagram for the 
formation of the supramo-
lecular assembly. Reprinted 
with permission from Ref. 
[19]. Copyright © 2007, John 
Wiley and Sons. Vertical C60 
microtube arrays. f Schematic 
illustration of the fabrication 
of vertically aligned crystalline 
C60 microtube arrays. g SEM 
images of the vertically grown 
C60 microtube arrays. Reprinted 
with permission from Ref. [24]. 
Copyright © 2008, American 
Chemical Society
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arrays can be controlled by simply adjusting pyrolysis tem-
peratures in which at a lower temperature of 600 °C, the 
surface of the CNT framework displayed many short CNT 
clusters whereas at a higher temperature of 900 °C, longer 
CNT arrays with higher densities were achieved. Mai et al. 
[39] further modified this strategy for the general synthesis 
of hollow structured hierarchical CNT frameworks from 
various Fe-, Co-, Ni-based MOF precursors at a temperature 
as low as 430 °C under H2-free Ar atmosphere but with long 
heating time in which low-temperature pyrolysis can ensure 
small-sized metal catalysts with higher activity for CNT 
growth. Regardlessly, residual metal nanoparticles are found 
at the tips of the CNTs in both examples, implying a tip 
growth mechanism (Fig. 3g). Fang et al. [40] also extended 
the MOF-derived CNT strategy to obtain 3D CNT/graphene 
hybrids embedded with single, binary or even ternary metal 
nanoparticles in which the growth of core–shell MOFs with 
Zn-MOF as the core and (Fe, Co, Ni, or Cu)-based MOFs 
as the shell onto graphene oxide can guarantee the homo-
geneous distribution of Fe, Co, Ni or Cu species within the 
MOFs, which is crucial for the generation of uniform CNT 
arrays on graphene. Aside from CNT growth, the carboniza-
tion of MOF also enables conformal heteroatom doping into 
CNT-based frameworks.

Microwave radiation is another approach to make hier-
archical CNTs. For instance, Lee et al. [41] reported that 
the microwave radiation treatment of a mixture containing 

ferrocene, graphene oxide and azodicarbonamide (ADC) can 
give rise to hierarchical iron–CNT graphene hybrids con-
structed from 0D nanoparticles, 1D CNTs and 2D graphene 
(Fig. 3h) [41]. Under microwave irradiation, graphene oxide 
can expand to graphene nanoworms first through microwave 
heating and subsequently through gaseous products gener-
ated from the decomposition of ADC. Meanwhile, ferrocene 
decomposes into iron nanoparticles anchored onto graphene 
as the catalyst and to hydrocarbons as the carbon precur-
sor for subsequent CNT growth on the graphene surface. 
And under secondary microwave irradiation, smaller car-
bon nanotubes with branched structures can be grown on 
the as-prepared graphene–CNT hybrids, which will lead to 
the formation of hierarchical CNT/graphene hybrids. More 
examples of 3D CNT/graphene hybrids will be described in 
the graphene section of this review.

Impressively, low-temperature hydrothermal reactions 
can also generate branched CNT superstructures. For exam-
ple, Adenrian et al. [42] hydrothermally treated a mixture of 
carbon tetrachloride, ferrocene and Ni at 180 °C to obtain 
a product with urchin-shaped amorphous CNT superstruc-
tures 180–300 nm in diameter and~ 25 nm in wall thick-
ness in which the proposed formation mechanism involved 
the reduction of ferrocene under hydrothermal treatment 
to Fe nanoparticles that can act as catalysts to trigger the 
growth of carbon tetrachloride-derived CNTs onto micro-
scale Ni substrates. As a result, the as-made 3D CNTs 

Fig. 3   CNT-based 3D HCMNs. 
N-doped CNT arrays. a SEM 
image of vertically aligned 
N-containing CNTs (VA-
NCNTs). b TEM image of 
electrochemically purified 
VA-NCNTs. c Digital photo-
graph of the VA-NCNT array 
transferred to a flexible film. 
Reprinted with permission 
from Ref. [31]. Copyright © 
2009, American Association for 
the Advancement of Science. 
N-doped carbon nanotube 
frameworks (NCNTFs). d, e 
FESEM, f TEM and g HRTEM 
images of NCNTFs showing 
numerous CNTs on the surface. 
Reprinted with permission from 
Ref. [38]. Copyright © 2016, 
Springer Nature. h Synthesis of 
a 3D graphene–nanotube–iron 
(G-CNT-Fe) superstructure via 
microwave radiation-induced 
CNT growth. Reprinted with 
permission from Ref. [41]. 
Copyright © 2013, American 
Chemical Society
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possessed a surface area of 470 m2 g−1 and a pore volume 
of 0.39 cm3 g−1 that increased to 1479–3802 m2 g−1 and 
0.83–2.98 cm3 g−1 after chemical activation.

Carbon nanofibers (CNFs) [43], as another 1D carbon 
nanomaterial, have received tremendous research interest 
as well, and corresponding 3D CNF arrays can be prepared 
through methods such as CVD and template-assisted meth-
ods similar to that of CNTs. In addition, both CNTs and 
CNFs can act as substrates for the growth of materials to 
synthesize 3D carbon-based composites [44, 45].

3.3 � Graphene

Graphene, the winning subject of the 2010 Nobel prize, pos-
sesses one-atom-thick sp2 carbon lattices and can exhibit 
superb mechanical, thermal, chemical and electrical prop-
erties [4]. As such, graphene is considered to be the won-
der material of the twenty-first century. Due to strong π–π 
interactions however, the superior advantages of graphene 
are inhibited by the aggregation (restacking) of nanosheets, 
and therefore, the construction of 3D graphene is necessary 
to fully expose 2D surfaces [4]. In this section, the fabrica-
tion of graphene superstructures with flower and honeycomb 
structures as well as vertically oriented graphene nanoarrays 
is summarized.

Unlike 2D flat graphene sheets, 3D flower-like graphene 
microspheres possess highly accessible surface areas even 
under tight packing. Based on this, Huang et al. [46] pro-
posed the construction of flower-like graphene balls by 
spray drying in which the graphene oxide (GO) dispersion 
as a feedstock was atomized into aerosol droplets and sub-
jected to rapid liquid evaporation in a furnace to transform 
the GO sheets into flower-like crumpled balls due to capil-
lary compression, resulting in crumpled GO balls that are 
highly stabilized due to π–π stacked ripples and plastic 
deformation and aggregation resistant in either solution 
or solid state. Via this method, graphene-based hybrids 
such as graphene/Si hybrids with crumpled graphene 
shells wrapped around the other components can also be 
facilely prepared through the simple introduction of addi-
tional components to graphene oxide in aerosol droplets 
[47]. Gao et al. [48] further prepared flower-shaped GO 
(fGO) powder with a highly porous structure through low-
temperature spray drying and demonstrated that fGO was 
more easily processed and scalable as compared with other 
graphene materials such as aerogels and foams. What is 
more, the fGO powder can be redissolved in water at the 
molecular level at high concentrations to enable large-
scale transportation, storage and application. In another 
study, Park et al. [49] developed another spray-assisted 
self-assembly strategy to prepare 3D hierarchical graphene 
microspheres using high-temperature organic solvents sim-
ilar to deep-frying in which the resulting graphene spheres 

possessed a flower shape (Fig. 4a, b). This method can 
also efficiently produce 3D graphene-based hybrids, allow-
ing Si nanoparticles to be trapped by graphene nanosheets 
during the assembly. Template-assisted method is another 
approach to prepare hierarchical graphene balls. For exam-
ple, Lee et al. [50] encapsulated iron oxide nanocubes as 
the template with GO and carried out the simultaneous 
etching and reduction of GO-coated iron oxide particles 
to enable the gradual removal of the template to form a 
thorny morphology as well as the reduction of the GO to 
rGO layers with a hydrophobic surface to maintain the 
graphene layer during template removal. As a result, hier-
archical crumpled graphene balls with reduced diameters 
were obtained that possessed high surface areas and water 
dispersion stability.

A dynamic interfacial self-assembly strategy was reported 
to prepare 3D honeycomb-shaped graphene assemblies with 
polygonal nanopores (~ 40 nm) interconnected by silicon-
oxygen chemical bonds (Fig. 4c–g) [51]. Inside a quartz 
tube (SiO2) was added sodium metal (ca. 0.97 g cm−3) to a 
mixture of GO aqueous solution (ca. 1.0 g cm−3) and orthox-
ylene solvent (ca. 0.88 g cm−3). Due to density differences, 
the sodium balls can remain in the middle of the mixture 
and react with water to form a strong alkaline solution that 
can corrode the inner walls of the quartz tube to generate 
Na4SiO4 (Fig. 4c). This silicate can subsequently react with 
GO to facilitate graphene self-assembly at the oil/water 
interface to obtain a highly ordered 3D porous structure due 
to the Si–O–C linking directional orientation related to the 
silicate tetrahedral configuration as well as hydrogen bub-
bles that can serve as a pore-forming template. And because 
this interfacial self-assembly process is dynamic in which 
the sodium balls will move up and down repeatedly due to 
in situ generated hydrogen bubbles and gravity, 3D graphene 
assemblies will be produced continuously until the com-
plete consumption of sodium. In corresponding SEM images 
(Fig. 4e, g), the obtained 3D graphene assembly was found 
to possess a thickness of ~ 200 nm and vertical graphene 
nanowalls with a wall thickness of ~ 19 nm, which forms 
polygonal nanopores with mechanical stability and deform-
ability along with a hardness of 13.09 GPa, a Young’s modu-
lus of 162.96 GPa, an elastic recovery of 75.27% as well 
as excellent thermal stability that were considerably better 
than previously reported graphene assemblies and carbon 
aerogels.

Compared with microscale hierarchical graphene, mac-
roscale vertically oriented graphene arrays (VGAs), also 
referred to as graphene nanowalls, have received extensive 
attention due to unique morphological and structural features 
and exciting properties [52]. In terms of synthesis, arc dis-
charge and PECVD are two common method used to prepare 
VGAs in which gas, liquid or solid precursors can be used 
in the PECVD growth of VGAs on various substrates and 
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plasma can be adjusted to achieve the efficient, low-temper-
ature and catalyst-free preparation of VGAs with desirable 
morphology. The PECVD approach enables growth of VGA 
on literally arbitrary substrates [53]. For example, Wang 
et al. [54] grew VGAs on a planar n-type Si wafer using 
radio frequency PECVD with a methane-hydrogen mixture 
gas as the feedstock. Ren et al. [55] also obtained high qual-
ity and pure VGAs with ultrathin graphene edges and narrow 
height distributions on nickel foam involving the removal of 
nickel foam surface oxides and the growth of VGAs through 
microwave PECVD using CH4/H2 gas as the carbon pre-
cursor, resulting in the vertical growth of graphene a few 
micrometers in height on both the inner and outer surfaces 
around the Ni foam (Fig. 4h). Alternatively, VGAs can be 
uniformly grown on cylindrical substrates such as metal 
wires in both circumferential and axial directions through 
atmospheric pressure glow discharge in mixture gases of 
CH4, H2O and Ar [56]. VGAs can further be grown on 
micro- and even nanoscale substrates. For example, Chang 
et al. [57] coated CC with VGAs through radio frequency 
magnetron sputtering in an Ar–H2 gas mixture in which 
the thickness and lateral size of the graphene nanosheets 
were ~ 5 to 10 nm and 300 nm, respectively. VGA flakes can 
also seamlessly integrate with CNTs through the formation 
of sp2 covalent bonds [58].

Despite tremendous efforts, the formation mechanisms of 
VGAs remain unclear. However, the probable mechanism of 
VGA formation involves three steps (Fig. 4i–k) [59, 60] in 
which the first step involves the formation of random cracks 
and dangling bonds as a buffer layer on targeted substrates 
that can later function as nucleation sites for graphene 
growth, whereas the second step involves the vertical growth 
of graphene followed by the incorporation of carbon atoms 
onto the as-formed graphene edges under mechanical stress 
and local electric fields. As for the third step, this involves 
the termination of VGA growth due to competition between 
carbon deposition and etching effects in plasma. Overall, 
VGA formation is a result of local electric fields, internal 
mechanical forces and anisotropic growth.

Based on theoretical studies, the combination of CNTs 
and graphene into 3D superstructures with seamless con-
nections can impart desirable properties that outperform the 
simple mixing of 1D CNTs with 2D graphene. Based on 
this, Wei et al. [61] prepared 3D carbon sandwich structures 
with vertical CNT pillars bridging graphene layers using 
CVD and Du et al. [62] using a similar method prepared 3D 
pillared CNT-graphene superstructures through the interca-
lated growth of VACNTs with tunable lengths into expanded 
pyrolytic graphite. Chen et al. [63] further prepared a unique 
hierarchical nanohybrid involving porous CNT network 
decorated crumpled graphene balls through the deposition 
of metal nanocatalysts onto graphene balls and subsequent 
catalytic growth of CNT, whereas Tour et al. [64] achieved 

the seamless bonding of graphene with SWCNT through 
the careful design of the CVD process in which the result-
ing hybrid with ohmic contact between the VA-SWCNT 
and the graphene possessed high surface areas larger than 
2000 m2 g−1 and aberration-corrected STEM revealed the 
covalent transformation of sp2 carbon between the graphene 
and the vertical SWCNT at the atomic level.

3D macroscopic CNT/graphene can also be obtained by 
using PECVD. For example, using this method, Kim et al. 
[65] prepared a CNT–graphene hybrid film with vertically 
oriented and patterned CNT arrays grown on graphene in 
which a uniform GO film was first coated onto a Si wafer 
through spin coating followed by the deposition of patterned 
iron nanoparticles via block copolymer nano-templates. In 
another example, Xue et al. [66] prepared 3D graphene–CNT 
hollow fibers with radially aligned CNTs seamlessly con-
nected with a cylindrical graphene layer by combining CVD 
with AAO wire templates in which the length of the CNTs 
and the diameter of the graphene hollow fibers can be finely 
tuned by varying the diameter and anodization time of the 
AAO wire.

3.4 � Graphdiyne

Graphdiyne (GDY) as an emerging 2D nanocarbon with 
atom-thick layers of sp and sp2 co-hybridized carbon net-
works has been receiving increasing attention in the fields of 
chemistry and materials science due to unique chemical and 
physical properties with appealing prospects in many appli-
cations, particularly in the fields of energy and catalysis [67]. 
Since its first successful synthesis in 2010, various synthetic 
methods have been developed to prepare GDY with various 
morphology such as nanotubes [68], nanowires [69], nano-
films [70], nanocoatings [71] and stripe arrays [72]. This 
section will summarize the progress of 3D GDY synthesis, 
particularly GDY nanoarrays on substrates and freestanding 
GDY superstructures.

3D GDY nanotube arrays were first reported by Zhu 
et al. [68] in 2011 through the cross-coupling reaction of 
hexaethynylbenzene (HEB) in the presence of pyridine, an 
AAO template and a Cu foil catalyst. Al–O bonds in the 
AAO template can interact with acetylenic hydrogen in the 
HEB through hydrogen bonding to allow for the formation 
of HEB films to induce subsequent Cu-catalyzed cross-cou-
pling reactions. These reactions will continue until catalytic 
centers are quenched to form nanotube arrays inside the 
AAO template wall, resulting in the as-prepared nanotubes 
possessing a smooth surface with a diameter of ~ 200 nm 
and a wall thickness of ~ 40 nm that is reduced to ~ 15 nm 
after annealing. Liu et al. [73] further used a wet chemi-
cal approach in 2015 to synthesize GDY nanowalls on Cu 
surfaces through a modified Glaser–Hay coupling reaction 
in which HEB served as a monomer and Cu as a substrate 
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(Fig. 5a). Here, these researchers controlled the amount of 
organic alkali and monomer added to allow for the dissolu-
tion of certain amounts of Cu into Cu ions in the solution 
to serve as catalytic sites. Due to the fast kinetics of the 
Glaser–Hay coupling reaction, GDY grew perpendicularly 
at catalytic sites and subsequently formed uniform nanow-
alls on the Cu substrate upon further reaction, allowing for 
continuously and uniformly distributed vertical GDY nano-
walls on the substrate with large pores between nanosheets 
with a diameter of submicrometers, a height of hundreds of 
nanometers and a nanosheet thickness of several nanom-
eters (Fig. 5b–d). In 2016, the same group employed the 
similar strategy to grow 3D ordered vertical honeycomb-
shaped GDY on Cu foam in which Cu foam can act as both 
a reaction catalyst and a robust substrate to support the 3D 
GDY structure. And as a result of the presence of multilevel 
pores in the 3D macroporous foam and the meso-/micropo-
rous GDY honeycomb structure, the resulting hybrid foam 

demonstrated high surface areas and enhanced roughness. In 
2017, Zhang et al. [74] subsequently extended this method 
to grow 2D GDY arrays on Cu foam-supported 1D Cu(OH)2 
arrays and obtained hybrid hierarchical arrays with promis-
ing characteristics.

Overall, these results seem to suggest that GDY can only 
be synthesized on Cu substrates, which will significantly 
limit application if true. To tackle this issue, Zhang et al. 
[75] developed a Cu envelope catalyst strategy to fabricate 
GDY on arbitrary substrates (Fig. 5e). Adding GDY mono-
mers into alkaline solution in the presence of Cu envelope-
encapsulated substrates can transform Cu into Cu–pyridine 
complexes that can function as free-moving catalysts for 
acetylenic coupled reactions and the in situ growth of GDY 
on the substrates. In addition, the envelope from the folded 
Cu foil can function as not only the catalyst reservoir but 
also the container for the substrates. Accordingly, vertical 
growth of GDY nanosheet arrays was achieved on 1D (Si 

Fig. 4   Graphene-based 3D 
HCMNs. Crumpled graphene 
flower preparation. a Schematic 
of the synthesis of graphene 
flower through spray-assisted 
deep-frying. b SEM image of 
the graphene sphere with the 
flower shape. Reprinted with 
permission from Ref. [49]. 
Copyright © 2014, American 
Chemical Society. c-g Silicate-
bridged graphene assemblies 
(SGAs). c Synthetic process of 
SGAs. d-g SEM images, optical 
microscope image and height 
profile of SGAs. Reprinted 
with permission from Ref. [51]. 
Copyright © 2018, John Wiley 
and Sons. h VGAs on Ni foam. 
Ref. [55]. Copyright © 2016, 
Elsevier. i-k Mechanism for 
the vertical growth of gra-
phene nanosheets. i A vertical 
graphene model. Reprinted 
with permission from Ref. [59]. 
Copyright © 2007, Elsevier. 
j Continuum model based on 
surface diffusion and moving 
boundary. k TEM image show-
ing the boundary of the vertical 
grown graphene. Reprinted 
with permission from Ref. [60]. 
Copyright © 2014, American 
Chemical Society
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nanowires, Fig. 5f), 2D (Au foil, Fig. 5g, quartz, and W 
foil) and 3D substrates (graphene foam and stainless steel 
mesh, Fig. 5h). Figure 5i is a TEM image of GDY nanowall 
peeled from Au foil showing the hierarchical porous net-
work, and the tilted SEM image (inset of Fig. 5i) suggested 
a wall thickness of ~ 180 nm.

Beyond macroscale substrates, microscale templates 
can also be grown with hierarchical GDY. For instance, 
Liu et al. [76] obtained a freestanding 3D GDY structure 
using Cu nanoparticles as the catalyst and diatomite as the 
substrate in which a simple metallic replacement reaction 
was used to absorb Cu nanoparticles onto diatomite to give 
rise to Cu/diatomite composites, followed by the growth 
of 3D GDY on the diatomite surface and the removal of 
the Cu nanoparticles and diatomites through etching. And 
because Cu nanoparticles possess higher surface areas and 
are cheaper as compared with macroscopic Cu substrates, 
corresponding applications are more promising in the mas-
sive production of 3D GDY-based hierarchical structures.

Aside from the construction of individual 3D GDY 
structures, 3D GDY can also be easily coupled with other 
nanomaterials such as CdSe quantum dots [77], BiVO4 
nanorods [75], Co nanoparticles [78] and NiFe LDHs 
[79] to make 3D GDY-based nanohybrids for different 
applications.

4 � Polymer‑Derived 3D HCMNs

Over the last century, polymers with various structures, 
rich functional groups and broad range of properties have 
been widely applied in day-to-day life [80]. Polymer nano-
materials with different structures ranging from 0D to 3D 
have further been reported in past decades [81]. Due to 
novel opportunities presented by 3D structures, the devel-
opment of 3D polymers to enhance various applications 
is also extremely promising in which the self-assembly 
capability and tunability of polymers at different levels 
from atoms to molecules to polymerizations can enable the 
construction of 3D polymers [81]. Polymer crystals such 
as spherulites and shish-kebab crystals are also typical 
3D superstructures. Moreover, thermally stable 3D poly-
mers can easily be converted into 3D carbon materials 
with well-preserved hierarchical structures, high electrical 
conductivities and tunable heteroatom dopants, showing 
potential in energy storage and conversion devices. Based 
on this great potential, the progress on the synthesis and 
application of 3D hierarchical polymer-derived micro-/
nanomaterials needs to be summarized but remains lack-
ing. To address this, this review will comprehensively 
present the synthetic approaches and formation mecha-
nisms of 3D polymers including conducting polymers, 
polyimides, polydopamines, graphitic carbon nitrides, 

polyazomethines and other polymers in the following 
sections.

4.1 � Conducting Polymers

Over the past decades, conducting polymers have garnered 
tremendous research interest due to unique electrical con-
ductivities, redox activities and potential application in 
multidisciplinary areas such as electronics, electrochemi-
cal, electro-luminescence and sensor [82]. Among vari-
ous conducting polymers, polypyrrole (PPy), polyaniline 
(PANI) and derivatives have been extensively studied [82]. 
To produce conducting polymers with 3D hierarchical 
structures such as urchins, flowers and ordered nanoarrays, 
different approaches have been demonstrated, including 
chemical polymerization, electrochemical polymerization 
and templated synthesis.

The template method has been widely used to synthe-
size 3D hierarchical conducting polymers with common 
templates being AAO films and hierarchical metal oxides 
[83]. For example, Cao et al. [84] combined AAO-tem-
plated synthesis with electrodeposition to obtain PANI 
nanowire or nanotube arrays and reported that deposition 
time, monomer concentration, electrochemical voltage 
and electrolyte concentration can all impact final PANI 
morphology. Particularly, a higher acidic concentration 
can transform solid PANI nanowires into hollow PANI 
nanotubes. Here, the formation of varying morphology 
can be explained by using different nucleation and growth 
models interpreted from current transient data. Using simi-
lar approaches, Fang et al. [85] used ammonium vanadate 
nanowire arrays as a sacrificial template to electrode-
posit PPy nanotube arrays onto carbonized cotton textile 
whereas Pan et al. [86] used urchin-shaped MnO2 as a 
sacrificial template to fabricate hierarchical tubular PANI 
(Fig. 6a,b) and reported that the formation mechanism 
involved the simultaneous reduction of MnO2 to soluble 
Mn2+ ions and the oxidative polymerization of PANI onto 
the MnO2 template surface, which can be used to achieve 
a series of PANI micro/nanostructures by simply varying 
the MnO2 structure.

Besides templated synthesis, 3D conducting polymers 
can also be prepared by electrochemical polymerization. For 
example, Liang et al. [87] conducted stepwise electrochemi-
cal polymerization to achieve the large-area growth of PANI 
nanowire arrays on various substrates including Pt, Si, Au, C 
and SiO2 with the as-prepared PANI nanowires possessing 
diameters < 100 nm and lengths of ~ 0.8 μm in which the 
polymerization process involved the initial use of a large 
current (0.08 mA cm−2) followed by the use of a reduced 
current at 0.04 mA cm−2 for 3 h and another 3 h at a lower 
current of 0.02 mA cm−2. And based on observations that 
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homogenous and aligned nanowires can only form if a grad-
ually decreasing current density is applied, these researchers 
proposed a formation mechanism: high current densities can 
facilitate the nucleation of PANI on substrates whereas low 
current densities favored polymer growth accompanied by 
nucleation. Wang et al. [88] subsequently developed a one-
step process to grow PANI arrays. Contrary to the previous 
study, they found that a low current density of 0.01 mA cm−2 
can also trigger polymer nucleation that enables the growth 
of PANI on nuclei protuberances to form nanowire arrays 
under extended time periods, possibly due to edge effects 
with high electric fields, thus providing an electrochemi-
cal strategy that can be applied to all electrically conduc-
tive substrates and conducting polymers. For example, Li 
et al. [89] electrochemically polymerized PPy in an oil/water 
biphasic electrolyte into large-area aligned nanowire arrays 
with average diameters of ~ 90 nm and controlled lengths in 
the range of 1–4 μm. Huang et al. [90] further reported that 

the modification of electrolyte solution and electrodeposition 
parameters can achieve the electrochemical growth of PPy in 
homogenous solutions. Apart from aligned arrays, electro-
chemical polymerization can also generate microscale super-
structures of conducting polymers. For example, Niu et al. 
[91] were able to synthesize self-doped PANI micro-flowers 
with uniform size distribution through the electrodeposition 
of o-aminobenzenesulfonic acid and aniline.

Dilute chemical polymerization is another powerful 
approach to obtain conducting polymer arrays, particularly 
PANI nanofiber arrays on both conductive and non-conduc-
tive substrates [92]. The formation mechanism of the aligned 
PANI nanofibers involves the preferential nucleation of dilute 
polymer precursors (e.g., aniline at low concentrations) on 
substrates (e.g., GO, Fig. 6c) to minimize interfacial energy, 
following heterogeneous nucleation, and subsequently fur-
ther polymerization and growth of PANI occur on these 

Fig. 5   Graphdiyne-based 3D 
HCMNs. GDY nanowall grown 
on Cu foil. a Scheme showing 
the fabrication of GDY nano-
walls. b SEM image of GDY 
nanowalls on Cu substrate. c 
SEM image, the OM image 
(inset of c) and d AFM image 
of GDY nanosheets exfoliated 
from nanowalls. Reprinted with 
permission from Ref. [73]. 
Copyright © 2015, American 
Chemical Society. GDY nano-
walls on arbitrary substrates. 
e Cu envelope synthesis of 
GDY nanowalls. SEM images 
of GDY nanowall-coated sub-
strates: f 1D silicon nanowires, 
g 2D Au foil, h 3D Ni foam. 
i TEM image showing peeled 
GDY nanowalls with a continu-
ous porous network. Reprinted 
with permission from Ref. [75]. 
Copyright © 2016, John Wiley 
and Sons
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formed nucleation sites. Meanwhile, polymerization can also 
occur in bulk solution to form self-assembled PANI large 
nanofibers due to homogeneous nucleation. The competition 
between homogenous and heterogenous nucleation depends 
on polymer concentration, meaning that the careful selec-
tion of substrates, polymer concentrations and polymeriza-
tion times is key to the controllable synthesis of conducting 
polymer arrays. Because of this, this method can generally 
be applied to any substrates that are stable in acidic media, 
including microscale substrates such as GOs and SWCNTs 
as well as macroscopic substrates such as CNT yarns, gra-
phene films, polymer films, patterned substrates and carbon 
aerogels [93–100]. As an example, Wei et al. [94] adopted 
dilute polymerization to achieve the vertical growth of PANI 
nanofibers on both sides of GO (Fig. 6d, e) in which GO 
acting as heterogeneous nucleation sites for PANI growth 
in dilute monomer solution is critical for the formation of 
hierarchical PANI/GO hybrids. This dilute polymerization 
method in the absence of substrates can further generate PANI 
multidimensional structures from nanoplates to micro-flowers 
[101] in which nanoplates can be prepared at low molar ratios 
of oxidant to monomer whereas higher molar ratios will result 
in flower-like superstructures. The influences of monomer 
concentration on PANI structure and time-dependent forma-
tion processes have also been explored.

Alternatively, Yang et al. [102] adopted an evaporation-
induced self-assembly strategy to grow PPy nanowall 
arrays on substrates to give arrays of interconnected ver-
tically aligned PPy nanosheets to form nanowalls on Ni 
foam with a nanosheet thickness of ~ 14 nm and a nanowall 
height of ~ (294 ± 34) nm (Fig. 6f, g). The possible forma-
tion mechanism (Fig. 6f) involves the initial formation of a 
“sea-island” film on hydrophobic Ni foam with pyrrole as 
the sea and water as the island as a result of the different 
solubilities of pyrrole in ethanol and water as well as the dif-
ferent evaporation rates of the two solvents. The subsequent 
oxidative polymerization of pyrrole is confined to the “sea” 
structures separated by “islands” to lead to PPy growth along 
the direction normal to the substrate. This proposed mecha-
nism was further validated through control experiments in 
which the polymerization of PPy in the absence of the Ni 
foam substrate or the evaporation process only produced PPy 
nanoparticles.

4.2 � Polyimide

Polyimides (PIs), defined as polymers that possess imide 
groups “–CO–NH–CO–” in the main chain, are commonly 
used in high-performance engineering plastics and mainly 
exist in the forms of membranes, fibers and adhesives. PIs 
enjoy application in a variety of fields ranging from micro-
electronics to aerospace [103] as a result of high mechanical 
strength and excellent chemical and thermal stability that 

can further be modulated by varying corresponding molecu-
lar structures and processing techniques [104]. Here, typical 
PI synthesis involves polycondensation reactions between 
dianhydride and diamine in solvent followed by subsequent 
thermal or chemical imidization. And due to its outstanding 
thermoresistant properties, PI can further be used as precur-
sors for carbon and graphite fabrication, including carbon/
graphite membranes, fibers and foams [105] as well as gra-
phene through simple laser treatments [106].

Currently, several methods can be used to synthesize 3D 
PI-based hierarchical micro/nanomaterials, including solvo-
thermal polymerization and surface-assisted dilute polym-
erization in which solvothermal polymerization involves 
the mixing of dianhydride and diamine in aprotic solvent to 
form a polyamic acid solution followed by polycondensation 
reactions in a Teflon-lined autoclave under high tempera-
ture and pressure to simultaneously achieve polymerization 
and self-assembly, resulting in aggregates of 3D PIs with 
hierarchical structures. For example, Feng et al. [107] were 
able to fabricate both PI and carbon superstructures through 
solvothermal polymerization and subsequent thermal treat-
ment (Fig. 7a). The formation of PI superstructures (e.g., 
flower) with tunable building units (e.g., petals) is analogous 
to spherulite formation with both following a hierarchical 
self-assembly mechanism. PI solvothermal polymerization 
also exhibits an unusual concentration-dependent morpho-
logical evolution process in which by adjusting polymeriza-
tion conditions, PI self-assembly behavior can readily be 
controlled to result in novel superstructures such as flower-, 
disk- and lantern-like structures. And thanks to high ther-
mal stability, these PI superstructures can be well preserved 
in derived carbon superstructures following pyrolysis and 
activation. Feng et al. [107] also reported that hierarchical 
structures can influence surface areas in resulting N-doped 
porous carbon superstructures in which among all hierarchi-
cal structures, the packing of nanosheets into flowers can 
maximize the exposure of surfaces (Fig. 7b) to generate opti-
mal surface areas up to 1375 m2 g−1. This strategy was also 
applied to various molecular building blocks to synthesize a 
series of 3D PI and carbon superstructures, including rose-
shaped, gear-like, spherulite-like and cornflower-shaped 
carbon structures [108–113].

As for surface-assisted dilute polymerization, it involves 
the introduction of a substrate to a dilute polymer precur-
sor solution to allow for the preferentially heterogeneous 
rather than homogeneous nucleation and growth of polymers 
onto the substrate surface during polymerization to result in 
the formation of 3D hierarchical PI arrays on the substrate. 
Following polymer nucleation, further polymerization and 
growth of PI into ordered superstructures occur to mini-
mize total surface energy, which is akin to that of conduc-
tive polymers. In a representative example, Wu et al. [114] 
used MoO3 nanorods as a structure-guiding template in the 
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synthesis of PI and carbon tube-sheet superstructures (PTSS 
and CTSS) to result in the formation of vertically oriented PI 
nanosheet arrays periodically patterned on MoO3 nanorods 
in a high-temperature solution under stirring (Fig. 7c–e) and 
reported that subsequent template removal and carboniza-
tion can covert PTSS to CTSS with preserved morphology 
(Fig. 7f). A heterogeneous nucleation and template-directed 
assembly mechanism was proposed for the formation of this 
unique 3D structure. Researchers have further reported that 
PI arrays can be grown on other substrates such as CNTs and 
graphene to form shish-kebab CNT/PI nanohybrids [115] 
and vertical PI nanowalls on GO [116] respectively. Moreo-
ver, PI arrays can be coated onto macroscopic substrates 
including CNT fibers, polymer fibers, CNT films, CC and 
graphene aerogels for different applications [117–120]. For 
example, Wei et al. [121] successfully grew vertically ori-
ented and periodically patterned PI nanoflake arrays onto an 
SWCNT film through the simple introduction of the SWCNT 
film to initiate polymer nucleation and growth during dilute 
polymerization (Fig. 7g). These researchers also systemati-
cally investigated polymer concentrations and reaction time 
to optimize corresponding morphology and electrochemical 

performance and reported that an optimized SWCNT/PI film 
was able to maintain the flexible features of the SWCNT 
film and showed potential for application in wearable energy 
devices (Fig. 7h). Drawbacks of this SWCNT/PI film, how-
ever, include the low loading of active PI and high cost of 
SWCNTs.

In addition to solution-based self-assembly methods, 
plasma and laser treatments can directly produce 3D hier-
archical carbon structures or even graphene from PI mate-
rials. For example, Endo et al. [122] fabricated vertically 
aligned carbon nanosheets from Kapton PI film on Cu sub-
strate using H2/Ar plasma irradiation in which the resulting 
ultrathin carbon nanosheet structure was petal-like in shape 
with sharp edges and consisted of few-layer graphene sheets. 
Besides these vertical graphene sheets, a layer of flower-
like carbon with a diameter of ~ 4 μm constructed from the 
ultrathin carbon petals was also observed in which other than 
morphology, both the vertical carbon sheets and the carbon 
flower showed similar structural features. Tour and cowork-
ers also used laser treatment to synthesize graphene from PI 
films in which these researchers were able to prepare verti-
cally oriented porous graphene fibers from the laser-treated 

Fig. 6   Conducting polymer-derived 3D HCMNs. a SEM images of 
urchin-shaped MnO2 and corresponding b hierarchical tubular PANI 
structure. Reprinted with permission from Ref. [86]. Copyright © 
2007, John Wiley and Sons. PANI nanowire arrays on graphene oxide 
sheets. c Schematic representation of the nucleation and growth of 
PANI nanowires with or without substrates. d, e SEM images of hier-

archical PANI/GO nanohybrids. Reprinted with permission from Ref. 
[94]. Copyright © 2010, American Chemical Society. Vertical PPy 
nanosheets on Ni foam. f Scheme showing the template-free synthetic 
procedure. g SEM images of vertical PPy nanosheets. Reprinted with 
permission from Ref. [102]. Copyright © 2016, Royal Society of 
Chemistry
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PI film along with various laser-induced graphene (LIG) 
morphology through the control of laser energy (Fig. 7i) 
[123]. Here, they reported that ~ 5 J cm−2 was the critical 
point for the initiation of the carbonization process regard-
less of laser power but that increases in radiation energy 
resulted in the gradual transformation of the LIG morphol-
ogy from sheets to fibers and ultimately to droplets following 
a fluid dynamics process. Ultimately, the use of radiation 
energy more than 40 J cm−2 during laser photo-thermolysis 
can give rise to vertically oriented porous graphene fibers 
with height up to 1 mm (Fig. 7j–l).

4.3 � Polydopamine

Polydopamine (PDA) was initial discovered as a multi-
functional polymer coating in 2007 and has subsequently 
attracted significant attention [124] due to its ability to 
deposit onto any substrate as a result of its unique adhe-
sive properties based on amino and catechol functional 
groups. In addition, PDA can coordinate with metals through 
strong chelation between metal ions and polymer as well 
as combine with heteroatom-containing functional groups 
through chemical modification. And in conjunction with 
corresponding high carbon yields and solution processing 
capabilities, PDA-based nanomaterials with various compo-
nents and structures can be constructed for multifunctional 
purposes [125]. Despite these characteristics, hierarchical 
PDA structures have yet to be found. On the contrary, PDA-
based organic–inorganic coordination polymers have been 
intensively studied and can be constructed into hierarchi-
cal spheres, hierarchical nanoflowers or hierarchical hollow 
tubes in which the morphology of these coordination poly-
mers is strongly associated with inorganic–organic bonding 
strength, reactant concentration and presence of surfactants.

And of the various PDA-based coordination polymers, 
Mo-PDA is among the most investigated. For example, 
Lou et al. [126] constructed hierarchical Mo-PDA nano-
tubes through Mo-PDA ultrathin nanosheets obtained using 
MoO4

2− as the Mo source and the metal site, dopamine as 
the organic ligand, ammonia solution as the reaction initiator 
and MoO3 as the sacrificial template (Fig. 8a). Here, TEM 
was used to observe the time evolution process of the Mo-
PDA hybrid and revealed that pristine MoO3 nanorods pos-
sessed a smooth surface before reaction (Fig. 8b), whereas 
fast-forming Mo-PDA nanosheets homogeneously coated 
onto MoO3 nanorods after 0.5 min (Fig. 8c). They fur-
ther reported that extending the reaction to 3 min resulted 
in the MoO3 nanorods being partially dissolved to form 
MoO4

2− accompanied by the further growth of Mo-PDA 
nanosheets (Fig. 8d) followed by the generation of hier-
archical Mo-PDA nanotubes after the complete removal 
of the MoO3 nanorods at 120 min (Fig. 8e), which can 
subsequently be converted into carbon coupled β-Mo2C 

hierarchical nanotubes by pyrolysis. Similarly, Wang et al. 
[127] used NiMoO4 as a template to develop a hierarchical 
Mo-PDA superstructure in which different from previous 
works presenting hierarchical nanotubes, a Ni-Mo-PDA 
butterfly flower was obtained. Here, the microstructures of 
the different stages were observed and indicated the inter-
action between slowly released molybdate anions from 
NiMoO4 with dopamine was the key to form nanosheet 
structures on the surface of the NiMoO4 nanowires. As the 
NiMoO4 nanowires gradually dissolve, the nanowires can 
intersperse with the nanosheets to transform into the flower-
like structure.

In another example, Huang et  al. [128] prepared 3D 
flower-like Mo-PDA through coordinative reactions 
between PDA and MoO4

2− and reported that the presence of 
MoO4

2– anions and the appropriate content of Mo-to-dopa-
mine were crucial for the formation of the flower structure 
in which the absence of MoO4

2– resulted in the formation 
of only PDA spheres and the formation of the flower-like 
superstructure only occurred at a Mo-to-dopamine molar 
ratio in the range of 0.25–1.5. Corresponding time-depend-
ent formation experiments further showed that the addition 
of dopamine into MoO4

2– solution resulted in the colorless 
solution instantly turning dark red, suggesting rapid chela-
tion between Mo and dopamine in which even after 15 s of 
reaction, the Mo-PDA complex can already demonstrate a 
micro-flower shape with a diameter of ~ 700 nm, whereas 
the average size of the Mo-PDA micro-flower gradually 
increases and reaches ~ 2.8 μm after 10 min of reaction. 
They further reported that extended reaction time did not 
enlarge flower size and suggested that PDA growth behav-
ior was affected by MoO4

2– where without interference 
from MoO4

2–, PDA will grow isotopically to yield spheres. 
Alternatively and similar to the functions of a surfactant 
molecule, MoO4

2– adsorption on PDA can induce the ani-
sotropic growth of Mo-PDA in which interactions between 
MoO4

2– and PDA confine polymer growth to a 2D plane 
so that Mo-PDA evolves into nanoflakes and eventually 
assembles into flowers. This Mo-PDA flower can further 
be carburized at high temperatures (750 °C) to result in 3D 
carbon-supported Mo2C with uniformly distributed ultr-
asmall Mo2C nanoparticles (~ 3 nm) throughout the entire 
superstructure. Chen et al. [129] further reported that low-
temperature carbonization (700 °C) can convert Mo-PDA 
flower into MoO2 atomic clusters with sizes less than 1 nm 
that are homogeneously dispersed on carbon flower. Wang 
et al. [130] also reported that Mo-PDA hollow flowers with 
tailorable interior cavity sizes can be obtained by simply 
altering the dopamine content as a result of hydrophilic/
hydrophobic interactions in water/oil systems.

In another example, Wang et al. [131, 132] explored the 
formation mechanisms of Mo-PDA flowers and synthe-
sized 3D Mo-PDA flowers with tunable petal layers and 
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2D Mo-PDA nanopetals through the introduction of stir-
ring force and/or surfactants in previously reported syn-
thetic conditions (Fig. 8f) [131] to report that cetyltrimethyl 
ammonium bromide can inhibit the interfacial assembly 
and stacking of petals to allow for the formation of Mo-
PDA assemblies involving multilayer stacked structures, 
whereas the addition of sodium lauryl sulfate (SLS) as a 
surfactant to the system resulted in the formation of sin-
gle petals. To further comprehend the formation process of 

Mo-PDA nanopetals and its transition from single petals 
to flowers, these researchers adjusted reactant concentra-
tions and SLS amounts and found that decreasing the SLS 
content led to increased Mo-PDA petals being assembled 
into one superstructure, resulting in the proposal that the 
assembly of Mo-PDA petals into flowers was spontaneous 
due to the strong π bonding and absorption abilities of the 
catechol groups, and therefore, single petals can only be 
obtained by disturbing the assembly with the assistance of 

Fig. 7   Polyimide-derived 3D HCMNs. N-doped porous carbon super-
structures. a Scheme showing the hierarchical self-assembly of PI and 
derived carbon superstructures. b SEM image of the flower-shaped 
carbon superstructure. Reprinted with permission from Ref. [107]. 
Copyright © 2016, John Wiley and Sons. Hierarchically ordered 
carbon tube–sheet superstructure (CTSS) derived from template-
assembled PI. c Synthetic procedure of the CTSS. d SEM and e TEM 
images of a MoO3/PI superstructure. f TEM image showing the hol-
low interior of a PI superstructure after the removal of the MoO3 tem-
plate. Reprinted with permission from Ref. [114]. Copyright © 2019, 
Elsevier. PI nanoflakes on the SWCNT film. g Preparation of a PI/

SWNT composite film. h Photographs of the SWCNT (left) and PI/
SWCNT films (right) suggesting flexible features. Reprinted with per-
mission from Ref. [121]. Copyright © 2014, John Wiley and Sons. 
i-l Laser-induced vertical graphene nanofibers. i Vertical graphene 
nanofiber synthesis through laser treatment on a raster. j Low-magni-
fied SEM image showing the “R” pattern of laser-induced graphene. 
k High-magnified SEM image displaying graphene nanofibers verti-
cally grown on substrate. l Individual graphene nanofiber with an 
interlayer spacing of ~ 3.4 Å. Reprinted with permission from Ref. 
[123]. Copyright © 2017, Elsevier
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surfactants and increased randomness. Based on all of this, 
these researchers concluded that the formation of Mo-PDA 
flowers was a result of the disordered growth of multicore 
structures through polymerized organic ligands to minimize 
energy and the tendentious symbiosis rather than the self-
growth of nanopetals for structural stabilization.

Jiao et  al. [133] further fabricated multilevel super-
structures using W-PDA assemblies as the binder and 
SiO2@C spheres as the building blocks through a coop-
erative assembly method (Fig. 8g–i). First, carbon-coated 
SiO2 nanospheres were synthesized by co-condensation 
between tetraethyl orthosilicate and resorcinol–formalde-
hyde precursors. Following this, metal chelation reactions 
occurred between WO4

2– and PDA in the presence of the 
SiO2@C nanospheres to form layer-structured W-PDA 
complexes that were adsorbed onto SiO2@C nanospheres 
as driven by electrostatic attraction to give rise to the ini-
tial assembly (Fig. 8g). Finally, a spherical superstructure 
involving W-PDA and SiO2@C can be generated as increas-
ing amounts of W-PDA and SiO2@C assemblies aggregate 
together (Fig. 8h, i). Through subsequent pyrolysis and etch-
ing treatment, this superstructured composite can also be 
converted into N-doped porous carbon embedded with WM 
(M = O, C, P, S and Se) nanoparticles with multi-porous 
structures that have potential for application in energy stor-
age and catalysis.

4.4 � Other Polymers

Graphitic carbon nitride (g-C3N4) is a conjugated polymer 
composed of repeating tri-s-triazine rings in which C and N 
atoms are sp2 hybridized and σ bonded to form a hexagonal 
ring. Since the discovery of its n-type metal-free semicon-
ductor property with an energy gap of ~ 2.7 eV and superb 
photocatalytic performances for hydrogen production in 
2009, g-C3N4 has become a hot research topic [134]. Add-
ing to its popularity is its facile synthesis in which the simple 
thermal polymerization of cost-effective precursors such as 
urea, cyanamide, dicyandiamide, melamine or thiourea can 
generate g-C3N4 in air with high yields. Analogous to gra-
phene, g-C3N4 also possesses a 2D layered structure and its 
products can exist in multidimensional forms ranging from 
0D, 1D, 2D to 3D [15, 135].

Hierarchical mesoporous g-C3N4 spheres can be derived 
from hydrogen-bonded triazine-based molecular coopera-
tive assemblies [136–138]. Jun et al. [136] reported that the 
mixing of dissolved melamine and cyanuric acid in dime-
thyl sulfoxide can rapidly generate solid white precipitates 
to give rise to melamine cyanuric acid complexes (MCA) 
with flower-like shapes and an average diameter of ~ 2 to 
3 μm as well as a sheet thickness of ~ 30 to 50 nm, which 
can be successfully transformed into hierarchical hollow tri-
s-triazine-based g-C3N4 spheres comprised of nanosheets 

through subsequent thermal polycondensation. Based on 
this, the same group [137] also investigated the effects of 
temperature, solvent and monomer on the morphology of 
MCA and g-C3N4 and reported that the transition from 
flower assemblies of nanosheets to urchin assemblies of 
nanorods can occur if precipitation temperatures increased 
from 30 to 150 °C. Based on hydrogen-bonded MCA com-
plexes with rich amine and hydroxy groups that can bind to 
substrates, Shalom et al. [138] grew highly ordered MCA 
complex-derived carbon nitride nanorod arrays on vari-
ous substrates including glass and fluorine-doped tin oxide 
(FTO) to achieve enhanced surface areas and catalytic prop-
erties. Firstly, MCA assemblies containing equal molar mel-
amine and cyanuric acid were precipitated from water fol-
lowed by the coating and sandwiching of the powdery MCA 
assemblies on and between desired substrates. Subsequent 
pyrolysis can convert the MCA powder into C3N4 arrays that 
are strongly attached to the substrates. Here, the formation 
of uniform and ordered C3N4 rod arrays can be attributed 
to surface-directed growth as a result of strong interactions 
between MCA functional groups and SiO2/FTO substrates.

Nanoflower-like g-C3N4 with interconnecting nanosheets 
and sharp edges can also be constructed by using silica tem-
plates. For example, Zhang et al. [139] used spherical silica 
with well-defined vertical porous channels and a large sur-
face area as an ideal template to adsorb cyanamide mole-
cules and generate nanoflower-like g-C3N4 through thermal-
induced polycondensation, resulting in g-C3N4 nanoflowers 
with large surface areas up to 160 m2 g−1 that far exceeded 
that of bulk-g-C3N4 at 9 m2 g−1. They also found that the 
synthesis of a hierarchical structure in NS-g-C3N4 altered 
corresponding optical properties to increase the bandgap 
from 2.67 to 2.86 eV, resulting in improved light-harvesting 
capabilities and enhanced charge separation, which holds 
great prospects in photocatalysis. To further enlarge surface 
areas, Zhu et al. [140] proposed a template-free approach to 
synthesize P-doped hollow flower-shaped g-C3N4 with in-
plane mesopores through condensation between melamine 
and diphosphonic acid followed by thermal annealing in 
which the formation of the porous flower structure is the 
result of cooperative assembly between diphosphonic acid 
and melamine as well as the in situ generation of microemul-
sions that can act as pore-forming templates.

Interestingly, flower-like g-C3N4 can be grown onto mac-
roscopic substrates as well. For instance, Qiao et al. [141] 
conduced the large-area (10 cm × 15 cm) growth of P-g-C3N4 
nanoflowers on carbon–fiber paper (CFP, Fig. 9a–e) in which 
the surface of CFP was oxidized to accommodate rich oxy-
gen-containing groups such as carboxyl groups and improve 
corresponding interactions with melamine. Here, hydro-
thermal treatment and subsequent thermal annealing were 
conducted to enable further acid–base interactions between 
ethylene diphosphonic acid and melamine in the presence 
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of CFP, which led to the adsorption of precursors and the 
growth of P-g-C3N4 nanoflowers that were strongly coupled 
onto the surface of CFP. SEM images revealed large-area 
CFP surface covered with interconnected P-g-C3N4 micro-
flowers (size: 1–3 μm) with uniform and dense distribu-
tions (Fig. 9b-d). They also reported that the thickness of 
the nanosheets in the P-g-C3N4 micro-flowers was ~ 3 nm, 
which implied that the nanosheets were composed of ~ 9 
atomic layers of g-C3N4 (Fig. 9e). Control experiments fur-
ther showed the generation of bulky g-C3N4 particles on 

CFP in absence of P-based monomers, leading to their pro-
posal that the formation of the g-C3N4 flowers was based on 
heteroatom motif-altered polymerization. In addition, Bian 
et al. [142] prepared carbon nitride nanotube arrays through 
AAO template-assisted synthesis using ethylenediamine and 
carbon tetrachloride as precursors accompanied by thermal 
treatment and template etching to result in nanotubes with 
an outer diameter of ~ 300 nm, a wall thickness of ~ 30 nm 
and an average tube length of ~ 60 μm.

Fig. 8   Polydopamine-derived 3D HCMNs. Nanosheet-constructed 
hierarchical Mo-PDA hybrids and derived Mo2C nanotubes. a For-
mation process of hierarchical Mo-PDA and Mo2C nanotubes. Time 
evolution process of hierarchical Mo-PDA nanotubes. TEM images 
of b MoO3 nanorod, c Mo-PDA-coated MoO3 at 0.5  min, d partial 
dissolved MoO3 coated with Mo-PDA at 3 min and e final hierarchi-
cal Mo-PDA nanotubes at 120 min. Reprinted with permission from 
Ref. [126]. Copyright © 2015, John Wiley and Sons. f Synthesis of 
Mo-PDA superstructures with tunable morphology including micro-

flower, multilayer and single layer petals. Reprinted with permission 
from Ref. [131]. Copyright © 2018, John Wiley and Sons. Super-
structures based on W-PDA complexes and SiO2@C nanospheres. g 
Construction of multilevel superstructures with W-PDA complex as 
the binder and SiO2@C nanospheres. h SEM and i TEM images of 
W-PDA-SiO2@C showing nanosphere-constructed complex spherical 
superstructures. Reprinted with permission from Ref. [133]. Copy-
right © 2020, Royal Society of Chemistry
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3D aromatic polyazomethine (PA) can be constructed 
through a dynamic covalent chemistry controlled crystal-
lization strategy [143, 144] involving the use of molecular 
building blocks including 1,4-terephthalaldehyde (TPA), 
3,5-diamino-1,2,4-triazole (DAT) and 2-aminopyridine (AP) 
in which by varying the ratio of monomers in the revers-
ible imine exchange reaction, PA microspheres with finely 
tunable surfaces can easily be obtained (Fig. 9f). It was 
found that increasing AP as a monofunctional competitor 
will result in the gradual transition of the surface morphol-
ogy of PA spheres from smooth planes to nanoparticle-, 
to nanoleaf- and finally to nanofiber-like protuberances 
(Fig. 9g–j) and that after pyrolysis, the carbon material can 
retain the morphology of the polymer and result in cactus-
like carbon microspheres with tunable surface roughness 
[144]. In another example, Chen et al. [120] proposed a 
general reaction induced hetero-epitaxial crystallization 
strategy for the construction of polymer/CNT nanohybrid 
shish-kebab structures in which PA and PI can be success-
fully patterned onto CNT surfaces and aramid fibers can pre-
sent vertically oriented polymer nanosheet arrays. Higuchi 
et al. [145] subsequently extended this approach to achieve 
the epitaxial crystallization of PA into vertically standing 
nanowalls on the surface of highly oriented pyrolytic graph-
ite. The formation of the vertically standing nanowalls was 
attributed to limited monomer supply and strong molecular 
π–π interaction.

Bao et al. [146] for the first time synthesized 3D poly-
acrylonitrile (PAN)-based polymers and derived carbon 
materials with highly uniform sizes and tunable super-
structures including flowers, pompoms and hairy leaves 
by varying solvents or incorporating co-monomers during 
polymerization (Fig. 9k) and systematically investigated the 
relationship between polymer morphology and solvent char-
acteristic through Hansen solubility parameters. Thanks to 
thermal stability, PANs can easily be converted into porous 
carbons and retain its polymer morphology after pyrolysis 
(Fig. 9l–n) in which the resulting carbon superstructure 
can exhibit high N doping (7 at%–15 at%) and controllable 
pores. Yan et al. [147] used a similar approach to synthesize 
mint leaf-like PAN through one-step precipitation polymeri-
zation and reported that after pyrolysis and activation, a 3D 
hierarchical carbon structure with a high surface area up to 
3292.3 m2 g−1 can be successfully fabricated.

Cellulose stearoyl esters (CSEs) as natural polymer deriv-
atives can be made into 3D structures as well. For example, 
Zhang et al. [148] were able to construct CSE flowers (diam-
eter: 2.5–5 μm) from ordered nanopetals and reported that 
the formation of the flowers was influenced by the polym-
erization degree, molecular weight, polymer concentration 
and the ratio of good solvent to bad solvent. They suggested 
that polymer chain ordering during precipitation was the 
main cause for CSE flower formation in which the stacking 

of stearoyl side chains during crystallization formed ordered 
domains that can later form lamellas as a stable structure. 
The formed polymer nuclei can further trigger the growth of 
other polymer chains onto the surface to give rise to petals. 
Later, the same group obtained CSE flaky nanostructures 
through temperature-induced crystallization involving the 
cooling of a concentrated CSE solution to achieve either 
flower-like CSE particles 2–10 µm in diameter or organized 
CSE patterns with tunable heights on substrates including 
silicon wafer and glass fiber paper [149].

5 � COF and MOF‑Derived 3D HCMNs

5.1 � COF

Covalent organic frameworks (COFs) as a class of crystal-
line porous polymers can enable the precise combination 
of molecular building blocks at the atomic level to achieve 
pre-designed porous frameworks [150]. And as an emerg-
ing molecular platform for the creation of organic materi-
als, COFs hold great promise in energy, catalysis, environ-
ment, gas storage and optoelectronic applications [151]. In 
terms of the reticular synthesis of COFs, designable building 
blocks, reversible covalent chemistries and retainable geo-
metric structures are three key aspects; however, the con-
trolled synthesis of COF nanomaterials with desired mor-
phology and structures remains challenging despite rapid 
progress in which limited numbers of well-defined COF 
nanomaterials have been reported with even less 3D hierar-
chical COFs being reported [152].

As an example, Choi et al. [153] in 2017 proposed a pho-
tochemical method to synthesize highly uniform COF-5 
(UV-COF-5) with a sea urchin shape and reported that as 
compared with solvothermally prepared COF-5, the UV-
COF-5 possessed a much higher surface area due to a hierar-
chical morphology the formation of which resulted from the 
selective growth of UV-COF-5 in the [001] crystal plane due 
to interlayer orbital coupling at the frontier energy region 
based on DFT calculations. Besides the construction of 3D 
COFs with enhanced surface areas, the UV-assisted syn-
thesis was 48 times faster than conventional solvothermal 
methods and that this photo-assisted synthetic method with 
facile conditions and rapid kinetics can greatly enhance reac-
tion efficiency to facilitate practical application. In the same 
year, Talyzin et al. [154] conducted the vertically oriented 
growth of COF-1 on GO through a molecular pillar approach 
(Fig. 10a) in which diboronic acid molecules were cova-
lently grafted onto GO to serve as nucleation sites to induce 
the vertical growth of COF-1 (v-COF-GO), giving rise to a 
3D hybrid with a forest of 3–15 nm thick COF-1 nanosheets 
perpendicular to GO. Without molecular grafts, however, 
COF growth on GO led to a coating of thick COF-1 layers 
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parallel to GO. This molecular pillar approach is expected 
to be applicable in other COF systems.

Yu et al. [155] in 2018 constructed 3D porphyrin-rich 
COF superstructures from conjugated ultrathin nanosheets 
through acid-catalyzed solvothermal reactions between 
tetra (p-amino-phenyl) porphyrin and terephthaldehyde. 
The resulting 3D COF assemblies possessed a flower-like 
superstructure with minimal nanosheet restacking, huge sur-
face area along with multilevel macro-meso-microporosity. 
COF morphology at different reaction time was tracked, and 
results unfold an unexpected fiber-to-sheet conversion pro-
cess, in which after 3 h of reaction, the COF presented with 
an interconnected network composed of copious amounts of 
amorphous nanofibers ~ 20 nm in diameter whereas at 12 h, 
the COF nanofibers became rough and flake-like, which may 

be due to reversible imine exchange and dissolution-recon-
struction. After 72 h, all the nanofibers disappeared and the 
smooth COF nanosheets assembled into the 3D flower super-
structure as possibly caused by crystal fusion.

Very recently, Wang et al. achieved the controllable syn-
thesis of Schiff base COF superstructures using a revers-
ible polycondensation termination (RPT) strategy in which 
two monofunctional competitors (aniline and benzalde-
hyde) were simultaneously introduced into the condensa-
tion system (Fig. 10b). Here, these researchers reported that 
the monofunctional competitors can reversibly terminate/
activate polycondensation reactions between monomers 
during synthesis by dynamically combining with mono-
mer reactive functional groups to achieve enhanced reac-
tion reversibility and the transition from kinetic control to 

Fig. 9   Other polymer-derived 3D HCMNs. g-C3N4 flowers grown 
on carbon fiber paper. a Scheme illustrating the growth of P-doped 
g-C3N4 flowers on CFP. b-d SEM images of CFP-supported g-C3N4 
at different magnifications. e TEM image of scraped g-C3N4 
nanosheets with a thickness of ~ 3  nm. Reprinted with permission 
from Ref. [141]. Copyright © 2014, John Wiley and Sons. f–j Cac-
tus-like PAs and derived carbon microspheres with tunable surface 
morphology. f Scheme for synthesis of PAs through dynamic imine 

chemistry. g–j SEM images of PA-derived carbon superstructures 
with different surface structures. Reprinted with permission from 
Ref. [144]. Copyright © 2014, Royal Society of Chemistry. PAN and 
derived carbon flowers. k Synthetic process and structural evolution 
of PAN and derived carbon. SEM images of l PAN flowers, m sta-
bilized PAN flowers at 230  °C and n 1000  °C treated carbon flow-
ers. Reprinted with permission from Ref. [146]. Copyright © 2018, 
American Chemical Society
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thermodynamic control [156]. Accordingly, a series of COF 
micro-/nanostructures have been generated, including hier-
archical spheres, hierarchical tubes and hierarchical films 
constructed from nanoflakes (Fig. 10c–e). This approach can 
further enable the in situ growth of hierarchical COF films 
on various substrates with ordered structures up to the cen-
timeter scale. This mechanism may also be able to explain 
the PA superstructures fine-tuned by monofunctional mono-
mers as discussed in the polymer section (Fig. 9f–j). Later, 
the same group extended the RTP approach to design Schiff 
base COFs with finely controlled superstructures includ-
ing core–shell, yolk-shell, hollow and multilayer yolk-shell 
structures with hierarchical nanosheets as the shell (Fig. 10f, 
g) [157]. COF shell growth on cores, either COFs or inor-
ganic particles, can be controlled by manipulating self-
coagulation and diffusion kinetics after the introduction of 
monofunctional competitors, whereas the selective decom-
position of the amorphous COF core materials is crucial for 
the generation of yolk-shell and hollow structures. Based on 
this, the facile and template-free RPT approach is a powerful 
tool to obtain a variety of 3D COFs with well-defined and 
fine-controlled morphology that can be extended to other 
polycondensation systems beyond COF synthesis.

5.2 � MOF

As special coordination polymers, metal–organic frame-
works (MOFs) with well-defined crystalline porous frame-
work as well as tunable organic ligands and metal species 
are appealing precursors and templates for creating a fam-
ily of nanomaterials by cooperative assembly of metal and 
organic species with/without subsequent pyrolysis [158, 
159]. Many MOF-derived nanostructures have excellent 
chemical and mechanical stability, large specific surface 
areas, adjustable pore structures and various functionalities 
[160]. Based on this, this section will discuss the synthesis 
of 3D MOF-derived superstructures such as urchin, flower 
and accordion-like MOF derivatives as well as MOF-based 
nanoarrays involving 1D, 2D or hybrid building blocks on 
various substrates.

5.2.1 � MOF Superstructures with 0D Building Blocks

MOF nanocrystal-assembled hollow spherical superstruc-
tures with diameters less than 5 µm can be prepared through 
spray drying (Fig. 11a–c) [161], which is universally appli-
able to 14 commonly used MOFs, including HKUST-1, 
MIL-88A, MIL-88B, NOTT-100, MOF-5, MOF-14, MOF-
74, ZIF-8, UiO-66, Cu(II) Prussian blue analogue and 
IRMOF-3, to enable the simultaneous synthesis and assem-
bly of MOF nanoparticles into superstructures. Multicom-
ponent superstructures and guest encapsulation can also be 
achieved in MOF superstructures. More impressively, MOF 

assemblies can be dissembled by sonication to achieve dis-
crete and uniform nanoMOFs.

5.2.2 � MOF Superstructures with 1D Building Blocks

MOF superstructures composed of 1D nanostructures have 
been reported by several groups. For example, Xu et al. 
[162] transformed Zn-MOF-74 nanoparticles (diameter: 
30–50  nm) that were synthesized through the reaction 
between zinc acetate dihydrate and 2,5-dihydroxytereph-
thalic acid in methanol into chestnut-shell-like MOFs (diam-
eter: ~ 10 µm) through a hydrothermal process using urea as 
a modulator in water (Fig. 11d) and reported through control 
experiments that the lack of urea during synthesis resulted in 
only small amounts of the superstructure, indicating the role 
of urea in the facilitation of chestnut-shell-like MOF forma-
tion. Time evolution experiments further indicated a mecha-
nism involving the initial formation of 1D MOF nanorods 
followed by assembly into 3D superstructures that is similar 
to the hierarchical self-assembly mechanism discussed in 
the polymer section. The MOF superstructure can be main-
tained after carbonization to generate carbon superstructures 
composed of 1D porous carbon nanorods (diameter: ~ 40 nm; 
length: 2–3 µm). In another example, Chen et al. [163] con-
verted spherical Mn-MOFs based on Mn2+ ions and trimesic 
acid linkers into hollow urchin-shaped carbon-rich super-
structures through the carbonization of Mn-MOF and subse-
quent acid etching in which the resulting 3D hollow carbon 
superstructure consisted of porous nanorods with atomically 
dispersed Mn species. However, the superstructure forma-
tion process is not further explored in the study. Lou et al. 
[164] prepared the first MOF on MOF superstructure and 
studied its conversion into 3D carbon-based nanohybrids. 
In their preparation process, Fe-based MOF nanorods were 
initially prepared and added to another MOF precursor solu-
tion containing Zn2+ and 2-MIM in which during the syn-
thesis of Zn-MOF polyhedron, the Fe-based MOF nanorods 
assembled onto the surface of Zn-MOF to form a nanorod-
on-polyhedron dual-MOF superstructure. Subsequently, 
space-confined pyrolysis was carried out to transform the 
dual-MOF superstructure into a 3D composite involving iron 
carbide nanoparticle-embedded CNT assemblies on a carbon 
matrix. Of mentioning, MOF pyrolysis approach to prepare 
the CNT arrays was discussed in the CNT section.

Zhou group conducted a series of studies on MOF-74 
superstructures [165–167]. Hierarchical MOF superstruc-
tures with tunable morphology were initially discovered 
through temperature-dependent evolution from MOF-74 
crystallites to hierarchical hollow tubes, multichannel porous 
tubes or helical tubular structures in which the assembly of 
these superstructures was modulated by the decomposition 
of N,N-diethylformamide solvent under solvothermal con-
ditions. They subsequently employed one-pot solvothermal 
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treatment to prepare MOF spherulites with a “Maltese cross” 
pattern which evolved from nanofibers through small-angle 
branching and can be finely tuned by varying the mixed sol-
vent [166]. This method can also be extended to other MOF 
systems with spherulite superstructures as well as to incor-
porate multiple guest components into MOF superstructures. 
More recently, they used MOF-74-III spherulites as seeds 
to obtained quaternary MOF superstructures with organic 
linker-dependent morphology [167] in which MOF-74-
III can evolve into hollow MOF-74-I assemblies through 

self-templated growth, eagle-like MOF-74-II superstruc-
tures through branched growth and larger sized MOF-74-III 
spherulites through epitaxial growth (I, II and III represent 
the number of benzene ring in the organic linker). Lattice 
mismatch and linker acidity are crucial factors affecting cor-
responding hierarchical superstructure evolution.

Fig. 10   COF-based 3D HCMNs. a Vertically oriented COF-1 
nanosheets on the surface of GO (v-COF-GO) through a molecular 
pillar approach (left) in contrast to the parallel COF grown on GO 
without molecular modification (right). Reprinted with permission 
from Ref. [154]. Copyright © 2018, John Wiley and Sons. 3D COFs 
with tunable morphology (flowers, hierarchical tubes, vertical nano-
walls) via reversible polycondensation termination (RPT). b Gibbs 
free energy of COF formation during RPT. Structural models and 

SEM images of c COF flowers, d COF hierarchical tubes and e verti-
cal nanowalls on Cu foil. e Digital photographs showing freestanding 
COF vertical nanowalls exfoliated from Cu. Reprinted with permis-
sion from Ref. [156]. Copyright © 2019, Elsevier. Core–shell, yolk-
shell and hollow COFs constructed by nanosheets. f Scheme illus-
tration of COF morphological evolution by delicate design and its 
corresponding g FESEM and TEM images in every step. Reprinted 
with permission from Ref. [157]. Copyright © 2020, Elsevier
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5.2.3 � MOF Superstructures with 2D Building Blocks

MOF superstructures consisting of 2D building blocks 
have also been widely studied. For example, Zhang et al. 
[168] prepared hierarchical Zn/Ni-MOF-2 superstruc-
tures involving nanosheet-constructed hollow nanocubes 
through a solvothermal approach using 1,4-benzenedicar-
boxylic acid as the organic linker and Zn2+, Ni2+ as the 
metallic nodes (Fig. 11e–h). The MOF structure evolved 
from MOF-5 nanocubes to MOF-2 nanosheets in which the 
nanocubes can function as in situ sacrificial templates to 
grow nanosheets on the exterior surface and leave a hollow 
interior cavity behind following the dissolution and recrys-
tallization of inorganic nanocrystals. Similarly, Yang et al. 
[169] constructed MOF flowers through Zn2+-assisted Ni-
MOF synthesis in which the solvothermal reaction between 
p-benzenedicarboxylic acid and Ni2+ can generate Ni-MOF 
nanosheets that can transform into Zn, Ni-MOF flowers 

after the addition of Zn2+ during Ni-MOF synthesis. With 
the increase of Zn amount, larger sized MOF flowers could 
be produced, indicating the facilitator role of Zn ions. Fol-
lowing this, Jiao et al. [170] partially substituted Ni2+ in 
a Ni-MOF with Co2+ or Zn2+ to obtain similar flower-like 
superstructures whereas Xia et al. [171] carried out the sol-
vothermal treatment of Zn/Co-MOF in the presence of Ni 
or Ni/Co ions to obtain hollow flower-shaped Ni-MOF and 
Ni/Co MOF superstructures. Li et al. [172] further obtained 
seashell-like Co-MOFs through a surfactant-assisted solvo-
thermal method using cobaltous nitrate hexahydrate as the 
metal source and terephthalic acid as the organic ligand in 
which the use of polyvinylpyrrolidone as a surfactant was 
crucial for the formation of the MOF superstructure. Inter-
estingly, Yan et al. [173] reported that ultrasonication treat-
ment can transform solvothermal-synthesized Ni-MOF into 
accordion-like superstructures that can maintain the origi-
nal crystalline structure. The layered crystal structure of the 

Fig. 11   MOF-derived 3D HCMNs. MOF superstructures with 0D 
building blocks. a Synthesis of HKUST-1 superstructures through 
spray drying and its proposed formation mechanism. b Photograph 
of the spray-dryer. c FESEM images of the HKUST-1 superstruc-
ture. Reprinted with permission from Ref. [161]. Copyright © 2013, 
Springer Nature. d MOF superstructure with 1D building blocks. 
d Synthesis of spherical superstructures of MOF nanorods (SS-
MOFNR) and carbon nanorods (SS-CNR). Reprinted with permis-
sion from Ref. [162]. Copyright © 2019, John Wiley and Sons. MOF 
superstructures with 2D building blocks. e Preparation of hierarchical 
Zn/Ni-MOF-2 nanosheet-assembled hollow nanocubes and its corre-
sponding f SEM image, g TEM image and h HAADF-STEM image. 

Reprinted with permission from Ref. [168]. Copyright © 2014, John 
Wiley and Sons. i MOF arrays with 1D building blocks. i Synthe-
sis of bi-MOF-derived CoFe2O4/C porous hybrid nanorod arrays. 
Reprinted with permission from Ref. [179]. Copyright © 2016, John 
Wiley and Sons. j MOF arrays with 2D building blocks. j Fabrication 
of ultrathin NiFe-MOF nanosheet arrays on Ni foam. Reprinted with 
permission from Ref. [184]. Copyright © 2017, Springer Nature. k 
MOF-based hybrid arrays. k Schematic illustration showing the gen-
eral preparation of metal oxide@MOF hybrid arrays and their derived 
metal oxide@carbon arrays on various substrates. Reprinted with per-
mission from Ref. [191]. Copyright © 2017, Elsevier
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Ni-MOF was responsible for generating the hierarchical lay-
ered morphology. Under strong ultrasonic force, Ni-MOF 
swelled and split into thin nanosheets, eventually forming 
accordions comprised of 4.1 nm-thick nanosheet.

Xu et al. [174] further obtained a MOF-derived carbon-
based honeycomb superstructure consisting of ~ 10-nm-thick 
nanoflake cells (size: 40–100 nm), the formation of which 
was believed to be due to MOF internal pore expansion 
through internal stress as caused by gas pressure from pre-
cursor decomposition during pyrolysis. Here, the synthesis 
involved the uniform encapsulation of CoCl2 and thiourea 
guests as cobalt and carbon sources into Al-MOF pores fol-
lowed by carbonization to achieve guest-induced morpho-
logical control and result in a honeycomb-like porous carbon 
superstructure distributed with homogeneous Co9S8 nano-
particles. By simply changing the guests to dicyandiamide 
and FeCl3, the same group fabricate atomically dispersed 
Fe–N–C species decorated on the honeycomb carbon super-
structure [175]. MOF–guest pyrolysis was further demon-
strated by Smoukov et al. [176] as a powerful tool to syn-
thesize carbon-based superstructures with multiple-level 
hierarchy in which the inclusion of metal salts as guests into 
Cu-MOF and subsequent carbonization can create carbon-
based nano-diatoms with two to four levels of structural 
hierarchy.

5.2.4 � MOF Arrays with 1D Building Blocks

In terms of MOF arrays with 1D building blocks, Ma et al. 
[177] were able to grow Co-MOF nanowire arrays on Cu 
foil through the hydrothermal reaction between equal molar 
dipotassium 2,6-naphthalenedicarboxylate and cobalt 
(II) acetate tetrahydrate that can further be converted into 
Co3O4/C hybrid arrays in inert gas or carbon-free Co3O4 
arrays in air. Similarly, Zhang et al. [178] grew Co-MOF 
nanowire arrays on Ni foam (NF) that possessed 6-coordi-
nated Co centers in which each Co possessed three carboxyl 
groups and two hydroxy groups as double bridging through a 
solvothermal reaction using 2,5-dihydroxytelephthalic acid 
as the organic ligand. Lu et al. [179] further grew ~ 680-nm-
diameter MOF-74-Co/Fe nanorod arrays on PANI-coated 
NF through a solvothermal reaction (Fig. 11i) and reported 
that PANI electrodeposited onto NF played a crucial role 
as a metal ion capturer and a heterogeneous nucleation site 
to accommodate dense MOF array growth in which with-
out PANI, the same conditions generated only random and 
spare MOF-74-Co/Fe nanorods on NF. The calcination of 
MOF-74-Co/Fe at 600 °C in N2 further converted it into 
CoFe2O4/C with the retained nanorod arrays embedded with 
ultrafine metal oxide nanoparticles. Recently, Zhou et al. 
[180] also directly grew ternary metal-based (Fe, Co, and 
Ni) MOF-74 nanorod arrays on the NF using a superfast 
microwave-assisted solvothermal approach in which the 

growth of the MOF nanorod arrays can be accomplished 
in 15 min.

Aside from direct growth using solvothermal reaction, 
MOF 1D arrays can also be fabricated through template-
assisted methods. For example, ZnO nanorod arrays can act 
as sacrificial templates to fabricate MOF nanorod arrays 
in which Zhang et al. [181] grew vertically aligned ZnO 
nanorod arrays on flexible CC through chemical bath deposi-
tion in which the subsequent reaction between ZnO nanorod 
arrays in a mixed solvent of N,N-dimethylformamide and 
H2O containing 2-methylimidazole (2-MIM) can result 
in ZnO@ZIF-8 nanorod arrays with 2-MIM acting as an 
organic ligand to coordinate with Zn ions. Zhou et al. [182] 
also grew cobalt carbonate hydroxide nanorod arrays on Ni 
foil through hydrothermal treatment as a template for grow-
ing ZIF-67 nanorod arrays in which the MOF array can fur-
ther be converted to 3D Co3O4@X (X = Co3O4, CoS, C and 
CoP) composites after oxidation, sulfidation, carburization 
or phosphorization treatment.

5.2.5 � MOF Arrays with 2D Building Blocks

As for MOF arrays with 2D building blocks, Fang et al. 
[183] were able to directly grow Co-MOF and Zn-MOF 
nanosheet arrays on NF through the hydrothermal reac-
tion between metal salt and 2-MIM. Duan et al. [184] also 
grew NiFe-MOF nanosheet arrays on NF through the heat-
ing of a solution containing 2,6-naphthalenedicarboxylate 
tetrahydrate as the organic species and Ni and Fe salts as 
the metal nodes in a sealed vial at low temperature (60 °C, 
Fig. 11j). Guan et al. [185] further submersed a flexible CC 
substrate into an aqueous solution containing 2-MIM and 
cobalt nitrate to achieve the surface-growth of Co-MOF 
nanowall arrays at room temperature in which subsequent 
ion exchange using nickel nitrate in ethanol can allow for 
the simultaneous etching of Co-MOF to transform it into a 
Ni–Co layered double hydroxide with a hollow walled struc-
ture. Next pyrolysis of the layered double hydroxide in air 
formed hollow and porous NiCo2O4 nanowall arrays on the 
CC. Based on this method, researchers have subsequently 
grown Co-MOF nanowall arrays on various substrates for 
different applications [186–189] in which Guo et al. [186, 
187] grew nanoarrays on electrospun PAN nanofibers fol-
lowed by conversion into carbon nanowall array-supported 
atomically dispersed Co sites or hollow Co3O4 nanoparticles 
for oxygen electrodes in flexible Zn-air batteries (discussed 
in the electrocatalysis section), whereas Yu et al. [189] grew 
Co-MOF nanoarrays on CC followed by conversion into Co-
containing carbon nanowall arrays for lithium metal batteries 
(discussed in the battery section).
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5.2.6 � MOF‑Based Hybrid Arrays

MOF hybrid arrays can also be constructed by growing 
MOF arrays onto metal oxide or metal hydroxide nanoar-
rays on various substrates [190, 191]. For example, Fal-
caro et al. [190] heteroepitaxially grew MOF arrays onto 
Cu(OH)2 nanoarrays in which Cu(OH)2 nanotubes were first 
constructed on Si wafer followed by immersion in H2BDC 
solution at room temperature to allow for the growth of 
MOF crystals in the vertical direction to the nanotube sur-
face within 5 min. In another example, Cai et al. [191] used 
a general self-sacrificing templated method to grow MOF 
arrays on various substrates (Fig. 11k) in which metal oxide 
and hydroxide nanoarrays as self-sacrificing templates were 
first grown onto a substrate and subsequently converted into 
MOF arrays. These templates, including CoO, NiO and 
Cu(OH)2 nanoarrays, grown on substrates, including Ni 
foam, Cu mesh, Fe mesh or Cu foil, can be successfully con-
verted into corresponding MOFs such as ZIF-67, MOF-74 
and HKUST-1 with nanorod and nanowall arrays in which 
the hybrid arrays can further be converted into carbon-based 
nanohybrid arrays.

5.2.7 � MOF Arrays on Nano‑substrates

MOF arrays can grow on microscopic substrates such as 
GO, silver nanocrystals and LDH as well [40, 192, 193]. 
For example, Yaghi et al. [192] grew ordered and oriented 
[Al2(OH)2TCPP] MOF arrays on Ag nanocrystals in which 
the preparation process involved the deposition of Ag with 
alumina through atomic layer deposition followed by the 
introduction of porphyrin-based linkers to trigger MOF syn-
thesis. Here, the thickness of the MOF layer is controllable 
from 10 to 50 nm through the control of alumina thickness 
from 0.1 to 3 nm, and the ordered and oriented MOF arrays 
were a result of the porphyrin units perpendicular to the Ag 
plane. In another example, Shao et al. [193] grew MOFs 
arrays onto LDH nanoplatelets to obtain a honeycomb car-
bon network through subsequent thermal conversion and 
reported that the MOF arrays were in situ homogeneously 
grown onto the 2D LDH nano-substrates with strong bind-
ing, which ensured controllable composition and morphol-
ogy during transition from MOFs to carbon-based arrays.

6 � Templated Carbon‑Based 3D HCMNs

Templates are frequently used in the preparation of 3D 
HCMNs in previous sections. In addition, template-assisted 
synthesis has been widely adopted to obtain a variety of 
nanomaterials with different composition and morphology. 
In general, templates can be divided into hard templates and 
soft templates in which the hard template approach involves 

the synthesis of materials in the presence of hard templates 
followed by template removal to allow for the preparation 
of highly oriented and ordered nanostructures. Despite 
this, corresponding template removal processes are tedi-
ous and time-consuming and may even damage resulting 
nanostructures [194]. Alternatively, soft-template synthesis 
relies on structure-directing molecules such as surfactants 
and block copolymers that can be easily removed by sol-
vents or thermal treatment. And although the soft template 
method is simpler and cheaper due to the lack of additional 
template etching procedures, resulting structures are not as 
well defined [194]. Based on all of this, this section will 
summarize the template-assisted synthesis of 3D templated 
carbon materials, particularly those with small molecules 
and biomass as the carbon source.

AAO membranes with close-packed hexagonal column 
arrays are ideal hard templates for the fabrication of large-
area nanotube and nanowire arrays with finely tunable struc-
tural properties including length and diameter through the 
adjustment of AAO template thicknesses and pore diam-
eters (AAO-templated synthesis of nanocarbons, polymers 
and MOFs with nanofiber/nanotube arrays was discussed 
in previous sections). Aside from AAO templates, other 
hard templates have also been proposed in the synthesis of 
3D hierarchical superstructures such as ZnO flowers, ZnO 
nanoarrays, MgO hierarchical rods, silica urchins and salt 
templates. In terms of carbon sources, small molecules and 
biomaterials other than the above-mentioned nanocarbons 
and polymers can be used in the templated synthesis of 3D 
HCMNs. For example, Wang et al. [195] were able to use 
ZnO flower as the template and pitch as the carbon source to 
synthesize a hierarchically porous 3D carbon flower struc-
ture with large amounts of micropores and mesopores in 
interlinked macroporous nanowalls that was beneficial for 
supercapacitor applications. Yu et al. [196] subsequently 
infiltrated the same carbon flower structure with sulfur to 
prepare C/S composites for Li–S batteries. Shao et al. [197] 
further reported that flower-like basic magnesium carbon-
ate microspheres can act as an effective template for carbon 
flower synthesis. In their synthesis process, the flower-like 
basic magnesium carbonate  microsphere template was 
coated with coal pitch through solvent evaporation and 
subjected to carbonization, KOH activation and acidic etch-
ing to achieve a hierarchical porous carbon flower struc-
ture involving petals containing 15–24-nm nanocages and 
2.5–3.0-nm-thick shells that showed high surface areas up to 
1927 m2 g−1. Guo et al. [198] also used an urchin-like silica 
template with vertical pores to prepare a 3D hierarchically 
porous carbon flower structure (Fig. 12a) in which the sim-
ple coating of the silica template (Fig. 12b) with glucose or 
chitosan followed by pyrolysis with/without activation can 
result in ~ 200-nm-diameter porous carbon flowers assem-
bled with ~ 4-nm-thick carbon nanosheets (Fig.  12c–e). 
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Through composition with graphene, more complex 3D car-
bon materials can be made as well [199] that can showcase 
multiple mesoporous channels, high surface areas and large 
pore volumes as promising materials for energy storage and 
catalysis.

Although hard templates are usually pre-made for synthe-
sis, there are cases in which templates can be in situ gener-
ated. For example, Ding et al. [200] obtained a flower-like 
hierarchical mesoporous carbon superstructure through a 
process involving hydrothermal reaction between nickel 
acetate and glucose to give rise to a flower-shaped Ni(OH)2/
polysaccharide hybrid in which Ni(OH)2 flowers were in situ 
generated as the template, followed by the carbonization and 
template-etching of the Ni(OH)2/polysaccharide hybrid to 
result in 3D carbon superstructures constructed from ~ 20 nm 
thick 2D mesoporous carbon petals. Here, nickel acetate 
plays multiple roles, including the precursor for the in situ 
generation of the flower-like template, the graphitization-
facilitating catalyst and the pore-forming agent. Similarly, 
Liang et  al. [201] in  situ fabricated a hollow nest-like 
Ni(OH)2@N-polysaccharide template through the hydro-
thermal reaction between glucose, NiSO4 and hexamethyl-
enetetramine (HMT) in which glucose served as the carbon 
precursor, NiSO4 as the structure-guiding agent and HMT 
as the precipitant and N source. Subsequent carbonization-
activation-etching treatment of the polymer-coated template 
yielded N-doped hollow carbon nests with high surface area 
as well as a hierarchical porous structure composed of inter-
connected porous carbon sheets.

Besides templated carbon flower structures, Zheng et al. 
[202] conducted the Mg(OH)2-templated synthesis of 
hierarchical porous carbon microrods (HPCMs) contain-
ing vertically oriented ultrathin nanosheets (Fig. 12f) that 
were able to integrate a hierarchical superstructure, vertical 
carbon nanosheets and multilevel pores into one structure 
(Fig. 12g–i), leading to ideal charge transport and ion diffu-
sion pathways in battery electrode materials. Fellinger et al. 
[203] further demonstrated a salt templating-induced self-
assembly approach for the synthesis of vertically grown car-
bon nanosheets and carbon-based composites on substrates 
in which the resulting vertical carbon arrays and metal car-
bide/carbon arrays can possess ultrathin walls, high con-
ductivity, good adhesions, robust structures and ultrafine 
nanoparticles, all of which are favorable for electrochemical 
energy storage and conversion devices.

Vertically oriented ZnO nanoarrays are also popular in 
the fabrication of 3D carbon arrays on various substrates 
[204, 205]. For example, Fan et al. [204] fabricated self-
supported 3D carbon-based hybrid arrays through sequential 
chemical bath deposition, electrodeposition and hydrother-
mal treatment (Fig. 12j–m) in which ZnO nanorod arrays 
deposited on Ni foil were utilized as a sacrificial template in 
the fabrication of core–shell Ni tube/carbon sphere hybrid 

arrays. Here, the self-assembly of the carbon nanospheres 
onto the substrates can be attributed to simultaneous ZnO 
etching and glucose polymerization (Fig. 12m). As for the 
hydrothermal treatment of glucose, polymerization and 
“carbonization” can occur in which during polymerization, 
glucose monomers can not only react with each other to form 
large molecular compounds containing hydroxyl and car-
boxyl groups through dehydration and aldol condensation, 
but also decompose into organic acids to result in a weak 
acidic solution, which allows for the simultaneous etching 
of ZnO microrods and retention of the electrodeposited Ni 
shell structure after hydrothermal treatment to result in the 
increase of organic compounds near the Ni shell. As for 
“carbonization”, nucleation can occur if the organic species 
concentration surpasses the super-saturation point, which 
allows the generated nuclei to grow uniformly and isotopi-
cally to the surface of the chemical species in solution and 
ultimately resulting in carbon nanospheres that are attached 
to the Ni shells.

Biomass materials can further be used as templates in 
the synthesis of 3D HCMNs. For example, Xia et al. [206] 
carried out the dual-templated preparation of ordered 
mesoporous carbon nanofiber arrays using natural crab 
shell as the hard template and a surfactant as the soft tem-
plate in which the resulting 3D HCMN was composed of 
mesoporous carbon nanofibers with 70 nm diameter, 11 nm 
mesopores and an interspacing distance of 70 nm between 
the nanofibers, resulting in high surface area, good electri-
cal conductivity and an ordered porous structure that show 
promise for application in energy devices.

7 � 3D HCMNs for Energy Storage

7.1 � Lithium‑Ion Battery

Because of its high energy density and outstanding effi-
ciency, lithium-ion batteries (LIBs) have become main-
stream power sources for portable electronics and electric 
vehicles [207]. To meet the increasing demands of large-
scale energy storage applications however, current LIB tech-
nologies need to improve in terms of power density, energy 
density, cycling stability, cost-effectiveness and safety [208, 
209]. Typically, the LIBs are composed of an anode, a cath-
ode, a separating membrane, an electrolyte to conduct ions, 
a current collector and packaging materials in which anode 
materials can be classified based on their electrochemical 
reaction with lithium into three groups, including interca-
lation/de-intercalation, alloy/de-alloy and conversion type 
materials [210]. Currently, most commercial LIB anodes 
involve graphite that possesses a low theoretical capacity of 
372 mAh g−1 through the Li+ intercalation/de-intercalation 
mechanism and is no longer sufficient. Because of this, many 
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novel carbon materials such as graphene and porous car-
bon have been investigated to obtain enhanced reversible 
capacity beyond the theoretical capacity of graphite due to 
additional lithium storage based on enhanced surface, pore 
or defect storage mechanisms [108, 211]. Alternatively, 
alloy/de-alloy and conversion type materials can in most 
cases afford much higher capacities than intercalation/de-
intercalation type materials and have therefore attracted 
great interest as graphite alternatives [212–220]. Overall, 
the energy storage/release of LIBs rely on charging/discharg-
ing processes involving electrochemical reactions along with 
charge and mass transportation in electrodes in which Li+ 
charging is based on electrons moving from the cathode to 
the anode and viscera for Li+ discharging. Because of this, 
LIB performance is strongly associated with the structure 
and composition of electrode materials.

Based on this, 3D nanocarbons including CNTs, graphene 
and GDY have been reported as promising LIB anode mate-
rials. For example, Qu et al. [221] fabricated 3D graphene 

nanocapsules with surface-grown sheets (size: ca. 15 nm) 
through a partial peeling method and reported that the 
enriched edges and defects on the capsule walls and surface-
grown graphene greatly enhanced lithium storage to result in 
an ultrahigh capacity of 1373 mAh g−1 at 0.5 A g−1, which 
is more than 3 times higher than the theoretical capacity 
of graphite. Xiao et al. [222] also grew VG on to a current 
collector using CVD and reported that the vertical nanoar-
rays not only facilitated charge transport but also enabled 
binder agent and conductive agent-free electrode fabrication 
to substantially increase the fast-rate charging/discharging 
property of the optimized electrode. GDY also possesses 
potential as a high-performance LIB anode due to its alkyne-
rich system and unique triangular pores that can present 
abundant Li storage sites, allowing for a theoretical capacity 
of 744 mAh g−1 that is twice that of graphite (372 mAh g−1, 
LiC6) [223]. Liu et al. [76] used earth-abundant diatomites 
as a template to construct 3D GDY superstructures as a low 
cost anode material (Fig. 13a), and the corresponding 3D 

Fig. 12   Templated carbon-based 3D HCMNs. Silica-templated syn-
thesis of highly uniform flower-like hierarchical carbon nanospheres 
(FCNS). a Schematic of the fabrication of FCNS through carbon 
coating on silica templates, carbonization and etching. SEM images 
of b the silica templates and c, d FCNS. e TEM image of FCNS. 
Reprinted with permission from Ref. [198]. Copyright © 2017, Royal 
Society of Chemistry. Mg(OH)2 templated synthesis of hierarchi-
cal porous carbon rods (HPCRs) constructed by vertically oriented 
graphene-like nanosheets. f Synthetic process for HPCR through 
Mg(OH)2 template synthesis, CVD growth of carbon and tem-

plate removal. g-h SEM and i TEM images of the as-made HPCR. 
Reprinted with permission from Ref. [202]. Copyright © 2015, Royal 
Society of Chemistry. ZnO array-templated synthesis of self-sup-
ported metal (Ni and Co) microtube/carbon nanosphere (CNS) core/
shell arrays. Schematic and SEM images of j ZnO microrod arrays, 
k Ni-coated ZnO microrods and l Ni microtube/CNS core–shell 
hybrids. m Proposed formation mechanism of the Ni microtube/CNS 
structure. Reprinted with permission from Ref. [204]. Copyright © 
2014, John Wiley and Sons
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GDY-based LIB presented a higher specific capacity than 
bulk GDY powder as well as excellent rate performance and 
a long cycle life (Fig. 13b,c) as a result of its 3D porous 
structure with both intrinsic highly Li capability and acceler-
ated Li-ion transfer. Wang et al. [224] further applied verti-
cal GDY nanowalls as a LIB anode to achieve a high capac-
ity of ~ 908 mAh g−1 and good cyclic stability.

Heteroatom doping, particularly nitrogen doping into 
carbon materials, can further enhance lithium storage prop-
erty in corresponding anodes [225]. For example, Cao et al. 
[226] reported that the pyridinic nitrogen configuration was 
essential for capacity improvement based on first-principle 
calculations in which the improved lithium storage can be 
attributed to electronegative nitrogen that can widen inter-
layer distance and wettability for electrolytes to allow for 
rapid lithium diffusion as well as increased defects with 
more active sites. Despite this, the control of pyridinic nitro-
gen doping into 3D carbon remains difficult, and therefore, 
the engineering of 3D carbon with high pyridinic nitro-
gen doping levels and controllable assemblies for lithium 
storage is vital. To that end, Yang et al. [108] engineered 
pyridinic N-rich 3D carbon nanogears through controlled 
PI assembly followed by pyrolysis to obtain high-perfor-
mance LIB anodes. Here, they systematically investigated 
the structure, composition and battery performance of the 
carbon nanogears synthesized at different temperatures and 
reported that carbon nanogears pyrolyzed at 600 °C pos-
sessed ultrahigh nitrogen doping levels (20.6 at%) and a 
hierarchical sheet superstructure to allow for a highly stable 
capacity of more than 1050 mAh g−1 that is approaching the 
theoretical value of N-doped graphene (~ 1230 mAh g−1) 
along with exceptional rate capability and long-term cycling 
performance. This polymer assembly–pyrolysis strategy 
was further extended to other 3D carbon systems to obtain 
superior lithium storage [109, 111, 114]. For example, Wu 
et al. [114] fabricated an ordered carbon tube-sheet super-
structure through the hierarchical assembly of PI nanosheets 
onto MoO3 nanorods followed by etching-pyrolysis in which 
benefiting from the hierarchically ordered micro-/nanostruc-
ture, abundant pores and rich nitrogen doping, the 3D car-
bon superstructure demonstrated high capacity and cycling 
stability for more than 1000 cycles, which were much better 
than carbon disks without long-range ordered structures. In 
another example, Zheng et al. [202] used Mg(OH)2 as a tem-
plate and PDA as a N-doped carbon precursor to fabricate 
hierarchical porous carbon microrods with a 1D hierarchical 
structure and vertically aligned graphene and reported that 
the hierarchically porous structure allowed a corresponding 
3D carbon electrode to possess high surface area, large pore 
volume and rapid charge diffusion pathways to result in high 
capacities of 1150 mAh g−1 at 0.1 A g−1, 246 mAh g−1 at 
10 A g−1 and long life cycles with 833 mAh g−1 after 700 
cycles at 1 A g−1 that are superior to many carbon-based 

anodes. Aside from polymers, MOFs can also be used to 
fabricate 3D heteroatom-doped carbon anodes for LIBs 
[176, 227]. For example, Smoukov et al. [176] synthesized 
3D carbon-based nano-diatoms with two to four levels of 
structural hierarchy from MOF–guest precursors to obtain a 
fast-charging LIB anode.

Besides serving as active materials, 3D carbon materi-
als can also be applied as substrates to fabricate other alloy 
or conversion type anode materials [212]. Among them, 
silicon is an appealing anode material with a theoretical 
capacity of ~ 3590 mAh g−1  (based on Li15Si4) at room 
temperature. However, challenges exist for Si anodes: large 
volume expansion (~ 300%), low electrical conductivity and 
the unstable solid electrolyte interface (SEI) [216, 228] that 
can be alleviated through the uniform dispersion of nano-
structured Si onto 3D hierarchical carbon structures. Based 
on this, Yushin et al. [229] proposed a scalable hierarchical 
bottom-up assembly strategy to prepare 3D Si/C electrodes 
with irregular channels for rapid ion transport and internal 
porosity to buffer Si volume change and achieved highly 
reversible capacity and stable performance. Zhang et al. 
[230] also designed 3D hierarchical CNT@Si@C micro-
spheres with a highly porous structure and extraordinary 
mechanical strength (> 200 MPa, Fig. 13d) in which the 
composite electrode with a practical loading of 3 mAh cm−2 
delivered ~ 750 mAh g−1 capacity with less than 20% volu-
metric swelling at full charge, resulting in a corresponding 
full cell demonstrating high capacity retention (> 92%) for 
over 500 cycles (Fig. 13e). Researchers have further pre-
pared crumpled-graphene-wrapped Si nanoparticles for 
LIBs [47, 49] in which the highly hierarchical graphene 
shell can buffer the large volumetric expansion of interior 
Si particles during lithium storage and protect Si from SEI 
deposition, leading to a capacity of 940 mAh g−1 after 250 
cycles with 83% retention, which is much better than bare 
Si nanoparticles with only 10% capacity retention. Apart 
from these carbon-based superstructures, carbon arrays 
including vertically aligned CNTs and graphene have also 
been employed as Si protectors. For example, Prashant et al. 
[231] synthesized vertical Si/CNT arrays on an alloy cur-
rent collector using CVD and reported that the binder-free 
hierarchical structural design ensured that all Si/CNTs were 
electrically connected onto the current collector, therefore 
boosting mass and ion kinetics. They also reported that the 
CNT arrays can serve as a flexible substrate to buffer volu-
metric strain in which the resulting anode provided a stable 
capacity of ~ 2000 mAh g−1 with little loss after 20 cycles.

Other alloy materials including Sn, Sb, Ge and Al have 
also been confined inside 3D carbon structures to enhance 
lithium storage [232–235]. For example, Guo et al. [236] 
in situ synthesized a Sn@graphene nanostructure sand-
wiched between a vertical graphene host that can buffer criti-
cal volume change and protect Sn-NPs from agglomeration, 
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and the resulting 3D Sn/Graphene@VG exhibited an exceed-
ing-theoretical capacity of 1037 mAh g−1 after long-term 
cycling. 3D carbon structures have also been employed to 
support conversion type electrode materials such as ZnO, 
TiO2, MoO2, SnO2, Co3O4, Fe3O4, MoS2, MoCx and WCx 
[44, 129, 131, 132, 181, 183, 203, 237–241]. For instance, 
Liang et al. [183] fabricated an advanced LIB anode based 
on porous carbon and transition metal oxides derived from 
MOF arrays (Fig. 13f, g) in which the combination of mer-
its from porous nanosheets, vertical arrays and conductive 
substrates allowed the 3D Co3O4/NF hybrid to exhibit long-
term cycling capabilities for 2000 cycles at both 5 A g−1 and 
20 A g−1 as well as rapid charging at 25 A g−1 (Fig. 13h, i). 
In another example, Zhu et al. [203] carried out the salt-tem-
plate synthesis of N-doped graphene nanosheet arrays as a 

LIB anode in which the vertically aligned carbon nanosheets 
decorated with metal carbides exhibited ultrathin walls, ultr-
asmall nanoparticles, good conductivity and strong adhesion 
to provide efficient mass transport in LIBs. Hierarchical pol-
ymers and MOFs without carbonization can be adopted as 
LIB anodes as well [113, 172, 180, 242–246]. For example, 
Zhang et al. [113] fabricated a hierarchical multi-carbonyl 
PI with a 3D spherulite-like structure as a LIB anode and 
reported that the ordered packing of the 2D nanosheets into 
the 3D spherulite superstructure can enhance interfacial 
energy storage to achieve high capacity, resulting in the 
3D PI delivering a high reversible capacity of 1343.8 mAh 
g−1 at 100 mA g−1, good rate capability of 208.9 mAh g−1 at 
1.5 A g−1 and excellent cycling performances with 665.1 
mAh g−1 retained at 250 mA g−1 after 50 cycles.

Fig. 13   3D HCMNs for LIBs. 3D GDY superstructures for LIBs. 
a Schematic of a diatomite-templated 3D GDY-assembled LIB. b 
Charge/discharge behavior and c rate performance of the 3D GDY 
superstructure. Reprinted with permission from Ref. [76]. Copyright 
© 2017, John Wiley and Sons. Hierarchical CNT@Si@C super-
structures for LIBs. d SEM image of the CNT@Si@C microspheres. 
e Cycling performance of the 3D CNT@Si@C at 0.75 mA cm−2. 

Reprinted with permission from Ref. [230]. Copyright © 2020, 
Springer Nature. Vertical carbon nanosheet arrays embedded with 
metal oxide as a self-supporting anode for LIBs. f, g SEM images 
of the 3D Co3O4/NF. h Initial three CV curves and i five charge/
discharge profiles of 3D Co3O4/NF. Reprinted with permission from 
Ref. [183]. Copyright © 2016, Elsevier
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Alternatively, researchers have developed aqueous 
rechargeable LIBs to address the safety concerns of energy 
storage systems. And although the use of water as an electro-
lyte can enhance safety, corresponding battery energy den-
sity is compromised due to a limited operating window (the-
oretical: ~ 1.23 V) [247]. Because of this, the development 
of high-voltage aqueous batteries is imperative to ensure 
competitiveness against non-aqueous LIBs. Here, Zheng 
et al. [117] reported that PI can passivate hydrogen evolu-
tion reactions in water and can therefore expand the operat-
ing voltage window of aqueous LIBs. Based on this, these 
researchers synthesized vertically oriented PI nanosheet 
arrays on a CNT network and achieved an HER activation 
barrier of 2.11 eV that was indicative of sluggish HER activ-
ity, resulting in a half-cell demonstrating a high capacity 
of 153.7 mAh g−1 and ultrafast rate capability. Full cells 
based on the PI anode and a LiMn2O4 cathode were able to 
deliver a voltage of ~ 2.0 V with a high energy density of 
76.1 Wh kg−1 as well as a power density of 12.61 kW kg−1 
and remarkable cycling stability with a capacity retention of 
65.5% after 1000 cycles at a high rate.

Hu et al. [246] investigated the Li storage mechanism of 
a 3D Co-MOF in which soft X-ray spectroscopy and solid-
state nuclear magnetic resonance characterizations showed the 
intercalation/de-intercalation of Li+ from carboxyl and phenyl 
groups in MOFs along with the deformation of CoO6 octahe-
dral sites. And based on this organic ligand-dominated mecha-
nism, the 3D seashell-like Co-MOF anode provided a high 
initial coulombic efficiency (CE) of 80.4% and extraordinary 
cyclic stability with a retained capacity of 435 mAh g−1 after 
one thousand cycles at 1 A g−1. Li et al. [180] further com-
bined multicomponent MOF-74 composed of Fe, Co and Ni 
with low-temperature heating to design 3D nanorod arrays on 
Ni foam as efficient lithium anodes using a facile microwave-
assisted solvothermal method. The MOF-74 arrays possessed 
an ordered nanostructure, enhanced conductivity from mul-
tiple components, shortened ion diffusion pathways and suf-
ficient spacing to buffer electrode swelling, making it ideal 
for lithium storage and allowing for a reversible capacity of 
834 mAh g−1 at 50 mA g−1 and 93% capacity retention after 
500 cycles at 1 A g−1, which are among the best performance 
in reported MOF and MOF-derived electrode materials.

7.2 � Li Metal‑Based Batteries

7.2.1 � Li‑Organic Battery

Sustainable growth requires the development of next-gen-
eration battery materials that are inexpensive, environmen-
tally friendly, flexible and sustainable, all of which cannot 
be satisfied by commercially available inorganic cathode 
materials for LIBs such as LiFePO4, LiCoO2 and LiMn2O4 
due to limited natural resources as well as limited capacities 

and energy densities [248]. Alternatively, organic materials 
such as conducting polymers, organic sulfur-based, azo-based, 
heterocyclic-based, organic radical-based and carbonyl-
based compounds have emerged as promising electrodes for 
LIBs [249–251]. In particular, carbonyl organic electrodes 
can exhibit stable electrochemical reaction mechanisms and 
possess great potential as next-generation electrode materi-
als [252] with corresponding reaction mechanisms involv-
ing nucleophilic addition that relies on reversible transition 
between carbonyl and enolized structures in which during 
discharge, a carbonyl group accepts one electron from the 
anode to the cathode to form a negative C–O− ion that can 
form C–O–Li bonds with lithium ions in the electrolyte to 
electrically neutralize the system [249]. Like most organic 
materials however, obstacles exist for carbonyl organic-based 
electrodes such as dissolution in electrolyte, poor electri-
cal conductivity and low active carbonyl group utilization. 
To tackle these obstacles, three major strategies have been 
developed, including the polymerization of small molecules 
to minimize the solubility of carbonyl organics, the coupling 
of carbonyl organics with conductive carbon materials and the 
construction of highly exposed nanostructures. For example, 
Song et al. [253] demonstrated the first use of PI as a cath-
ode in rechargeable lithium batteries and further obtained 3D 
PI/graphene nanocomposites through the in situ polymeri-
zation of PI in the presence of graphene sheets to enhance 
Li storage [254] in which nanoflower-like PI were uniformly 
coated onto few-layered graphene sheet surfaces through non-
covalent interactions between graphene and polymer. Here, 
the highly dispersed graphene sheets in the composite signifi-
cantly improved the electronic conductivity of PI and resulted 
in the efficient utilization of redox-active carbonyl groups in 
PI. As a result, the 3D PI/graphene nanocomposite delivered 
superior charging/discharging properties as compared with the 
pure polymer. These researchers also applied this strategy to 
construct 3D nanowall-shaped poly(anthraquinonyl sulfide) as 
another carbonyl organic polymer onto graphene for enhanced 
LIB performance. Similar approaches were also employed by 
Wei et al. [116, 255] to construct 3D PI-based LIB flexible 
cathodes including a PI/SWNT film electrode and a 3D PI/
graphene foam electrode in which in both cases, vertical PI 
nanosheet arrays were aligned onto carbon substrates to fully 
expose redox sites, resulting in the binder-free PI/SWNT film 
electrode delivering a capacity of 226 mAh g−1 at 0.1 C that 
was much better than pure PI with a capacity of 170 mAh g−1. 
Rate performances at 20 C were also significantly improved 
from almost zero capacity for a pure PI electrode to 120 mAh 
g−1 for the PI/SWNT film electrode.

Very recently, 3D PI micro/nanostructures without carbon 
matrixes have been constructed for Li-organic batteries [256, 
257]. For example, Yu et al. [257] prepared a 3D rose-like 
nanoporous polymer containing both imide and anthraqui-
none groups (Fig. 14a–c) and reported that the anisotropic 
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growth of nanosized rose flakes resulted in a large specific 
surface area of 116.95 m2 g−1 and an abundant pore struc-
ture of 0.2428 cm3 g−1 that can shorten lithium-ion diffu-
sion pathways, reduce material solubility and expose active 
carbonyl groups. Corresponding cyclic voltammogram (CV) 
(Fig. 14b) and galvanostatic charge/discharge (GCD) test-
ing of the PI cathode in a Li-organic battery showed sev-
eral redox peaks during cycling in which the first cycle was 
attributed to the activation process whereas the subsequent 
cycles gradually overlapped, indicating the reversible Li 
storage capability of this polymer. The redox peak voltages 
at 2.36/2.68 V and 2.24/2.47 V can be assigned to quinone 
carbonyl group redox reactions, whereas the reduction peaks 
at 2.0 V and 1.86 V and the oxidation peaks at 2.0 V, 2.14 V 
and 2.34 V can be attributed to the imide carbon group, indi-
cating a highly reversible 4-electron enolization reaction for 
lithium storage. Furthermore, the voltage platform gradu-
ally decreased/increased and showed a mid-point discharge 
potential of 2.2 V and charge potential of 2.3 V, respectively, 
during discharging/charging (Fig. 14c). These researchers 
further reported that the capacities of the PI cathode can 
reach 228 mAh g−1 (the 1st cycle) and 103 mAh g−1 (the 
1000th cycle) at 50 mA g−1 with a low capacity decay rate of 
only 0.05% per cycle at 200 mA g−1 for over 1000 cycles at a 
loading of 1 mg cm−2. At a higher loading of 3 mg cm−2, the 
capacity after 500 cycles still reached 123 mAh g−1 accom-
panied by high CE of 99% in which the polymeric structure 
during lithiation based on DFT calculations indicated the 
formation of robust bridge bonds that can promote electro-
chemical activity during charge/discharge.

In general, carbonyl-rich polymers, especially PI elec-
trode materials possess: (1) intrinsic stability and poor 
solubility in electrolyte to ensure long-term cyclability; 
(2) enhanced safety due to excellent thermal stability and 
nonflammability; (3) environmental benignity due to the 
hydrolysable characteristic of PI under alkaline conditions; 
(4) relatively high working voltages (2.0–2.5 V), capacities 
and energy densities; (5) tunable electrochemical properties 
through the altering of molecular structure and (6) feasibil-
ity for industrial-scale synthesis due to facile and inexpen-
sive preparation processes. Other than use in lithium-based 
batteries, PIs can also find use in other batteries, including 
sodium, potassium, magnesium and calcium-based batteries 
as well as aqueous batteries [117, 258–263].

7.2.2 � Li–S Battery

Like carbonyl organic electrodes, sulfur is a promising cath-
ode for LIBs due to a ultrahigh theoretical capacity (1675 
mAh g−1), earth abundance and low cost. However, the 
practical use of Li–S batteries faces severe problems such 
as the low conductivity of sulfur, the polysulfide shuttling 
effect and the slow kinetics of sulfide redox reactions, all of 

which result in low sulfur utilization and rapid performance 
decay [264]. Here, the design of suitable hosts that can boost 
electron/ion transport and confine polysulfides can signifi-
cantly enhance the performance of Li–S batteries. And since 
the report on the encapsulation of sulfur inside mesoporous 
carbon materials [265], the rational design of carbon struc-
tures to host sulfur continues to receive tremendous attention 
[266]. For example, deriving from a Pickering emulsion con-
taining silica, melamine, and CO2, Li et al. [267] synthesized 
hollow N-doped carbon materials with porous shells as a S 
host and reported that the corresponding Li–S battery exhib-
ited high rate capabilities up to 9 C and long-term cycling 
that were much better than batteries based on commercial 
Ketjen black carbon.

The past decade has witnessed the rapid development 
of various 3D carbon-based hosts for Li–S batteries. For 
example, Zhang et al. [268] assembled a flower-like 3D 
superstructure with 2D nanosheets with built-in 0D hollow 
graphene nanoshells as a highly efficient sulfur host and 
the 3D carbon structure demonstrated high capacity with 
good cyclability and superior rate performance in Li–S bat-
teries. Guo et al. [198] also fabricated highly uniform 3D 
flower-like hierarchical carbon nanospheres (FCNS) using a 
template-assisted method. The resulting 200 nm 3D FCNSs 
constructed from 4-nm-thick carbon nanosheets with many 
mesoporous channels gave rise to a high specific surface area 
of 1151 m2 g−1 and a large pore volume of 1.95 cm3 g−1. 
And because of the synergistic structural features, a FCNS/S 
hybrid cathode encapsulating 81 wt% S delivered large 
capacities and long life cycles. Further ammonia treatment 
also resulted in N-doped FCNSs that provided an enhanced 
rate capability of 830 mAh g−1 at 5 C and cycling stability 
with 0.03% loss per cycle for over 200 cycles at 1 C. Moreo-
ver, the N-doped FCNSs maintained good cyclability with 
0.056% decay per cycle for 200 cycles even at an increased 
areal loading of 2.5 mg S per cm2.

Aside from flower-like carbon structures [196, 269], other 
3D carbon structures including hierarchical tubular struc-
tures and vertical arrays have also been explored as potential 
sulfur hosts. For example, Zheng et al. [270] constructed 
hierarchical porous carbon rods from vertically oriented 
porous and ultrathin carbon nanosheets in which with a high 
specific surface area, large pore volume, hierarchical porous 
structure and ideal ion transfer pathways, the C/S composite 
(78.9 wt% S) provided a fast-rate Li storage capacity of 646 
mAh g−1 at 5 C and good cycle life with a capacity reten-
tion of 700 mAh g−1 after 300 cycles at 1 C. More impres-
sive, this 3D C/S composite at a higher sulfur loading of 
88.8 wt% was still able to give an excellent rate capability 
of 545 mAh g−1 sulfur at 3 C and long-term cycling with 
capacity retention of 632 mAh g−1 sulfur after 200 cycles 
at 1 C. Yang et al. [271] also constructed vertically aligned 
sulfur–graphene (S-G) nanowalls on current collectors for 
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Fig. 14   3D HCMNs for lithium metal-based batteries. Rose-like PI 
for Li-organic batteries. a Cycling performance, b CV curves and c 
charge/discharge curves at different cycles of a PI cathode. Inset of 
a shows the rose-like morphology and Li storage mechanism of PI. 
Reprinted with permission from Ref. [257]. Copyright © 2019, Else-
vier. COF flower for Li–S batteries. d Schematic of COF-MF. e DFT 
calculated binding energy of Li2S8, Li2S6 and Li2S4 molecules on 
different functional groups including imine, pyridine, pyrrole, por-
phyrin and triazine. f First three CV curves of the COF-MF@S-60% 

cathode. g Rate capability. h Cycling performance. Reprinted with 
permission from Ref. [155]. Copyright © 2018, Elsevier. Cu foam-
supported vertical graphene nanowalls as a 3D host for lithium metal 
batteries. i PECVD growth of VG on Cu and corresponding morphol-
ogy. j Schematic of the adsorption of lithium on oxygen-containing 
graphene. k Cycling performance of symmetric cells based on Cu@
Li, Cu@G@Li and Cu@VG@Li electrodes tested at 5 mA cm−2 and 
1 mA cm−2. Reprinted with permission from Ref. [280]. Copyright © 
2019, Elsevier
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Li–S batteries in which sulfur nanoparticles were uniformly 
immobilized and structurally confined between graphene 
layers in the nanowalls that were vertically standing on the 
substrate to result in enhanced kinetics during cycling and 
efficient buffering of sulfur expansion/contraction. Corre-
spondingly, the S-G nanowalls demonstrated a reversible 
capacity of up to 1261 mAh g−1 in the first cycle, more than 
1210 mAh g−1 after 120 cycles and over 400 mAh g−1 at a 
high current rate of 13.36 A g−1, which remains one of best 
rate performances reported for S/G cathodes.

Compared with pure carbon materials, carbon-based 
nanohybrids can potentially be more promising sulfur hosts 
for advanced Li–S batteries due to synergistic effects from 
physical confinement, chemical adsorption and polysulfide 
catalyzation [272–276]. For example, Qian et  al. [275] 
rationally designed and delicately fabricated hollow super-
structures involving CNT-coated Co9S8 with double shells 
(Co9S8@CNTs) in which each Co9S8 shell is sandwiched 
between two CNT layers to result in two CNT@Co9S8@
CNTs sandwiches in total being carefully created. Here, 
these researchers reported that the CNT layers in this fully 
integrated superstructure can provide exceptional electrical 
conductivity and intimate interfacial contact between CNTs 
and the Co9S8 as well as the electrode and the current col-
lector in which the Co9S8 layers with multiple metal valence 
states can strongly adsorb polysulfides and efficiently cat-
alyze polysulfide conversion, whereas the multi-porous 
feature can accelerate charge diffusion and accommodate 
volume variation, resulting in the S-loaded Co9S8@CNTs 
electrode at 0.2 C providing high capacities up to 1415 mAh 
g−1 that approach the theoretical value of sulfur. Remark-
ably, this electrode also demonstrated optimal rate perfor-
mances in literature with an ultrahigh capacity of 676.7 mAh 
g−1 at 10 C as well as ~ 100% CE and superb cycling stability 
(0.0448% decay per cycle over 1000 cycles).

3D HCMNs without good electrical conductivity but 
polar functional groups can also act as efficient sulfur hosts. 
For example, Yu et al. [155] constructed a 3D porphyrin-
based COF superstructure with a micro-flower morphology 
(COF-MF) from ultrathin nanosheets as a S host (Fig. 14d), 
assembled Li–S batteries after 60 wt% S loading into the 
COF-MF@S-60% composite and conducted CV and GCD 
tests. Control samples including carbon black (CB) and bulk 
COF were synthesized in a conventional manner (COF-CS) 
and loaded with the same amount of sulfur for compari-
son. CV profiles of the COF-MF@S in the first three cycles 
showed typical redox peaks in the Li–S batteries (Fig. 14e). 
Cathodic peaks emerged at ~ 2.30 V and ~ 2.02 V in which 
the former peak corresponded to the reduction of S to solu-
ble Li2Sn (4 ⩽ n ⩽ 8) , whereas the latter peak corresponded 
to further reduction to insoluble Li2S2 or Li2S. Alternatively, 
the oxidation reactions of sulfur contributed to an anodic 

peak at ~ 2.45 V, whereas well-overlapped curves indicated 
the excellent reversibility of the COF-MF@S. In terms of 
rate performances (Fig. 14f), these researchers reported 
that sequential increases in charge/discharge rates from 0.1, 
0.2, 0.5, 1 to 2 C (1.0 C = 1675 mA g−1) resulted in respec-
tive capacities of 1366, 1083, 1004, 895 and 743 mAh g−1 
that were better than those of COF-CS@S and CB@S cath-
odes. Moreover, the capacity of the COF-MF@S can be 
restored to 965 mAh g−1 after decreasing the current back 
to 0.5 C, suggesting superb reversibility. The COF-MF@S 
further showcased excellent cycling stability with a small 
capacity decay of 0.047% per cycle over 1000 cycles at 1 
C (Fig. 14g). To better understand the sulfur-hosting prop-
erty of the COF-MF, they further conducted DFT calcu-
lations to investigate the interactions between Li2Sn (n = 4, 
6, 8) and different N species, including porphyrin, imine, 
pyridine, pyrrole and triazine (Fig. 14h) and reported that 
the binding energy of Li2S4, Li2S6 and Li2S8 on porphyrin 
was − 1.86, − 1.83 and − 2.05 eV respectively, which was 
much larger than that of other N species, suggesting stronger 
chemical binding between porphyrin and polysulfides and 
the inhibition of polysulfide shuttling by porphyrin through 
strong chemisorption, possibly due to the four-coordinated 
configuration in porphyrin as opposed to one N atom being 
coordinated with Li in other N species. Based on all of this, 
the extraordinary battery performances of COF-MF@S can 
be attributed to the full exposure of abundant porphyrin 
groups to allow for maximum polysulfide chemisorption 
and sulfur utilization as a result of the construction of a 
flower-like COF superstructure with intrinsically rich pores, 
hierarchical porous structure and large surface area.

7.2.3 � Lithium Metal Anode

The commercialization of Li-organic and Li–S batteries 
faces challenges not only from cathodes but also from the 
use of lithium metal in battery anodes. And although Li 
metal anodes are considered to be the “holy grail” anode 
for next-generation rechargeable batteries due to an optimal 
theoretical capacity of 3860 mAhg−1 and an electrochemical 
potential of − 3.04 V versus SHE [277], corresponding lith-
ium metal batteries experience significant safety concerns 
and poor cycling stability due to dendritic lithium growth 
and low CE. To address these issues, many approaches have 
been proposed to suppress Li dendrite growth and improve 
cycling stability, including modifications to electrolytes, 
electrodes and separators [278]. Among these, the design 
of suitable Li hosts that can combine excellent conductiv-
ity with unique nano-architectures and superb lithiophilic 
characteristics is considered to be particularly promising in 
the alleviation of lithium dendrite issues.
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For example, Liu et al. [279] reported that hierarchical 
crumpled graphene balls can function as effective scaf-
folds in lithium metal anodes in which due to their aggre-
gation-resistant feature, hierarchical graphene balls can be 
processed into a densely packed and interconnected film 
electrode with homogeneous thickness and abundant pores. 
Hierarchical graphene balls are also lithophilic in nature and 
can allow for the regulation of lithium crystal nucleation and 
growth. And as a result of these features, lithium loadings 
up to 10 mAh cm−2 can be easily accommodated with toler-
able volume variation and high CE of 97.5% can be main-
tained for over 1500 h, enabling the plating and stripping of 
lithium onto corresponding hierarchical graphene-assembled 
electrodes up to 12 mAh cm−2 capacity without noticeable 
dendrite formation.

Yan et al. [280] also used VG-coated copper foam (Cu@
VG) as a highly lithiophilic 3D host to manipulate Li nuclea-
tion and inhibit dendrite growth (Fig. 14i–k) in which the 
freestanding binder-free Cu@VG host possessed superb flex-
ibility, large exposed surface and numerous lithiophilic sites 
such as structural defects and O-containing groups (Fig. 14j) 
to enable dendrite-free lithium plating, high CE > 99.0% 
and outstanding stability up to 750 h even at a large rate of 
5 mA cm−2 (Fig. 14k) that are much better than unmodi-
fied Cu foam and Cu foam with horizontal graphene layers. 
A full cell based on the lithium deposited Cu@VG as an 
anode and LiNi0.5Co0.2Mn0.3O2 as a cathode further deliv-
ered improved rate capability and longer cycle lifespans as 
compared with pristine lithium metal-based full cells.

Liu et al. [281] further reported that CNT arrays sup-
ported by CC (CC/CNT) are stable hosts for lithium metal in 
which after modification with CNT arrays, the CC substrate 
can transition from a lithiophobic surface to a lithiophilic 
surface to enable the easy infiltration of melted lithium into 
the 3D carbon framework to prepare CC/CNT@Li compos-
ite electrodes. These researchers also reported that the high 
electrical conductivity of the CNTs can reduce electrode 
polarization, and the ultrasmall CNTs with embedded metal 
nanoparticles can provide heterogeneous nucleation sites 
for lithium deposition, whereas the uniformly distributed 
CNT arrays can ensure homogeneous lithium nucleation 
and growth during plating and the abundant porous struc-
ture involving intercrossed arrays can accommodate volu-
metric expansion/contraction, all of which can contribute 
to dendrite-free lithium metal batteries with good cycling 
stability of more than 500 h with low voltage hysteresis of 
18 mV at 1 mA cm−2, 23 mV at 2 mA cm−2 and 71 mV at 
5 mA cm−2. Alternatively, based on MOF nanoarrays, Qian 
et al. [282] integrated the merits of 1D and 2D building 
blocks into a 3D architecture to prepare N/O dual-doped 
3D carbon on Cu foam (NOCA@CF) as a dendrite-free 
lithium metal anode in which the resulting 3D structure 
showed good hydrophilicity and lithiophilicity as well as 

rich active sites for heterogeneous Li nucleation and superb 
electronic conductivity and mechanical strength. As a result, 
full cells based on Li deposited NOCA@CF as the anode 
and LiNi0.5Mn1.5O4 or LiNi0.8Co0.1Mn0.1O2 as the cathode 
provided remarkable long-term cycling performance with 
high capacity and fast-rate capability.

Apart from 3D carbon structures as lithium hosts, 3D car-
bon-based nanohybrids can also function as dendrite inhibi-
tors. For example. Zhou et al. [189] embedded small Co 
nanoparticles into CC-supported N-doped carbon nanosheet 
arrays (CC@CN-Co) to regulate Li plating and stripping 
and reported that in the resulting 3D structured system, 
the conductive framework can lower local current density 
whereas N dopants can direct homogeneous Li nucleation 
due to strong interactions between each other, and tiny Co 
nanocrystals can guide Li deposition and growth direc-
tion. As a result, a symmetric cell using the Li-plated CC@
CN-Co achieved long-term cycling with a low voltage polar-
ization of 38 mV over 1000 h at 5 mA cm−2 and 5 mAh cm−2 
with no dendritic Li crystal growth. The coupling of this 
anode with a LiFePO4 cathode in a full cell further allowed 
for superior rate performances and a prolonged cycling life 
as compared with pristine Li counterparts.

7.3 � Beyond‑Li Batteries

See Fig. 15.

7.3.1 � Sodium/Potassium Ion Batteries

Compared with lithium-based batteries, sodium-ion bat-
teries (SIBs) and potassium-ion batteries (PIBs) possess 
several striking advantages, including high natural abun-
dances, low costs and suitable redox potentials. Like LIBs, 
both SIBs and PIBs follow the rocking chair mechanism in 
which Na+/K+ transports back and forth in electrolytes [283, 
284]. Despite this, electrodes suitable for Li storage may 
not be applicable to SIBs and KIBs due to the larger ionic 
radii of Na+/K+ (0.76, 1.02, 1.38 Å for Li+, Na+, K+ respec-
tively). For example, graphite is not a suitable anode for 
SIBs and KIBs because Na+/K+ diffusion into graphite lay-
ers can cause large volume expansion to result in structural 
collapse and rapid capacity fading [283, 284]. To address 
this, intensive efforts have been dedicated to the explora-
tion of potential electrode materials for both batteries in 
which SIB/KIB anode materials can generally be divided 
into carbon, alloy or conversion type materials analogous to 
LIBs. Accordingly, carbon-based anodes for SIBs/KIBs have 
been optimized in recent years [284, 285] to enhance battery 
performance based on strategies including: (1) increasing 
interlayer distance, (2) heteroatom doping (e.g., N, S and P), 
(3) pore structure engineering and (4) micro/nanostructural 
construction. For example, Wang et al. [286] directly grew 
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GDY nanosheet arrays on Cu foil for Na+ storage to achieve 
high energy and power density along with long cycle life 
and ascribed the enhanced properties to the 3D array struc-
ture and the pores between the GDY sheets that can provide 
intramolecular pores, an interconnective porous network 
and exposed active sites to accelerate charge diffusion. As 
a result, a high capacity of ~ 812 mAh g−1 at 0.05 A g−1 
and 405 mAh g−1 over 1000 cycles at 1 A g−1. In another 
example, Qiu et al. [287] prepared CC-supported N, P dual-
doped vertical graphene arrays (N, P-VG@CC) as a flexible 
anode for KIBs in which by combing a highly conductive 
and robust framework with the easily accessible surface 
and rich active sites of the expanded interlayer spacing, the 
resulting N, P-VG@CC provided a high reversible capacity 
of 344.3 mAh g−1, a high-rate capacity of 160 mA g−1 at 2 
Ag−1 and long-term cycling for over 1000 cycles with 82% 
capacity retention, which are among the best reported in 
literature for metal-free carbon anodes.

3D flower-like hierarchical carbon anodes can also pro-
vide excellent electrochemical performance toward SIBs 
and KIBs in which through morphological, defect and 
structural engineering, Yu et al. [288] were able to prepare 
a 3D carbon anode with record-high Na/K-storage capa-
bilities to achieve simultaneously unprecedented capacity 
and cycle lifes (Fig. 15a, b). Here, the N-doped 3D flower-
shaped mesoporous carbon nanosheet (N-CNS)-based 
anode was obtained through rational engineering in three 
parts (Fig. 15a) with the first part involving morphologi-
cal engineering in which a 3D hierarchical carbon structure 
was constructed through 2D nanopetals with fully exposed 
active surfaces and shortened charge diffusion pathways. 
The second step involved defect engineering in which rich 
N doping in the carbon framework resulted in the creation 
of rich defects as well as the modification of the electronic 
structure. As for the third step, this involved structural engi-
neering in which augmented carbon interlayers enabled the 
rapid kinetics of Na+/K+ and simultaneously maintained 
structural integrity throughout repetitive Na+/K+ insertion/
extraction. As such, the N-CNS in a corresponding SIB 
afforded a superb capacity of 370 mA g−1 at 1 A g−1 as well 
as remarkable rate capability retention of 106 mA g−1 at 50 
A g−1 and exceptional cycling stability of 239 mA g−1 capac-
ity over 4000 cycles at 5 A g−1 while for KIB, the N-CNS 
exhibited a capacity of 362 mA g−1 at 2 A g−1, 191 mAh 
g−1 at 20 A g−1 and cycling stability of 321 mA g−1 at 5 
A g−1 after 5000 cycles. Researchers further investigated 
the active sites based on first-principle calculations and 
found that pyridinic-N and pyrrolic-N possessed Na+ (K+) 
adsorption energy of − 4.76 eV (− 4.36 eV) and − 4.25 eV 
(− 3.91 eV), respectively, that was higher than the values 
of graphitic N (− 0.37 eV for Na+ and − 0.88 eV for K+) 
(Fig. 15b), rendering N-CNS with the highest contents of 
pyridinic and pyrrole N to show the strongest affinity to Na 

(K) ions and therefore the best Na+/K+ storage performance, 
which matched well with experimental results. Ji et al. [112] 
also fabricated a polymer-derived 3D N-doped porous car-
bon material with nanosheet-constructed rose-like mor-
phology, an enlarged interlayer spacing of 0.387 nm and a 
high surface area of 215.7 m2 g−1. The resulting micropores/
mesopores can shorten ion diffusion distances and increase 
interlayer distances to enhance Na+ insertion/extraction, 
leading to a high reversible capacity of ~ 240 mAh g−1 at 
100 mA g−1 for 100 cycles.

Aside from pure carbon anodes, 3D carbon-based nano-
hybrids have received equal attention for application in SIBs/
KIBs [133, 289–291]. For example, Jiao et al. [133] pre-
pared a WSe2 nanocrystal-loaded N-doped porous carbon 
superstructure derived from cooperative self-assembly of a 
W-PDA complex and SiO2@C nanospheres that enabled the 
full utilization of WSe2 nanocrystal active materials due to 
the surrounding carbon superstructure with its nanoparticle-
isolating capability, high electrical conductivity, maximized 
surface exposure and rich electroactive N dopants. Based 
on this, the resulting 3D WSe2/NPC anode allowed for high 
reversible capacity and excellent cycling stability in both 
SIBs and KIBs in which a 316 mAh g−1 capacity over 400 
cycles for a SIB and a 220 mAh g−1 capacity beyond 200 
cycles for a PIB were achieved.

3D polymers can also demonstrate charge storage capa-
bilities in SIBs/KIBs [113, 292]. For example, Li et al. [113] 
constructed 3D multi-carbonyl PI with a spherulite-like 
superstructure from highly dense and open-ended nanosheets 
as a SIB anode and reported enhanced interfacial energy 
storage with a capacity of 275.8 mAh g−1 at 25 mA g−1 and 
cycling stability of 130 mAh g−1 at 50 mA g−1 over 100 
cycles.

7.3.2 � Aqueous ZIBs and ZMBs

The use of flammable electrolytes as well as the limited 
reserve and inhomogeneous distribution of lithium mines 
makes LIB technologies unsuitable for applications such as 
grid-level energy storage. Alternatively, aqueous zinc ion 
batteries (ZIBs) have gained increasing attention as a viable 
candidate due to the large specific capacity (gravimetric, 
820 mAh g−1, volumetric, 5850 mAh cm−3), suitable redox 
potential (−0.76 V vs. the standard hydrogen electrode), 
high abundance and superb safety of Zn in comparison with 
Li and other metals [293]. And although many other mul-
tivalent ion batteries (such as Mg, Ca and Al) can also pro-
vide theoretically large capacities, most perform poorly in 
water-based electrolytes owing to the formation of passiva-
tion layers on metal surfaces [294]. The working principles 
of ZIBs follow a metal ion migration mechanism similar to 
that of LIBs/SIBs/KIBs in which Zn ions can move between 
Zn anodes and cathodes during charge/discharge. Strictly 
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speaking, this type of ZIB is considered to be Zn metal bat-
tery due to the use of Zn metal in the anode. As such, great 
efforts have been devoted to the search for cathode materials 
with higher potentials, larger capacities and better long-term 
cycling stability in which Mn-, V- and Co-based compounds 
as well as Prussian blue analogs and organic materials have 
been developed [295].

In comparison with inorganic materials that experience 
dissolution issues and short cycling lifespans, organic mate-
rials appear to be better choices as ZIB cathodes [296, 297]. 
For example, Shi et al. [298] prepared a sulfo-self-doped 

PANI (PANI-S) cathode for a rechargeable aqueous ZIB 
through the electrochemical copolymerization of aniline 
and metanilic acid onto CC (Fig. 15c-e) in which the result-
ing 3D PANI-S/CC electrode with vertical PANI nanoarrays 
was binder-free and self-standing (Fig. 15c) and was able to 
deliver a capacity of 184 mAh g−1 at 200 mA g−1, an average 
discharge voltage of ~ 1.1 V, excellent rate capabilities of 130 
mAh g−1 at 10 A g−1 as well as long-term cycling stability 
for over 2000 cycles with nearly 100 % CE (Fig. 15d, e), 
which were much better than non-self-doped PANI (PANI-
N/CC) with worse Zn-storage capability and poorer stability. 

Fig. 15   3D HCMNs for beyond-Li batteries. Carbon flowers for 
SIBs and KIBs. a Schematic for carbon flowers including morphol-
ogy, defect and structure engineering. b Adsorption energy between 
different nitrogen forms and Na+/K+ through first-principle DFT cal-
culations. Reprinted with permission from Ref. [288]. Copyright © 
2020, John Wiley and Sons. PANI arrays for ZIBs. c Morphology of 
self-doped PANI arrays on CC. d Voltage-capacity curves of PANI 
for a ZIB tested at different currents (from 0.2 A g−1 to 10 A g−1). e 
Cycling stability of PANI with different self-doping levels. Reprinted 

with permission from Ref. [298]. Copyright © 2018, John Wiley and 
Sons. Hierarchical CNT arrays on CC for dendrite-free zinc metal 
anodes. f CE of zinc plating and stripping on CC or CNT/CC at 2 or 5 
mAcm−2 with 2 mAh cm−2 capacity. g Symmetric cells based on Zn/
CC and Zn/CNT. Simulated electric field distribution around h pris-
tine CC and i CNT/CC with deposited Zn nucleus. j Schematic of the 
growth of Zn crystals on CC and CNT/CC. Reprinted with permis-
sion from Ref. [37]. Copyright © 2019, John Wiley and Sons
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Here, the superior performance of the PANI-S/CC can be 
ascribed to the 3D nanoarray structure with reduced resist-
ances and fully exposed redox centers along with SO3

− self-
dopants that can serve as in situ proton reservoirs to retain 
high proton concentrations in PANI and boost the redox 
process as well as enhance long life cycles.

Other than the search for ideal cathode materials, the 
exploration of stable Zn anodes is of equal if not more sig-
nificance in the development of ZIBs for large-scale energy 
storage applications [299] in which similar to many metal 
anodes including Li and Na, Zn anodes also experience infa-
mous tip-induced dendrite growth that restricts further appli-
cation in terms of safety and cycle lifespans. And although 
the use of near-neutral electrolytes can alleviate Zn dendrites 
to some extent, Zn metal anodes remain unsuitable for prac-
tical use in rechargeable battery systems in which dendritic 
growth and Zn metal anode passivation will lead to low 
reversibility and compromised ZIB energy density [300]. 
To address Zn dendrite growth, strategies such as electrolyte 
formulation, electrode modification, host construction and 
electrochemical manipulation have been developed. Here, 
the construction of 3D structured hosts to control Zn plat-
ing/stripping behavior is regarded as a promising strategy. 
For example, Zeng et al. [37] used CC as a substrate for the 
growth of CNT arrays and tested the resulting CNT/CC as a 
Zn host in half, symmetric and full cells for comparison with 
pristine CC as a control sample. The corresponding half-cell 
maintained the CE (ratio of stripping capacity to plating 
capacity) at ~ 95 to 97% in contrast to the rapid decay of 
the CE for pristine CC to 74% after 30 cycles at 2 mA cm−2 
with 2 mAh cm−2 capacity (Fig. 15f), whereas at a high 
current density of 5 mA cm−2, the CNT/CC displayed a sta-
ble CE of ~ 97.9% that was better than CC at only 90.3%. 
In addition, Zn dendrites were not observed on the smooth 
and uniformly deposited layers of the CNT/CC host dur-
ing plating/stripping. Moreover, the symmetric cell tested 
at various rates demonstrate that the Zn-deposited CNT/CC 
electrode possessed considerably lower voltage hysteresis 
than that of the CC counterpart (Fig. 15g) in which as cur-
rent reverted to low values (0.5 mA cm−2), the Zn/CNT/
CC experienced unchanged voltage hysteresis, whereas the 
Zn/CC experienced increased hysteresis, indicating the low 
polarization and high stability of the Zn/CNT/CC electrode. 
Furthermore, the full cell based on a Zn/CNT/CC anode and 
a MnO2 cathode was able to deliver a high energy density of 
126 Wh kg−1 and ultra-stable capacity with 88.7% retention 
over 1000 cycles. These researchers further simulated elec-
tric field distributions on the CNT/CC and CNT electrodes 
to uncover the 3D CNT framework as an efficient Zn host 
in which the Zn/CC electrode was revealed to possess inho-
mogeneous distribution with a high charge area near the Zn 
nucleus accompanied by uneven Zn deposition and dendrite 
growth (Fig. 15h, j), whereas the Zn/CNT/CC homogenized 

the electric field distribution with a minimized Zn nucleus 
and enabled plating without protuberance (Fig. 15i, j).

7.4 � EDLC

In contrast to typical rechargeable batteries with low power 
densities, supercapacitors as another energy storage system 
can achieve high power densities to meet the increasing 
demand for rapid charging and discharging at high power. 
Because of this, supercapacitors are widely used in electric 
vehicles, industrial power generation devices and backup 
systems. According to the charge storage mechanism, super-
capacitors can be divided into electrical double-layer capaci-
tors (EDLCs) and pseudocapacitors in which EDLCs depend 
on the accumulation/release of electrostatic charge during 
charging/discharging at the electrode/electrolyte interface, 
whereas pseudo-capacitors are based on surface Faradic 
redox reactions such as charge intercalation/de-intercala-
tion, adsorption/desorption and protonation/deprotonation 
[301]. In terms of components, although activated carbons 
are commonly used in commercial supercapacitors, their 
micropore-dominated porous structure is electrolyte-inac-
cessible and can hinder ion diffusion to lead to low capaci-
tance and power density. Alternatively, 3D HCMNs with 
hierarchical pores and continuous networks possess greater 
potential in future supercapacitors due to advantages includ-
ing high electrolyte-accessible surface areas for ion adsorp-
tion to give rise to high capacitance and energy density; 
ideal porous networks with hierarchical pores to facilitate 
ion diffusion and endow high rate performance; and mini-
mal internal resistance within electrodes, especially at the 
interface between active materials and current collectors to 
allow for high power density. Because of this, 3D HCMNs 
have been intensively studied in recent years as both the 
active material for EDLCs and the supporting framework 
for pseudocapacitive materials for pseudocapacitors [302].

7.4.1 � Microscale 3D HCMNs for EDLCs

As an example of microscale 3D HCMNs for EDLCs, Zhang 
et al. [303] studied CNT/PANI ensembles derived 3D carbon 
with 1D nanowhiskers on the 1D carbon nanofiber (CNF) 
as an EDLC electrode and reported that the 1D on 1D car-
bon architecture achieved an optimal capacitance of 210.1 F 
g−1 at 5 mV s−1 that was much higher than pure CNFs (2.6 F 
g−1) and CNTs (10.6 F g−1). Lee et al. [50] further fabricated 
3D hierarchical crumpled graphene balls in large quantities 
for assembly into a binder-free 3D macroporous network that 
exhibited superb energy density for capacitive energy stor-
age. To further improve performance, Chen et al. [63] deco-
rated hierarchical graphene balls with CNT networks and 
reported that due to accelerated mass/charge transport and 
increased contact within the electrode, the 3D hierarchical 
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carbon far surpassed pristine crumpled graphene and flat GO 
sheets in terms of both capacitance and rate capability. Fan 
et al. [61] also investigated 3D CNT/graphene sandwiches 
with CNT arrays bridging graphene layers and reported 
that the 3D carbon ensured rapid charge transport within 
the EDLC electrode to give rise to a capacitance of 385 F 
g−1 at 10 mV s−1 as well as increased capacitance after 2000 
cycles due to activation.

Researchers have also extensively applied flower-shaped 
3D carbons as EDLC electrode materials [107, 147, 195, 
197, 199, 200, 304–306] in which carbon flowers can be 
prepared based on templated synthesis, self-assembly or 
electrodeposition. As examples, Fan et al. [195] used a 
ZnO template, whereas Ding et al. [200] used an in situ 
generated Ni(OH)2 template and Ma et al. [197] used a 
Mg5(CO3)4(OH)2·4H2O template to achieve 3D carbon 
flower materials with hierarchical porous structures  for 
supercapacitors in which the carbon flower material obtained 
by Ma et al. [197] possessed advantages including a high 
surface area up to 1927 m2 g−1, multilevel macro-/meso-/
micropores, interlinked ultrasmall carbon nanocages and a 
3D conductive network, resulting in the 3D carbon display-
ing a capacitance as high as 380 F g−1 at 1 A g−1 as well as 
high rate performance with a capacitance of 312 F g−1 even 
at 50 A g−1 in the three-electrode test. Symmetric super-
capacitor based on the 3D carbon flower further demon-
strated capacitances of 288 F g−1 at 1 A g−1 and 256 F g−1 at 
10 A g−1. Besides templated synthesis, self-assembly can 
also allow for the fabrication of carbon flowers. For exam-
ple, based on hierarchically assembled PI, Xu et al. [107] 
synthesized carbon flowers which exhibited the capacitance 
of ~ 360 F g−1 at 0.5 A g−1 and 200 F g−1 at 10 A g−1 as well 
as remarkable stability for more than 10000 cycles. Liu et al. 
[147] further fabricated a carbon mint leaf structure based 
on a PAN ensemble that possessed an ultrahigh surface area 
of 3292.3 m2 g−1 and showed capacitances of 331 F g−1 
at 0.5 A g−1 and 220 F g−1 at 50 A g−1 in three-electrode 
tests. They also reported that a flexible all-solid-state asym-
metric supercapacitor based on this 3D carbon electrode 
achieved an energy density of ~ 136 Wh kg−1 at a power 
density of 28.7 kW kg−1. Moreover, Wang et al. [304] pre-
pared an ordered mesoporous carbon flower structure based 
on a carbohydrate assembly that possessed a capacitance 
of ~ 200 F g−1 at 1 A g−1 for the EDLC, whereas Li et al. 
[305] fabricated 3D carbon mesh clusters (CMCs) in the 
form of a flower consisting of atomically thick N-doped car-
bon nanosheets based on electrodeposited Zn coordination 
polymer in which the resulting 3D N-CMC demonstrated a 
superhigh capacitance of 984 F g−1 at 0.5 A g−1, superb rate 
capabilities of 541 F g−1 at 50 A g−1 and exceptional cycling 
durability with an enhanced 37% capacitance after 40000 
charge–discharge cycles in a three-electrode configuration 
in acidic media. Two-electrode symmetric supercapacitor 

based on the 3D N-CMC showcased high capacitances of 
385 F g−1 at 0.1 A g−1 and 297 F g−1 at 50 A g−1 along with 
minimal decay after 6000 charge/discharge cycles at 10 A 
g−1, which were among the best reported for EDLCs. Sun 
et al. [154] further fabricated 3D B-doped carbon super-
structures composed of vertical carbon nanosheets on gra-
phene from vertically oriented COF nanosheets grown on 
GO and reported that the resulting carbon electrode afforded 
capacitances of ~ 165 F g−1 at 0.5 F g−1 and 150 F g−1 at 15 
A g−1 with stability exceeding 3000 cycles, which were sig-
nificantly better than parallelly grown carbon nanosheets on 
graphene due to enhanced electron transfer and ion diffusion 
as a result of the vertical sheets, demonstrating the potential 
of vertical graphene for application in high-performance 
EDLCs.

7.4.2 � Macroscale 3D HCMNs for EDLCs

Vertical graphene (VG) are ideal electrode materials for 
EDLCs due to a binder-free feature and fully exposed sur-
face areas with minimized internal resistance and maxi-
mized active carbon surface utilization. For example, Seo 
et al. [307] used butter as a precursor to grow VG on Ni 
foam through PECVD as an EDLC electrode material and 
obtained a high capacitance of 230 F g−1 at 10 mV s−1 scan 
rate and negligible capacitance loss over 1500 cycles at high 
current densities. VG can also function as bridging materi-
als between graphene film active materials and nickel foam 
current collectors to greatly reduce interfacial resistance 
from limited contact points in which the vertical orienta-
tion, in-plane electrical conductivity, densely exposed edges, 
strong substrate binding and high chemical tolerance of VG 
as bridges can accelerate electron transport to endow super-
capacitors with outstanding rate and power capabilities. 
Based on this, Bo et al. [308] prepared a VG-bridged super-
capacitor that was able to maintain ~ 90% capacitance with 
a current density increase from 1 to 100 A g−1, which led to 
ultrahigh power capabilities up to 112.6 kW kg−1 even at 600 
A g−1, surpassing almost all previously reported high-rate 
EDLCs. VG-based supercapacitors can also be applied as 
alternating current line filters for electronics with superfast 
frequency responses [309–312] in which at a frequency of 
120 Hz, a VG/Ni foam-based EDLC demonstrated a phase 
angle of − 82o that was close to the ideal value (− 90o) and 
is superior to activated carbon-based EDLCs with values 
around 0o [309].

3D covalently bonded CNT/graphene hybrid with verti-
cally aligned SWCNT on graphene and a superhigh surface 
area > 2000 m2 g−1 can be further applied to EDLCs [64]. 
Because the substrate for carbon growth was also used as 
the current collector, no binders were needed for electrode 
fabrication, which reduced overall device weight to allow 
for higher gravimetric energy density. And based on the 3D 
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CNT/graphene hybrid electrode, a corresponding superca-
pacitor delivered an output voltage up to 4 V and energy 
density of more than 60 Wh kg−1, which are among the 
highest for EDLCs. Cycling tests further showed negligible 
energy loss after 5000 cycles, which can be attributed to the 
ultrahigh surface area as well as the ohmic contact between 
graphene and SWCNTs with covalent bonding at the atomic 
level.

Inspired by the structure and function of leaves on tree 
branches, Fisher et al. [313] designed a nanocarbon-based 
branch-and-leaves structure as a highly efficient and stable 
supercapacitor electrode (Fig. 16a) in which sharp-edged 
ultrathin graphene as “leaves” were arranged hierarchically 
on CNT array stems as “branches”, both of which were 
grown on CC. Here, these structures were further formed 
into tunnel-shaped arrays to facilitate charge transfer 
between the electrolyte and the electrode surface in which 
the leaf-like graphene petals (GP) can provide electrode 
stability. As a result, the CNT/GP@CC electrode achieved 
record-high performance with 30% better gravimetric 
capacitance, 30 times better areal capacitance and 10 times 
more power than carbon-based supercapacitors (Fig. 16b) 
along with 95% capacitance retention after 10,000 cycles 
(Fig. 16c). And as compared with graphene-free CNT arrays 
and pure CC electrode materials, the CNT/GP@CC further 
exhibited the highest capacitive storage as shown in CV 
curves with the largest area (Fig. 16d) as well as the fast-
est charging/discharging rates as displayed in GCD plots 
(Fig. 16e).

Jia et al. [205] prepared radically aligned porous CNT 
arrays on flexible carbon fibers using ZnO nanorod arrays 
as a template and reported that the 3D arrangement, diam-
eter and length of the CNT arrays can be adjusted through 
the fine-tuning of the ZnO template synthetic procedure 
in which the optimized 3D CNT electrode afforded a high 
specific capacitance of 182 F g−1 at 40 A g−1 under a three-
electrode configuration, whereas a symmetric supercapacitor 
based on the 3D carbon exhibited excellent cycling stability 
for over 10000 continuous cycles at 12 A g−1. Similar strat-
egies involving the ZnO-templated synthesis of 3D carbon 
electrodes for EDLCs have also been reported. For example, 
Fan et al. [204] prepared 3D Ni tube/carbon sphere hybrid 
arrays based on vertical ZnO arrays on Ni foil as electrode 
materials for a symmetric supercapacitor and achieved high 
capacitance/energy density, power density and long-term 
cycling due to the unique composition and 3D core/shell 
arrayed structure in which Ni tubes as the core can enhance 
electrical conductivity and form intimate contact with car-
bon active materials to achieve high-rate charge/discharge 
performance.

7.5 � Pseudocapacitors

In contrast to EDLCs based on the electrostatic adsorption 
of ions, pseudocapacitors relying on surface Faradaic-redox 
reactions typically show higher capacitances but lower 
power densities and shorter cycling lifespans [301] in which 
promising electrode materials with pseudocapacitive behav-
iors include RuO2, metal oxides, conducting polymers and 
Mxenes. And although promising, these electrode materials 
have yet been extensively applied due to the high cost of 
RuO2, the low capacitance of metal oxides, the poor sta-
bility of conducting polymers and the synthetic hazards of 
Mxenes [314].

7.5.1 � Conducting Polymers

In terms of conducting polymers, these materials have been 
extensively investigated in pseudocapacitors due to their 
environmental friendliness, facile preparation, adjustable 
conductivity and reversible protonation/deprotonation fea-
tures [315, 316]. In addition, suitable nanostructure designs 
and corresponding carbon material composition have been 
explored to resolve corresponding issues concerning low 
power density and poor stability. Here, the construction 
of vertical arrays can effectively extend cycle life in which 
Huang et al. [90] fabricated large-area vertically oriented 
PPy nanowire arrays (diameter: 80–100 nm) with controlla-
ble lengths (range: 1–4 μm) through electrochemical polym-
erization to present a high capacitance of 566 F g−1 and 
acceptable cycling stability with 70% retention after 300 
cycles as a pseudocapacitor electrode that were superior to 
disordered nanowire networks with lower capacitances or 
conventional films with worse cycling lifespans (Fig. 16f, g). 
The optimal performance of the PPy arrays was attributed 
to the strain relaxation effects of the nanowire arrays and 
more accessible ion diffusion pathways. Yang et al. [102] 
also grew vertical PPy nanosheet arrays on Ni foam through 
evaporation-induced self-assembly for application in flex-
ible solid-state asymmetric supercapacitors with activated 
carbon-coated Ni foam as the other electrode and reported 
a capacitance of 38 F g−1 at 0.2 A g−1, an energy density 
of ~ 14 Wh kg−1 and a power density of 6.2 kW kg−1 as well 
as good stability (~ 82% capacitance retention after 2000 
cycles).

In comparison with PPy, PANI has garnered more atten-
tion as a supercapacitor electrode material due to a higher 
theoretical capacitance. For example, Wang et al. [88] grew 
50-nm-diameter vertically aligned PANI nanowire arrays 
onto various conducting substrates (Au, Pt, stainless steel, 
graphite, etc.) through electrochemical polymerization and 
reported capacitances as high as 950 F g−1 that can be main-
tained at 780 F g−1 at 40 A g−1, which are better than values 
previously reported based on disordered PANI nanowires 
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and PPy-based materials, demonstrating the potential 
of PANI and oriented nanostructure designs for high-
power pseudocapacitors. In another example, Tong et al. 
[317] facilely synthesized PANI nanotube arrays through 
ZnO nanorod arrays-directed electrochemical polymeriza-
tion and subsequent acid etching as an electrode and reported 
mechanical flexibility and high capacitance, demonstrating 
promise for application in flexible supercapacitors.

In the past decade, researchers have started to com-
bine PANI arrays with various carbon materials such as 
microscale fullerene, CNTs and graphene as well as mac-
roscale carbon fibers, paper/films and aerogels to prepare 
3D PANI/C supercapacitor electrodes. For example, Xiong 
et  al. [318] synthesized a coral-shaped fullerene–PANI 
hybrid (C60/PANI) through the chemical copolymerization 
of aniline with phenylenediamine-functionalized C60 in 

Fig. 16   3D HCMNs for supercapacitors. Bio-inspired hybrid carbon 
nanostructure for supercapacitors. a Schematic of CNT/GP micro-
conduits in a leaves-on-branchlet nanostructure on CC substrates. b 
Specific capacitance and capacitance retention. c Charge/discharge 
cyclic stability. d Comparative CV curves. e Comparison of areal 
specific capacitances. Reprinted with permission from Ref. [313]. 
Copyright © 2018, Springer Nature. Conducting polymer nanow-
ire arrays for supercapacitors. f Schematic comparing ion diffusion 
in PPy films, NW networks and NW arrays. g Stability of PPy with 
varying morphology. Ref. [90]. Copyright © 2010, Royal Society of 

Chemistry. TiN@GNS cathode and Fe2N@GNS anode for asymmet-
ric supercapacitors. h Schematic of TiN-Fe2N ASC. i Ragone plots 
of quasi-solid-state TiN-Fe2N ASC. Reprinted with permission from 
Ref. [327]. Copyright © 2015, John Wiley and Sons. Ultrathin MoS2 
nanosheets anchored onto N-doped carbon microspheres for pseudo 
supercapacitors. j Schematic of the application of MoS2/N-NPCM 
battery-type anodes. k-l FESEM images. m Electrochemical proper-
ties of individual electrodes and full devices. Reprinted with permis-
sion from Ref. [334]. Copyright © 2019, John Wiley and Sons
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which the porous C60/PANI coral was constructed based on 
interconnected nanofibers with low crystallinity to enhance 
ionic conductivity, whereas the covalent bonding of C60 with 
PANI can result in strong electron-withdrawing property to 
enhance electrical conductivity and electrochemical stabil-
ity. As a consequence, the obtained C60/PANI showed much 
higher capacitance (776 F g−1 for C60/PANI as compared 
with 492 F g−1 for PANI at 1 mA cm−2), better specific 
power and energy densities and superior cycling stability 
as compared with pristine PANI. Wang et al. [93] further 
grew ordered whisk-like PANI nanoarrays onto mesoporous 
carbon for application in pseudocapacitors and obtained high 
capacitances of 900 F g−1 at 0.5 A g−1 and 768 F g−1 at 5 
A g−1 as well as long cycling stability for over 3000 cycles 
with only 5% loss.

In another example, Malik et al. [319] composited 3D 
CNT film-supported vertically aligned N-doped CNT arrays 
with PANI nanolayers and obtained binder-free PANI/NCNT 
electrodes that demonstrated a capacitance of 359 F g−1 at 
1.56 mA cm−2 and high-rate capabilities with 82% capaci-
tance retention at 46.87 mA cm−2. A corresponding flexible 
symmetric supercapacitor further presented a capacitance 
of 128 F g−1 at 2.47 A g−1 and capacitance decays less than 
8% after 10000 cycles even at a high current density of 24.7 
A g−1. Other CNT-based substrates including CNT carbon 
fibers and CNT paper have also been applied for the vertical 
growth of PANI arrays to manufacture 3D electrodes for 
all-solid-state flexible symmetric supercapacitors [320, 321].

Alternatively, VG arrays on CC can function as substrates 
for the conformal deposition of PANI nanolayers. For exam-
ple, Xiong et al. [322] obtained a PANI/VG/CC hybrid elec-
trode that yielded a near-theoretical gravimetric capacitance 
of 2000 F g−1 (based on PANI), an areal capacitance of ~ 2.6 
F cm−2, a volumetric capacitance of ~ 230 F cm−3 at 1 A g−1 
and capacitances greater than 1200 F g−1 for currents up to 
100 A g−1, which is equivalent to an optimal energy density 
of ~ 110 Wh kg−1 and a power density of 265 kW kg−1 at 
100 A g−1, along with good cyclic stability with 93% ini-
tial capacitance retention after 2000 cycles. Based on two 
PANI/VG/CC electrodes, an all-solid-state flexible superca-
pacitor further achieved excellent capacitive performances. 
Aside from VG arrays, graphene oxide nanosheets, graphene 
membranes and aerogels have also been explored to enhance 
PANI performance [94, 99, 323].

The rational design of composites based on conducting 
polymers and metal oxides can further provide opportu-
nities to enhance pseudocapacitors. In one representative 
example, Wang et  al. [324] prepared large-area single-
walled PPy nanotube arrays and multi-walled MnO2/PPy/
MnO2 nanotube arrays with controllable structures through 
template-assisted electrodeposition in which the diameters, 
lengths and wall thicknesses of the nanotubes can be fine-
tuned and reported that in the MnO2/PPy/MnO2 arrays, the 

PPy nanolayers can act as high-speed electrically conductive 
pathways to closely connect MnO2 shells and facilitate redox 
reactions in the double MnO2 shells, the design of multi-
walled nanotube arrays enabled easy access to electrolytes 
and rapid charge transport to result in high capacitances, 
large energy and power densities and excellent long-term 
cycling stability. Based on this, this method can potentially 
be applied in other composites of metal oxides and conduct-
ing polymers to achieve multifunctional micro/nanostruc-
tured hybrids.

7.5.2 � Metal‑Containing Carbon Hybrids

Transition metal-based materials, particularly metal oxides, 
have been extensively explored as electrodes for pseudoca-
pacitors. And although transition metal-based supercapaci-
tor electrodes face major challenges such as low specific 
capacitance and poor electrical conductivity, the coupling 
of these metal-containing species with 3D carbon substrates 
can synergistically enhance electrochemical performance in 
which CNTs, graphene and corresponding hybrids have been 
employed as efficient conductivity and performance enhanc-
ers. For example, Zhang et al. [325] grew MnO2 nanoflowers 
onto VACNT arrays through electrodeposition to prepare 
binder-free MnO2/VACNT pseudocapacitor electrodes and 
obtained a gravimetric capacitance of 199 F g−1 and a volu-
metric capacitance of 305 F cm−3 as well as rate capability 
with 50.8% capacity retention at 77 A g−1 and cyclic stability 
with 97% capacitance retention after 20000 cycles. A similar 
strategy was adopted by Zhang et al. [326] to prepare vana-
dium nitride/CNT arrays for pseudocapacitors to achieve a 
specific capacitance of 289 F g−1 and rate performances up 
to 1000 mV s−1. Aside from VACNT arrays, VG arrays are 
also effective conductive supports. For example, Zhu et al. 
[327] homogeneously grew Fe2N and TiN metal nitrides 
onto VG arrays through atomic layer deposition (Fig. 16h) 
and used the obtained Fe2N@VG and TiN@VG as the anode 
and cathode in an all-solid-state supercapacitor, respectively, 
to achieve a capacitance of ~ 58 F g−1 at 4 A g−1 and long 
cycling stability up to 20000 cycles as well as high energy 
(gravimetric: ~ 15.4 Wh kg−1, volumetric: ~ 0.51 mWh cm−3) 
and power densities (gravimetric: ~ 6.4 kW kg−1; volumet-
ric: ~ 211.4 mW cm−3; Fig. 16i). Xiong et al. [328] further 
used 3D CNT/graphene hybrids for transition metal-based 
pseudocapacitive storage in which VGA were grown on 
CNT bulky paper through CVD as a substrate for the elec-
trodeposition of a MnO2 thin layer in which the final binder-
free MnO2/VGA/CNT composite as an electrode material 
for a supercapacitor provided a high capacitance of 580 F 
g−1, an energy density of 28 Wh kg−1 and a power density 
of 25 kW kg−1 at 50 A g−1 along with good cyclability. 
Here, DFT calculations revealed that the vertical orienta-
tion of graphene accelerated ion diffusion whereas the 
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covalently connected MnO2 and graphene favored charge 
transfer, all of which contributed to high-performance. 3D 
pillared VACNT–graphene structures have also been used 
to improve the capacitive storage performance of Ni(OH)2 
electrode materials [62].

More recently, MOFs have been investigated as super-
capacitor electrode materials due to capacitive storage 
potentials based on the combination of metal species with 
organic ligands. For example, Yang et al. [169] prepared 
flower-shaped Zn-doped Ni-MOFs through a wet chemical 
approach as a supercapacitor electrode material in which an 
optimized MOF with a Zn/Ni ratio of 0.26 exhibited specific 
capacitances of 1620 F g−1 at 0.25 A g−1 and 860 F g−1 at 
10 A g−1 as well as small capacitance losses of 9% over 
3000 cycles that can be ascribed to the hierarchical structure, 
expanded interlayer spacing and rich porosity of the mate-
rial. Jiao et al. [170] subsequently enhanced this Ni-MOF 
electrode through the partial substitution of Ni with Co to 
achieve an ultrahigh energy density of 61.8 Wh kg−1 at a 
power density of 725 W kg−1 accompanied by a long cycling 
lifespan of over 5000 cycles in which the better performance 
can be attributed to Co substitution with increased electronic 
conductivity, higher specific surface area and pore enlarge-
ment in the bimetallic MOF. Yang et al. [173] further fab-
ricated an accordion-like Ni-MOF capacitive electrode and 
achieved high capacitances of 988 F g−1 at 1.4 A g−1 and 
823 F g−1 at 7.0 A g−1 as well as prolonged cycling with neg-
ligible loss over 5000 cycles. This accordion-like Ni-MOF 
capacitive electrode was also assembled into a flexible solid-
state asymmetric supercapacitor with activated carbon as a 
counter-electrode to achieve a capacitance of 230 mF cm−2, 
long-term cycling stability for more than 5000 cycles with 
a maximum energy density of 4.18 mWh cm−3 and a power 
density of 231.2 mW cm−3. Zhang et al. [329] also coated 
Mn-MOF with a layer of MnOx nanoflower through rapid 
reaction with NH4F additive to achieve threefold enhance-
ment in capacitance (1200 F g−1 vs. ~ 300 F g−1 at 10 A g−1) 
in comparison with pristine Mn-MOF in which a flexible 
supercapacitor based on the MOF-MnOx and an activated 
carbon electrode showed optimal specific capacitance and 
energy density among MOF-based supercapacitors.

Aside from direct use as an active material, MOFs can 
also be converted into carbon or carbon-based hybrids for 
supercapacitors. For example, Guan et al. [185] grew Co-
MOF nanowall arrays onto a CC substrate to accommodate 
an ion exchange and carbonization process to generate 
NiCo2O4/C arrays for flexible supercapacitors in which ben-
efiting from the ultrathin nanosheet arrays with a hollow and 
porous structure on a conductive substrate, the constructed 
flexible supercapacitor enabled a high energy density of 
31.9 Wh kg−1 at 2.9 kW kg−1, a maximum power density 
of 22.9 kW kg−1 and extended cycling. In another exam-
ple, Huang et al. [330] used MOF-derived carbon nanowall 

arrays for the secondary growth of vanadium nitride and 
Na0.5MnO2 as the anode and the cathode, respectively, in 
an asymmetric supercapacitor to obtain high capacitance 
and good stability in which the assembled aqueous super-
capacitor achieved a 2.6 V voltage window, an ultrahigh 
energy density of 96.7 Wh kg−1, a high power density of 
1.29 kW kg−1 and excellent durability for over 10000 cycles, 
which surpassed most reported water-based supercapaci-
tors and were even comparable to organic electrolyte-based 
supercapacitors.

7.6 � Hybrid Metal‑Ion Capacitors

Hybrid metal-ion capacitors (HMICs) involving the com-
bination of supercapacitor cathodes with battery anodes 
can simultaneously achieve high energy density and power 
density in a variety of applications ranging from portable 
electronics to electric vehicles [331]. And although lithium 
ion capacitors (LICs) have been extensively investigated and 
can present a typical energy density of ~ 30 Wh kg−1, sodium 
ion capacitors (NICs) and potassium ion capacitors (KICs) 
have attracted increasing attention in recent years due to 
the elemental abundance of Na and K. Despite this, kinetic 
differences between battery anodes and capacitor cathodes 
in HMICs hinder application, especially sluggish Faradaic 
reactions on the battery side [331]. To address this, tremen-
dous efforts have been dedicated to the design of 3D hier-
archical structured electrodes with short diffusion pathways 
for electron and ion transport.

For example, Wang et al. [224] grew GDY nanowall 
arrays onto Cu foil as a LIC anode and obtained a high 
capacitance of ~ 208 F g−1 over 10000 cycles at 1 A g−1. 
And as coupled with an activated carbon cathode at a 
wide voltage range of 2–4 V, the resulting LIC manifests a 
high energy density of 217 Wh kg−1 at a specific power of 
150 W kg−1. PI superstructures and nanoarrays can also be 
applied to hybrid supercapacitors. For example, Cui et al. 
[332] applied N-doped carbon spheres derived from self-
assembled PI as a LIC anode and reported that the opti-
mized electrode delivered specific capacities of 328.3 and 
48.2 mAh g−1 at 10 mA g−1 and 10 A g−1, respectively. And 
if coupled with an activated carbon cathode, the spherical 
carbon electrode provided an energy density of 28.5 Wh 
kg−1 at 348 W kg−1 based on both electrodes. Zhang et al. 
[333] also prepared a LIC based on the direct use of PI-
derived N-doped carbon flowers (NCFs) as an anode and 
KOH-activated NCF with high surface areas up to 2007 m2 
g−1 as the cathode and reported that due to the superstruc-
tured electrode materials and the porous current collector, 
the LIC displayed energy densities as high as 95.08 Wh 
kg−1 together with long cycling stability for 5000 cycles at 
a fading rate of only ~ 0.004% per cycle. Jiang et al. [334] 
subsequently in situ grew MoS2 onto NCF with expanded 
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interlayer distance to act as a LIC anode (Fig. 16j) in which 
the typical MoS2/NCF hybrid morphology involved numer-
ous ultrathin MoS2 nanosheets standing on a spherical 
flower-like carbon superstructure (Fig. 16k, l) and reported 
that if coupled with an activated carbon cathode, an assem-
bled LIC can provide a high energy density of 120 Wh kg−1 
with 85.5% performance retention over 4000 cycles, which 
is better than most reported LICs in literature (Fig. 16 m).

Beyond LICs, 3D PI and derived carbons have also been 
applied as electrodes for NICs and KICs. For example, 
Zhang et al. [335] fabricated an aqueous NIC using PI as the 
anode, PI-derived porous carbon as the cathode and 17 M 
NaClO4 in water as the super concentrated electrolyte and 
obtained a working voltage of 2.0 V, a high energy density 
of 65.1 Wh kg−1, a power density of 20 kW kg−1 and good 
stability with 14% capacity decay over 1000 cycles. Zhao 
and coworkers [336] also applied PI in a non-aqueous NIC 
with a working voltage of 4.2 V to obtain a maximum energy 
density of 66 Wh kg−1 and a power density of 1200 W kg−1. 
The same group [337] further enhanced the capacity of PI 
from 50 mAh g−1 to 225 mAh g−1 through growth onto 3D 
rGO gels in which a flexible NIC fabricated based on the 
freestanding PI/rGO–rGO composite as the anode and rGO 
as the cathode afforded a high energy density of 55.5 Wh 
kg−1 at 395 W kg−1. In another study, Nie et al. [338] fabri-
cated a KIC based on PI-derived NCF as the anode and acti-
vated NCF as the cathode and obtained a maximum energy 
density of 90.1 Wh kg−1, a power density of 3000 W kg−1 
and long-term cycling up to 5000 cycles with ~ 100% CE.

Fan et al. [339] also reported the use of 3D carbon-sup-
ported VO2 as the anode and Na3V2(PO4)3 as the cathode 
for a NIC. Here, the 3D carbon was composed of carbon 
nanosheet arrays derived from MOF arrays on CC with rich 
oxygen/nitrogen-containing functional groups that can allow 
for the easy binding of metal ions through coordination or 
electrostatic interactions. As a result, a solid-state hybrid 
NIC using the flexible binder-free electrodes coupled with 
a gel polymer electrolyte provided high energy densities 
(gravimetric: ~ 161 Wh kg−1; volumetric: 8.83 mWh cm−3) 
and power densities (gravimetric: 24 kW kg−1, volumetric: 
1.32 Wh cm−3) that surpassed most previously reported 
NICs.

7.7 � Device Configuration

Recently, portable and wearable electronics have become 
increasingly important and require miniaturized, light, safe, 
durable and integrated devices [340, 341]. To power these 
devices, the development of miniaturized energy storage 
devices (MESDs) that are in the centimeter or even mil-
limeter scale with working electrodes in the micron scale 
is crucial. Here, MESDs can be divided into fiber, in-plane 

and 3D configurations [341], and this section will briefly 
discuss the recent progress of 3D HCMNs for miniaturized 
supercapacitors.

Fiber-like supercapacitors Flexible fiber-shaped super-
capacitors (Fig. 17a) have been extensively investigated in 
recent years to meet the demands of modern flexible and 
stretchable electronics [342]. For example, Wang et al. [100] 
prepared a fiber-shaped supercapacitor involving the two-ply 
CNT yarn grown with PANI nanowire arrays as the elec-
trodes and salt-containing PVA gel as the electrolyte that 
was flexible and can be easily woven into fabrics for weara-
ble electronics to obtain an areal capacitance of 38 mF cm−2 
that was 16-fold greater that of pristine CNT yarn (~ 2.3 
mF cm−2) as well as 91% capacitance retention after 800 
cycles. Xiong et al. [343] also used a special paper-wrap-
twist-fiber device structure containing VG grown on carbon 
fiber as a negative electrode, MnO2 nanosheets grown on 
CNT paper as the positive electrode and PVA with KOH/
H3PO4 as the electrolyte and separator to prepare an all-
solid-state asymmetric fiber supercapacitor that showcased 
large capacitance, mechanical flexibility, good stability and 
high energy and power densities, which these researchers 
attributed to the edge-on carbon structure and the rationally 
designed device architecture. Dai et al. [66] further designed 
and fabricated 3D graphene–CNT hollow fibers with cova-
lent connections between the graphene layers and the aligned 
CNT arrays as an electrode material for an all-solid-state 
wire-shaped supercapacitor to obtain a record-high areal 
capacitance of 89.4 mF cm−2 and a line capacitance of 23.9 
mF cm−1 that were much better than other fiber-like super-
capacitors, which can be attributed to the high surface area 
and minimized interfacial resistance of electrode materials. 
Moreover, these fiber supercapacitors can be integrated in 
series or parallel to increase output potential and/or cur-
rent in which the electrochemical performance of three 3D 
graphene–CNT fiber-based supercapacitors connected in 
series (Fig. 17b) provided an increased voltage from 0.8 to 
2.4 V with no change in capacitance (Fig. 17c, d). In another 
example, Peng et al. [118] prepared a fiber-shaped asym-
metric supercapacitor (FAS) using PI nanosheet arrays on 
CNT fiber as the negative electrode and hierarchical MnO2 
nanosheet-coated CNT fiber as the positive electrode to 
achieve a large voltage window of 2.1 V, a high areal energy 
density of 36.4 μWh cm−2 and a power density of 15.6 mW 
cm−2 at 30.2 μWh cm−2 along with long-term cycling, high 
rate performances and excellent flexibility.

Micro-supercapacitors In recent years, micro-superca-
pacitors (Fig. 17e) have also been regarded as promising 
micro-battery replacements or energy harvester compen-
sators to power microelectronics [340]. For example, Wei 
et  al. [96] combined “top-down” photolithography and 
“bottom-up” in situ polymerization approaches to grow 
PANI arrays onto interdigital electrodes on flexible polymer 
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films for micro-supercapacitors in which the resulting flex-
ible micro-supercapacitor displayed an ultrahigh volumetric 
capacitance of 588 F cm−3 as well as good rate capabilities 
and reduced leakage current. These devices can further be 
integrated in series or parallel to output higher voltages or 
currents. Through simple laser writing, Tour et al. [123] 
prepared micro-supercapacitors on PI membranes that used 
interdigital electrodes containing the vertically aligned 
laser-induced graphene fiber (LIGF) up to 1 mm in height 
(Fig. 17f) and reported that the micro-supercapacitor based 
on the LIGF/LIG hybrid showed the highest capacitance, 
whereas a micro-supercapacitor based on LIGF showed 50% 
higher capacitance as compared with a micro-supercapacitor 
based on LIG (Fig. 17g).

Integrated system Integrated energy systems have become 
more prominent in recent years in which ideal integrated 
energy systems should combine energy conversion, energy 
storage and sensors in one. Due to fabrication complexities 
however, only a few integrated energy systems have been 
achieved, including self-powered LIBs, self-charging super-
capacitors and smart windows [342]. For example, Wang 
et al. [98] proposed a concept device called the Energy Stor-
age Smart Window (ESS window) through the integration of 
a solar cell with a supercapacitor (Fig. 17h) in which under 
sunlight, solar energy can be stored into the ESS window 
to gradually darken its color until the strong sunlight is cut-
off. Based on this, this smart device can provide energy for 

devices such as cell phones and screens. In addition, because 
the color of the window lightens after energy consump-
tion, it is a good indicator of power level in corresponding 
energy storage devices and in turn can provide the possible 
control of light transmission. Here, the fabrication of the 
sandwich-like supercapacitor involved the spin coating of 
a PET film surface as the substrate with PEDOT:PSS as a 
current collector followed by the in situ polymerization of 
PANI nanowire arrays as the active material onto the current 
collector and the coating of a H2SO4-PVA gel electrolyte 
onto the electrode surface (Fig. 17i, j), which will result in 
a device that shows a yellow green color if fully discharged 
(0 V) and a dark blue color if fully charged (1 V, Fig. 17k).

8 � 3D HCMNs for Catalysis

8.1 � Electrocatalysis

See Fig. 18.

8.1.1 � ORR

Fuel cells are energy storage devices that rely on cathodic 
oxygen reduction and anodic oxidation. Unlike anodic 
hydrogen oxidation with relatively fast kinetics, cathodic 
oxygen reduction reactions (ORRs) are sluggish and thus 

Fig. 17   3D HCMNs for miniaturized supercapacitors with different 
configurations and functions. Fiber-like supercapacitors. a Reprinted 
with permission from Ref. [341]. Copyright © 2018, Royal Society of 
Chemistry. 3D CNT/graphene for all-solid-state fiber-shaped super-
capacitors. b Schematic of a three-wire supercapacitor connected in 
series and corresponding c CV curves and d GCD curves. Reprinted 
with permission from Ref. [66]. Copyright © 2015, American Asso-
ciation for the Advancement of Science. Micro-supercapacitors. e 
Reprinted with permission from Ref. [341]. Copyright © 2018, Royal 

Society of Chemistry. Laser-induced graphene for solid state micro-
supercapacitors. f SEM image of the LIG-LIGF-MSC. g Capacitance 
comparison between LIG samples. Reprinted with permission from 
Ref. [123]. Copyright © 2017, Elsevier. Integrated system. h Energy 
Storage Smart Window. i Photograph showing a single electrode with 
certain transmission. j Morphology of PANI arrays. k Images of the 
device under different potentials. Reprinted with permission from 
Ref. [98]. Copyright © 2012, Royal Society of Chemistry
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play a decisive role in fuel cell performance. And this slug-
gishness necessitates the use of electrocatalysts such as 
noble metal-based catalysts, which however are expensive 
and scarce, hindering the widespread commercialization of 
fuel cells. Because of this, the development of cost-effective 
non-noble metal catalysts is required and has resulted in 
considerable progress in the past decade such as metal-free 
catalysts, carbon-rich nanohybrid catalysts and single-atom 
catalysts [11, 344, 345].

Metal-free catalysts Dai et  al. [31] were the first to 
prepare N-doped VACNTs through CVD as a metal-free 
carbon-based ORR catalyst that followed the four-electron 
pathway for ORR to provide enhanced electrocatalytic activ-
ity and stability as compared with Pt as well as better tol-
erance to crossover effects in alkaline fuel cells in which 
the exceptional performances were ascribed to the modified 
electronic structure of CNTs after electron-withdrawing N 
atom incorporation and NCNT vertical alignment. Subse-
quently, many metal-free carbon electrocatalysts with single 
or multiple dopants (N, P, S, O, B, F, etc.) and optimized 
micro/nanostructures have been developed [346]. For exam-
ple, Guo et al. [347] grew VA-NCNTs onto carbon nanofib-
ers to achieve a freestanding NCNT/CNF composite as an 
efficient ORR catalyst through the pyrolysis of pyridine over 
CNF film with a pre-loaded Fe catalyst in which the result-
ing 3D NCNT/CNF enabled more efficient alkaline ORR 
catalysis and demonstrated superior stability and methanol 
resistance as compared with powdery NCNT, CNT/CNF and 
Pt/C catalysts due to pyridinic-N doping and a binder-free 
hierarchical structure. Che et al. [348] further used an AAO-
templated route to prepare N-doped carbonaceous nanotube 
arrays with an inner diameter of ~ 200 nm for ORR by infil-
trating PAN into the template followed by etching-pyrolysis 
and reported that the resulting macroporous tubular structure 
can facilitate mass transfer whereas electron-rich N doping 
can activate the π electrons of sp2 carbon materials to lead 
to better catalytic performances than Pt/C catalysts, includ-
ing more positive onset potentials and half-wave potentials, 
higher reaction currents along with a four-electron-transfer 
reduction pathway. Yu et al. [349] also prepared P and N 
co-doped vertically aligned CNT arrays through injection-
assisted CVD for ORR and obtained good catalytic activity 
and long-term durability that outclassed single doped coun-
terparts such as P-doped or N-doped CNT arrays. Similarly, 
Zhu et al. [350] reported that the direct pyrolysis of nitro-
gen and phosphorus-containing polymers in the presence 
of nickel foam can result in N, P-dual-doped CNT arrays 
with open-ended structures and large hollow pores that can 
provide easily accessible active sites to render superior cata-
lytic ORR activity which is better than previously reported 
N, P-dual-doped CNTs and is comparable to Pt/C but with 
much better methanol/CO tolerances and stability due to the 
synergistic effects of dual doping and the 3D structure.

Besides macroscopic vertical carbon arrays, microscale 
hierarchical carbons are also being actively investigated as 
ORR catalysts. For example, Xu et al. [107] derived N-doped 
porous carbon superstructures (NPCs) with various morphol-
ogy including flower (NCP-F), disk (NCP-D) and lantern 
(NPC-L) from hierarchically assembled polymers as high-
efficient ORR electrocatalysts (Fig. 18a) as well as spherical 
carbon particles (NPC-S) for comparison and reported that 
in terms of half-wave potential and diffusion-limiting cur-
rent density (Fig. 18b), the ORR activity trend followed in 
the order of: Pt/C (0.85 V, 5.6 mA cm−2) ≈ NPC-F (0.84 V, 
5.5 mA cm−2) > NPC-D (0.80 V, 5.1 mA cm−2) > NPC-L 
(0.81 V, 4.8 mA cm−2) > NPC-S (0.67 V, 4.5 mA cm−2). 
They also reported that the electron transfer number of 
NPC-F at 3.67–3.94 over a potential range of 0.0–0.8 V 
(Fig. 18c) was higher than other NPCs (less than 3.5 transfer 
electrons) and signified a four-electron transfer mechanism 
for ORR catalysis. Chronoamperometric testing further veri-
fied the excellent durability and methanol tolerance property 
of NPC-F that were much better than Pt/C catalysts. Over-
all, the exceptional ORR performances of the NPC-F were 
among the best for metal-free electrocatalysts and can be 
attributed to its optimal surface area with its mostly open 
structure and maximum exposed active sites. Li et al. [351] 
also prepared 3D flower-shaped N-doped carbon through 
the one-step high temperature annealing of ferrocene and 
melamine in which N dopant was modulated by pyrolysis 
temperature and pyridinic-N species were determined to be 
the active sites for ORR. Huang et al. [352] further use a 
silica-urchin-templated approach to synthesize uniformly 
sized 3D hierarchical N-doped carbon nanoflowers (NCNFs) 
with ample mesopores and a large surface area of 907 m2 g−1 
as well as a high pore volume of 1.85 cm3 g−1. As a result, 
the NCNF exhibited remarkable electrocatalytic activities 
approaching Pt/C (20 wt%) but with much better durability. 
These researchers also doped S into the NCNF by charging/
discharging in Li–S batteries and reported that the resulting 
sample demonstrated superior ORR activity to Pt/C with 
enhanced onset and half-wave potentials as well as limiting 
current densities. In another study, Yamauchi et al. [353] 
prepared a 3D carbon electrocatalyst with a conductive gra-
phitic structure and abundant N dopants through the pyrol-
ysis of MOF-derived graphitic carbon@COF core–shell 
hybrids in which COF shells can serve as precursors to form 
N-doped porous carbon whereas ZIF-67 cores can derive 
graphitic carbon, resulting in a core–shell heterostructure 
that allowed for high ORR activity with comparable onset 
and half-wave potentials (0.923 V, 0.841 V) but superior 
stability to Pt/C catalyst.

Carbon-based hybrid catalysts Apart from metal-free 
catalysts, 3D carbons can also function as catalyst sup-
ports for electroactive components such as metals, metal 
sulfides and carbides [354, 355]. For example, Xu et al. 



313Electrochemical Energy Reviews (2021) 4:269–335	

1 3

Fig. 18   3D HCMN-based electrocatalysts for ORR, OER and Zn-air 
batteries. N-doped porous carbon superstructures (NPCs) for ORR. a 
PI-derived carbon with various morphology, including flowers (NPC-
F), disks (NPC-D), lanterns (NPC-L) and spheres (NPC-S). b Polari-
zation curves, c electron transfer numbers and generated hydrogen 
peroxides of NPCs. Reprinted with permission from Ref [107]. Copy-
right © 2016, John Wiley and Sons. O and N atom coordinated Mn 
active sites dispersed on 3D graphene framework for ORR. d FESEM 
and e TEM images of Mn/C-NO showing atomically dispersed 
MnNOx active sites on hollow urchin-shaped carbon. f Mn K-edge 
EXAFS of Mn/C-NO, Mn foil and MnO/C. g Polarization curves of 
ORR catalysts. Reprinted with permission from Ref. [163]. Copyright 
© 2018, John Wiley and Sons. Metal oxide/carbon (MOx/C, M = Co, 
Ni, and Cu) nanoarrays with 1D, 2D or 3D building units for OER. 

h Schematic of MOF-derived multidimensional MOx/C arrays grown 
on Ni foil. i Polarization curves and j Tafel plots of 1D, 2D and 3D 
MOx/C arrays as well as IrO2 and 2D MOx. Reprinted with permis-
sion from Ref. [361]. Copyright © 2018, American Chemical Soci-
ety. Cobalt oxide hollow nanoparticle-embedded hierarchical porous 
carbon nanosheet arrays (Co3O4−x HoNPs@HPCNS) for portable Zn-
air batteries. k Schematic of the home-made portable Zn-air battery, l 
discharge behaviors under different currents and corresponding power 
density curves, m voltage–capacity plots of portable Zn-air batteries 
based on Co3O4−x HoNPs@HPCNS or noble metal coupled cathodes. 
Inset of m shows the lighting LED applications of two Zn-air batter-
ies. Reprinted with permission from Ref. [187]. Copyright © 2019, 
John Wiley and Sons
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[174] constructed a N and S dual-doped honeycomb-like 
porous carbon structure embedded with Co9S8 nanoparti-
cles through a MOF encapsulation–carbonization approach 
in which thiourea and CoCl2 were homogeneously encapsu-
lated into MOF internal pores and subsequently carbonized 
to 3D Co9S8/carbon hybrids. As such, the hybrid manifested 
optimal catalytic performances among cobalt sulfide-based 
catalysts for alkaline ORR, which can be attributed to the 
hierarchical honeycomb-like open structure with large sur-
face area and pore volume as well as the suitable graphiti-
zation degree and high content of uniformly distributed 
active species with synergetic interactions. Li et al. [193] 
applied a MOF@ LDH derived Co-containing carbon super-
structure with a nanoplate-supported honeycomb network 
for ORR in which MOF polyhedra were strongly immobi-
lized on LDH and transformed into a carbon honeycomb 
network through pyrolysis. And with the resulting highly 
active sites including N–C and Co–N–C as well as a large 
surface area and hierarchical porous structure, the 3D Co/C 
hybrid showcased excellent ORR activities with a 0.94 V 
onset potential and 0.83 V half-wave potential along with 
long-term stability that surpassed Pt/C. Guan et al. [164] 
further prepared dual-MOF-derived porous carbon matrix 
supported N-doped CNT arrays embedded with iron car-
bide nanoparticles (Fe3C@NCNT) as an advanced ORR 
electrocatalyst and reported that the dual-MOF precursor 
ensured the conformal space-confined carbonization of the 
MIL-88B nanorods to give rise to ultrasmall Fe3C nanopar-
ticles-embedded NCNTs without aggregation that cannot be 
attained through the direct pyrolysis of only MIL-88B. Con-
sequently, the Fe3C@NCNT possessed a hierarchical open 
structure as well as homogeneously dispersed ultrafine Fe3C 
nanocrystals and a conductive porous carbon superstructure 
with rich N doping to allow for striking electrocatalytic ORR 
activities that were comparable to Pt/C in basic media.

single-atom catalysts Single-atom catalysts possessing 
unique coordination structures, optimal metal utilizations 
and unparalleled activity have been considered as potential 
alternatives to noble metal catalysts [356]. For example, by 
carbonizing MOF–guest composites, Zhu et al. [175] atomi-
cally dispersed N and Fe dopants into hierarchical porous 
carbon architectures in which the Fe K-edge of the extended 
X-ray absorption fine structure (EXAFS) data suggested a 
Fe–N shell with a coordination number of 2.7 and a bonding 
length of 2.01 Å, while Fe–Fe and Fe–C interactions were 
confirmed by both XANES and TEM characterizations. The 
interactions between metallic Fe and the FeNx coordination 
structure can benefit oxygen adsorption to enhance ORR 
catalytic activity. In addition, the 3D honeycomb-like open 
structure with its hierarchical pores and the fully exposed 
and atomically distributed high-density Fe-based active sites 
within the final sample can enable catalytic performances 

superior to commercial Pt/C and state-of-the-art noble-
metal-free catalysts toward alkaline ORR in terms of onset 
and half-wave potential as well as durability. And although 
Mn-based catalytic sites are generally considered to be less 
efficient as compared with commonly known Fe- and Co-
based active sites for ORR, natural Mn-based biocatalysts 
can achieve highly efficient oxygen reduction. Inspired by 
Mn cofactors in heme–copper oxygen reductases enzymes, 
Chen et al. [163] designed 3D carbon-supported atomically 
dispersed Mn-coordinated O and N active centers derived 
from Mn-based MOFs in which the atomic dispersion of Mn 
single sites onto the 3D urchin-shaped carbon superstructure 
was revealed using aberration-corrected high-angle annu-
lar dark-field scanning transmission electron microscopy 
(HAADF-STEM, Fig. 18d, e) and EXAFS (Fig. 18f). As 
a result, the biomimetic catalyst demonstrated exceptional 
alkaline ORR activity with a half-wave potential of 0.86 V 
that is superior to the Pt/C catalyst (0.82 V, Fig. 18g) and 
is ranked as one of the best Mn-based catalysts, which can 
be ascribed to the abundant single-atom Mn-N/O sites, the 
3D hierarchical, hollow structure and the enhanced electri-
cal conductivity from carbon encapsulation. DFT calcula-
tions further indicated that the d-electron orbitals of Mn can 
be modified through coordination with O and N atoms to 
accommodate reasonable electronic interactions with oxy-
gen-bearing intermediates including O*, OH* and OOH* 
and therefore improve catalytic performance. In particular, 
the Mn-N3O1 active sites demonstrated the fastest ORR 
kinetics and highest activity.

8.1.2 � OER and Bifunctional Catalysts for Zn‑Air Batteries

Due to the use of mild zinc metals and water-based elec-
trolytes (e.g., 6 M KOH), Zn-air batteries with an ultrahigh 
theoretical energy density of 1084 Wh kg−1 are regarded 
as cheap, safe and environmentally friendly energy storage 
systems [357, 358]. In terms of the development of recharge-
able Zn-air batteries, both ORR during discharge and slug-
gish oxygen evolution reactions (OER) during charge need 
to be addressed. Similar to ORR, optimal OER catalysts are 
based on precious metals such as IrO2 and RuO2 in which 
the replacement of these noble metals is required for com-
mercialization. In addition, practical metal-air batteries 
require active and durable air electrodes toward both ORR 
and OER in the form of bifunctional catalysts. Based on this, 
enormous efforts have been devoted to the search for earth 
abundant and cost-effective OER and ORR/OER bifunc-
tional catalysts with high activity and stability. Among these, 
3D HCMNs derived from different sources have been inten-
sively investigated as not only metal-free active catalysts, but 
also robust catalyst supports for other components including 
metal, metal oxide, metal hydroxide and even single-atom 
catalysts [354, 355, 357, 359].
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3D g-C3N4 Catalysts Ma et al. [141] prepared a metal-free 
3D g-C3N4-based flexible bifunctional electrocatalyst for an 
oxygen electrode through the direct growth of phosphorus-
doped g-C3N4 (P-g-C3N4) on carbon fiber paper (CFP) to 
result in a P-g-C3N4 with a nanoflower structure composed 
of thin nanosheets (~ 3 nm thickness) strongly coupled with 
CFP to afford a 3D hierarchical hybrid with substantial N 
and P doping (N: 13.2 wt%; P: 0.9 wt%) as well as superb 
catalytic activity (reversible oxygen overpotential of 0.96 V) 
and durability towards ORR and OER that are superior to 
P-free counterpart (1.06 V) and CFP-supported Pt catalyst 
(1.02 V). The extraordinary activity, stability and reversibil-
ity of the freestanding PCN–CFP also enabled its immediate 
application as an air cathode in Zn–air batteries to achieve 
low overpotentials and long-term cycling.

GDY-based catalysts GDY can also act as efficient cata-
lyst supports for OER-active components. Take the Cu 
foam-supported GDY nanowalls as an example, Li et al. 
[78] took into consideration the strong interactions between 
metal species and conjugated structures to chemically reduce 
cobalt ions in the presence of GDY to Co to obtain a self-
supported Co-loaded GDY catalyst and reported that the 
prepared 3D Cu@GDY/Co electrode exhibited superb OER 
activities with a small overpotential of 300 mV and a high 
mass activity of 413 A g−1 at 1.60 V versus RHE in which 
during 4 h of electrolysis, a constant current density was 
maintained to indicate high stability.

MOF superstructure-derived catalysts Lou et al. [38] 
proposed a general MOF-derived strategy to synthesize 3D 
hollow frameworks with N-doped CNTs as a bifunctional 
electrocatalyst for ORR and OER. The resulting 3D carbon 
displayed outstanding catalytic activities and durability that 
outperformed commercial Pt/C, which these researchers 
attributed to the high content of active sites including N 
dopants and carbon defects, proper electronic interactions 
between residual metallic Co nanoparticles and CNTs, a 3D 
hierarchical porous hollow structure with high surface area 
and a robust framework composed of numerous CNTs with 
excellent conductivity and corrosion resistance. Similarly, 
Xu et al. [360] synthesized a hydrangea-like N-doped carbon 
superstructure through the morphology-maintained thermal 
conversion of core@shell Zn/Co-based MOFs. Here, these 
researchers further introduced guest Fe ions into the core@
shell MOF precursor to act as catalysts for the in situ growth 
of CNT networks onto the carbon superstructure during co-
pyrolysis, resulting in a highly opened-up structure with 
catalytically active sites based on Fe and Co nanoparticles 
and Fe, Co–Nx species with synergetic effects between Fe 
and Co to enable efficient bifunctional catalysis for both 
OER and ORR. Based on this, a corresponding Zn-air bat-
tery provided an ultrahigh power density of 190.3 mW cm−2 
and a large capacity of 787.9 mAh gZn

−1 equal to an energy 
density of 1012 Wh kgZn

−1.

MOF nanoarray-derived catalysts Although promising 
for OER electrocatalysts, pure transition metal oxides with 
low electrical conductivity and deficient active sites, show 
limited activity. To address this, the embedding of these 
oxides into highly open and conductive carbon supports can 
enhance OER performance. For example, Zhou et al. [361] 
derived a family of highly oriented nanoarrays of 1D, 2D 
and 3D MOx/C (M = Co, Ni, and Cu) from MOFs for OER 
(Fig. 18h) and reported that for Co3O4/C arrays, correspond-
ing polarization curves (Fig. 18i) and Tafel plots (Fig. 18j) 
clearly indicated a catalytic activity trend in terms of η10 and 
the Tafel slope to follow: 2D Co3O4/C (208 mV, 50.1 mV 
dec−1) > 3D Co3O4/C (260  mV, 87.4  mV dec−1) > IrO2 
(265 mV, 89.2 mV dec−1) > 1D Co3O4/C (295 mV, 104.2 mV 
dec−1) > 2D Co3O4 (370 mV, 123.9 mV dec−1), which dem-
onstrated the superiority of 2D building blocks as compared 
with 3D or 1D building blocks as well as the significance of 
conductive carbon supports with high exposure. Of note, all 
of these nanoarrays possess 3D structures but contain either 
1D, 2D or 3D nanostructured building blocks.

Guo et al. [186] further reported a facile and scalable 
“impregnation-carbonization-acidification” strategy to 
prepare carbon fiber paper-supported vertical carbon flake 
arrays anchored with single metal atoms (including Co and 
Ni) as a freestanding dual-functional electrocatalyst for ORR 
and OER using MOFs and electrospun PAN fibers as precur-
sors. Due to the enhanced accessibility of active sites and 
optimized correlations within the single-sites/pore struc-
tures, a low reversible oxygen overpotential of only 0.75 V 
and high durability was achieved in the resulting Co single 
site-decorated 3D carbon catalyst. DFT calculations further 
indicated that the single-atom coordination sites possessed a 
lower OH* hydrogenation barrier than the cluster configura-
tion, which accounted for the superb oxygen catalytic activ-
ity of the single sites. And as a binder-free flexible electrode 
in a wearable Zn-air battery, this catalyst enabled a high 
capacity of 530.17 mAh gzn

−1 as well as deformable capability 
and great potential in the integrated system.

The same group further modified a 3D catalyst for oxy-
gen reactions through Kirkendall effect-induced vacancy 
defect engineering [187] in which the Kirkendall effect is a 
classical phenomenon to form hollow nanostructures due to 
differential diffusion rates in solid-state reactants. Different 
from the previous study in which metal nanoparticles were 
converted into single metal sites, the Co in this study was 
transformed into an O-vacancy-rich Co3O4-x hollow structure 
embedded in hierarchical porous carbon nanosheet arrays 
(HPCNS) through low-temperature oxidation. The regula-
tion of the Kirkendall oxidation degree allowed for the tun-
ing of the oxygen vacancy defect concentration and therefore 
the number of active sites and the catalytic performance. As 
a result, the optimized Co3O4−x HoNPs@HPCNS catalyst 
presented one of smallest reversible oxygen overpotentials of 



316	 Electrochemical Energy Reviews (2021) 4:269–335

1 3

0.74 V in the catalysis of alkaline ORR and OER to achieve 
enhanced performance in a custom designed portable solid-
state Zn-air battery (Fig. 18k), enabling stable cycling per-
formances, higher power densities (94.1 vs. 62.7 mW cm−2, 
Fig. 18l) and larger capacities (779.4 vs. 708.5 mAh gzn

−1, 
Fig. 18m) that surpassed noble metal catalysts.

Similar to the preparation of 3D carbon-supported hol-
low Co3O4, Guan et al. [185] prepared hollow and porous 
NiCo2O4/C nanowall arrays on flexible CC through an ion 
exchange process and reported that due to the highly hollow 
and porous structure, the flexible and conductive CC and the 
large surface area vertical arrays, the resulting binder-free 
carbon-supported NiCo2O4/C nanowall arrays demonstrated 
superior OER performances in terms of onset potential 
(1.49 V) and stability. Aside from the synthesis of hollow 
structures, the same strategy can also be employed to prepare 
N-doped ultrafine Co3O4 nanoparticles (4–5 nm) immobi-
lized in vertical porous carbon sheet arrays supported on CC 
with a high surface area (173 m2 g−1) and a rich N dopant 
(~ 3 at%),;Wang et al. [188] reported that their as-made 3D 
catalyst was able to present a superhigh half-wave poten-
tial of ~ 0.9 V for alkaline ORR and a low overpotential of 
330 mV at 10 mA cm−2 for alkaline OER, which amounted 
to a record low oxygen overpotential gap of 0.66 V. And 
when directly applied in an all-solid-state flexible zinc-air 
battery, the 3D electrode achieved ultrahigh power densi-
ties of 200 mW cm−2 and 99.8 mW cm−3 together with an 
ultralong cycle life of 400 h (1200 cycles) that were much 
better than previous results.

8.1.3 � HER and Bifunctional Catalysts for Water Electrolyzers

Water electrolysis is regarded as a promising technology 
to generate hydrogen fuel because of its high purity, zero 
emission and easy integration with other energy conversion 
devices, including solar cells and thermoelectric devices 
[362, 363]. Fundamentally, water electrolyzers consist of 
a hydrogen-generating cathode and an oxygen-generating 
anode and involve hydrogen and oxygen reactions (HER 
and OER) that require catalysts to enhance sluggish kinet-
ics [364]. And although HER is faster than OER, catalysts 
are still required in which similar to ORR and OER, optimal 
HER electrocatalysts are currently based on noble metals, 
especially Pt. Because of this, the development of active, 
durable and inexpensive HER catalysts based on non-noble 
metals is vital for the wide deployment of water electrolyz-
ers. To address this, researchers have intensively explored 
transition metal-based catalysts with appropriate structures, 
sizes and composition to optimize hydrogen/oxygen bind-
ing energy for water splitting [365, 366]. Among these, 
molybdenum-based catalysts such as MoS2 and Mo2C have 
garnered tremendous attention as HER catalysts due to 
Pt-like electronic structures and wide-pH-range catalytic 

performances [367]. Despite this, corresponding catalytic 
HER activities remain inferior to most advanced catalysts, 
mostly due to aggregation issues and low conductivity. The 
homogeneous dispersion of these catalysts onto carbon 
supports with open structures has proven effective in the 
enhancement of catalytic activity and stability.

MoSx For example, Smith et al. [368] grew MoSx onto 
3D modified carbon substrates as HER catalysts in which 
crumpled graphene can act as a surface area enhancer for 
3D electrode substrates such as CC to facilitate the homo-
geneous growth of MoSx, resulting in MoSx grown on crum-
pled-graphene-modified CC achieving a current density of 
220 mA cm−2 at an overpotential of 0.3 V, which is superior 
to MoSx grown on unmodified CC at the same loading. In 
another example, Wang et al. [241] grew vertical graphene 
nanosheet arrays loaded with MoS2 nano-leaves onto graph-
ite through CVD combined with solvothermal treatment and 
reported that due to the 3D VG/MoS2 nanoarchitecture-ena-
bled mechanical robustness along with exposed defect sites, 
improved electrolyte accessibility and reduced ion diffusion 
lengths, the resulting hybrid demonstrated highly efficient 
HER catalysis with a low Tafel slope of 41.3 mV dec−1 and 
a good double-layer capacitance of 7.96 mF cm−2.

Mo2C As for Mo2C, this catalyst material has been 
grown on various 3D carbon supports to enhance HER 
performance. For example, Lou et al. [126] constructed 
hierarchical Mo2C tubes from ultrathin nanosheets derived 
from cooperative self-assembled Mo-PDA precursors and 
reported that due to nanosized crystals, highly exposed 
active sites, rapid charge transfer and delicate tubular 
superstructure, the as-obtained hierarchical Mo2C tubes 
experienced small HER overpotentials in both acid and 
base media together with acceptable stability. Similarly, 
Huang et al. [128] carbonized Mo-PDA flower-like assem-
blies to uniformly distribute ultrasmall Mo2C nanoparti-
cles on hierarchical carbon flowers, and the resulting cata-
lyst showed impressive activity with small overpotentials, 
low Tafel slopes and superb stability that were among the 
best for non-noble HER catalysts in which the high per-
formance was ascribed to the fully open and accessible 3D 
structure with hierarchical ordering at different levels. In 
another example, Xu et al. [369] adopted an assembly-car-
burization-leaching approach to obtain hierarchical nano-
hybrids of Mo2C nanoparticle-decorated N-doped carbon 
tube-sheet superstructures (Mo2C/CTSSs, Fig. 19a–c) in 
which the simple adjustment of assembly conditions can 
allow for the arrangement of vertical nanosheet arrays 
(periodic vs. random) in the carbon superstructures along 
with enhanced catalytic activity (Fig. 19a). As a result, 
as-obtained Mo2C/CTSS nanohybrid comprised of regu-
larly patterned vertical carbon nanosheet arrays with 
rich N doping and hierarchical pores demonstrated small 
overpotentials and low Tafel slopes in both acidic (97 mV, 
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48 mV dec−1) and basic media (95 mV, 54 mV decade−1) 
that were comparable to state-of-the-art catalysts and 
better than counterparts with randomly arranged carbon 
nanosheet arrays (Fig. 19b, c) in which the superiority of 
periodicity over randomness was thought to be a result of 
the higher exposed electroactive surface area and more 
favorable mass and charge transport. Late transition met-
als such as Fe, Co and Ni were also found to be effective 
activity enhancers for Mo2C catalysts toward HER due 
to modified electronic structures and additional active 
sites in Mo2C-metal interfaces. Based on this, Wang et al. 
[127] fabricated flower structured Ni-doped Mo2C/carbon 
hybrids through the conversion of self-assembled Ni-Mo-
PDA complexes and reported that due to Ni doping with 
additional active sites and enhanced electrical conductivi-
ties, the Ni-doped Mo2C/carbon hybrid provided better 
performances than Mo2C without Ni doping.

Metal carbide Other 3D carbon-supported metal carbides 
have further been explored for application in water electroly-
sis. For example, Fan et al. [370] decorated single crystalline 
tungsten carbide (WC) nanoparticles (size: 4.5–21.6 nm) 
onto the tips of VACNTs through direct reaction between 
W and carbon precursors in a hot filament CVD furnace and 
reported that due to the homogeneously distributed ultrafine 
WC nanocrystals on the open-ended carbon support with 
fully exposed active sites, the resulting 3D WC–CNT hybrid 
provided remarkable HER catalytic activities with onset 
potential, η10 and Tafel slope values of 15 mV, 145 mV and 
72 mV dec−1 in acidic electrolyte as well as 16 mV, 137 mV 
and 106 mV dec−1 in basic electrolytes, respectively, along 
with robust durability without oxidation or corrosion. Using 
the same strategy, Fan et al. [371] embedded Fe3C, Co3C and 
Ni3C nanocrystals into graphitic shells comprised of verti-
cally aligned graphene nanoribbons (GNR) and reported that 
the resulting Fe3C-GNR, Co3C-GNR and Ni3C-GNR cata-
lysts exhibited excellent acidic HER activities with low onset 
overpotentials of 32, 41 and 35 mV as well as small Tafel 
slopes of 46, 57 and 54 mV dec−1, respectively, accompanied 
by good stability. Salt-template-generated vertical graphitic 
carbon-supported metal carbides including MoC0.654, WC, 
TaC and NbC have also shown activity toward HER [203].

Metal and alloys In terms of metal and alloys, these have 
further been loaded onto 3D carbon materials as highly effi-
cient HER catalysts. For example, Li et al. [71] proposed 
a GDY-based 3D structure for HER catalysis involving Cu 
foam-supported core–shell arrays with Cu nanowires as the 
core and GDY nanosheets as the shell and reported that the 
3D electrode provided high acidic HER activities with a low 
onset overpotential of 52 mV, a Tafel slope of 69 mV dec−1 
and small overpotentials of 79 mV and 162 mV to generate 
current densities of 10 and 100 mA cm−2, respectively, as 
well as long-term stability of ~ 20 h that were much bet-
ter than counterparts such as Cu nanowire arrays and GDY 

nanosheet arrays on Cu foam in which the active sites were 
determined to be the hybrid coordination between GDY and 
Cu. Alternatively, Chen et al. [40] combined 0D ultrafine 
Co nanoparticles with 1D N-doped CNTs and 2D graphene 
into a 3D hierarchical structure through the carbonization 
of GO-wrapped core–shell bimetallic (Co, Zn) MOFs. The 
resulting 3D composite was able to demonstrate a current 
density of 10 mA cm−2 at overpotentials of only 108 and 
87 mV in alkaline and acidic media, respectively, which 
were better than previously reported Co-based HER cata-
lysts. Moreover, the strategy was universally applicable to 
the synthesis of 3D rGO@NCNT-supported transition met-
als, binary and even ternary alloys toward efficient HER. 
In particular, a 3D carbon-based Co-Fe hybrid delivered 
performances of 10 mA cm−2 at 86 mV in 1.0 m KOH and 
74 mV in 0.5 M H2SO4, which were among the best in HER 
electrocatalysts.

Overall, practical water electrolyzers should possess 
efficiently coupled HER and OER catalysts. However, elec-
trolytes for HER or OER catalysts are often incompatible 
(acid vs. base), which complicates the electrolyzer assem-
bly process. And although some catalysts can demonstrate 
bifunctional activity for HER/OER in the same electrolyte, 
their composition is quite different and can cause mutual 
influences during catalytic reactions as induced by the dis-
solution and redeposition of metal species [372]. Conse-
quently, the preparation of bifunctional catalysts with mini-
mal mutual interferences for water electrolysis is critical. 
Based on this, Si et al. [79] developed a 3D hierarchical 
GDY@NiFe layered double hydroxide (LDH) heterostruc-
tured catalyst toward overall water splitting through the 
coupling of NiFe LDH and GDY growth on Cu foam (CF, 
Fig. 19d). The electrocatalyst exhibited high activities for 
both OER and HER with overpotentials of 220 mV and 
163 mV at 10 mA cm−2, respectively, as well as an OER 
Tafel slope of 39.33 mV dec−1 that was much lower than that 
of NiFe LDH/CF (112 mV dec−1), resulting in the hetero-
structured GDY@NiFe LDH electrocatalyst providing high 
activity toward overall water splitting with a current density 
of 20 mA cm−2 at 1.512 V (Fig. 19e). For 10 h of continuous 
electrolysis (Fig. 19f), the electrolyzer did not require higher 
potentials to maintain current based on chronopotentiometry 
results, but that lower potentials can actually meet demand, 
possibly due to catalyst activation. DFT calculations fur-
ther indicated that synergetic effects arising from transition 
metal 3d orbitals and GDY carbon–carbon triple bonds were 
responsible for the bifunctional electrocatalytic activity.

In another example, Duan et al. [184] grew NiFe-MOF 
nanosheet arrays onto Ni foam for water splitting in which 
the catalyst was tested in 0.1 M KOH without iR-correction 
to report that the obtained catalyst can provide an OER 
overpotential of 240 mV at 10 mA cm−2 and a Tafel slope of 
34 mV dec−1 that were much smaller than the Ni-MOF, the 
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Fe-MOF/NF, the powdery NiFe-MOF loaded NF, the car-
bonized NiFe-MOF and even IrO2. Negligible activity loss 
was also experienced after 20000 s of operation, indicating 
good stability. The 3D NiFe-MOF/NF further possessed a 
TOF of 3.8 s−1 as compared with IrO2 with only 0.14 s−1, 
indicating much higher catalytic efficiency that was among 
the best for reported OER electrocatalysts. Moreover, the 3D 
NiFe-MOF/NF presented high activity and efficiency toward 
HER with an overpotential of 134 mV at 10 mA cm−2 and 
a TOF of 2.8 s−1. As a result, a corresponding water elec-
trolyzer only required 1.55 V to drive 10 mA cm−2 current, 
which was 70 mV smaller than noble Pt/C//IrO2 couple 

catalysts. Here, these researchers attributed the ultrahigh 
performance of the 3D NiFe-MOF/NF for water splitting to 
the ultrathin MOF sheets (~ 3.5 nm) with high conductivity 
and vertically oriented arrays with hierarchical porosity as 
well as the macroporous Ni foam that can accelerate electro-
lyte and gas transport and the open pores between vertically 
aligned nanosheets together with mesopores and micropores 
from MOFs that can provide easily accessible active sites 
with short ion diffusion distances.

Chen et al. [40] further used N-doped carbon nanosheet 
arrays end-grafted with hollow carbon polyhedra grown on 
CC as a 3D carbon support for ultrafine Co nanoparticles 

Fig. 19   3D HCMN-based electrocatalysts for HER, water electroly-
sis and NRR. Mo2C/carbon tube sheet superstructured nanohybrids 
(Mo2C/CTSSs) with controllable carbon nanosheet arrays for HER. a 
Models for Mo2C/CTSS-P with periodic patterned nanosheets (left) 
and Mo2C/CTSS-R with randomly arranged nanosheets (right). HER 
performance of Mo2C/CTSS-P, Mo2C/CTSS-R, commercial Mo2C 
and Pt/C in b acidic and c alkaline media. Reprinted with permis-
sion from Ref. [369]. Copyright © 2018, Royal Society of Chemis-
try. Cu foam-supported GDY nanowall arrays coupled with NiFe 
LDH (GDY@NiFe LDH/CF) for overall water splitting. d Integrated 

device with the solar cell-driven water electrolyzer. e Polarization 
curves of different catalysts toward water electrolysis. f Chronopoten-
tiometry data of GDY@NiFe LDH/CF during 10  h. Reprinted with 
permission from Ref. [79]. Copyright © 2019, Elsevier. Li+ coordi-
nated PI nanosheet arrays for NRR. g Electrolytic cell for NRR. h 
Scheme illustrating the Li+-incorporated PI as active sites to convert 
N2 into NH3. i NH3 yield rates of Li+ coordinated PI catalysts at vari-
ous potentials. Reprinted with permission from Ref. [119]. Copyright 
© 2017, American Chemical Society
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for water electrolysis and reported that the resulting elec-
trocatalyst was able to manifest better HER and OER activi-
ties than the majority of documented transition metal-based 
catalysts in which an alkaline electrolyzer based on this 
bifunctional catalyst generated a current density of 10 mA 
cm−2 at 1.545 V that outperformed that of noble metal cata-
lysts (Pt/IrO2, 1.592 V). The remarkable performance can 
be ascribed to the hierarchical structure with 0D ultrasmall 
Co nanocrystals, 1D carbon fiber network, 2D N-doped car-
bon nanoflakes and 3D hollow carbon, all of which led to 
exposed active sites, strong structural durability, accelerated 
mass transport and enhanced charge transfer.

Metal oxide@MOF or metal hydroxide@MOF grown on 
conductive substrates can also be converted to carbon-based 
metal oxide hierarchical arrays as self-supporting catalysts 
for water electrolysis. For example, Cai et al. [191] used 
thermal pyrolysis to convert ZIF-67 coated CoO@Ni foam 
(Ni@CoO@ZIF-67) to Co nanoparticle-embedded N-doped 
porous carbon coatings on CoO nanofiber arrays grown on 
Ni foam and reported that the resulting Ni@CoO@Co-NC 
can be directly applied as a bifunctional catalyst for water 
electrolysis to achieve much better activity and stability 
toward OER and HER as compared with corresponding 
counterparts with single components or lacking self-support-
ing structures. Here, these researchers attributed the superior 
performance to the hierarchical porous structure of the 3D 
arrays as well as the synergistic coupling between the metal 
oxide and the MOF-derived carbon framework.

8.1.4 � NRR

Ammonia as a crucial feedstock for agricultural, pharma-
ceutical and textile industries is synthesized industrially 
through the Haber–Bosch process [373]. However, high CO2 
emissions and harsh synthetic conditions hinder sustainable 
development. To address this, the electrocatalytic nitrogen 
reduction reaction (NRR) has been developed to synthesize 
ammonia in a clean and environmentally friendly man-
ner [374], but requires efficient electrocatalysts with high 
Faradic efficiency and selectivity for the industrial applica-
tion of electrochemical NH3 synthesis.

In terms of 3D HCMNs, Chen et al. [119] grew verti-
cally oriented PI nanosheet arrays onto CC as an NRR elec-
trocatalyst in 0.5 M Li2SO4 (Fig. 19g, h) and reported that 
the incorporation of Li+ into the carbonyl groups of PI to 
form O-Li+ active sites can play a crucial role in inhibit-
ing HER and boosting N2 adsorption to allow for a wide 
voltage window for NRR with high selectivity following 
the “[O–Li+]·N2–Hx” alternating hydrogenation mode 
(Fig. 19h). And as a result of the highly exposed active sites 
on the 3D framework, optimal electrocatalytic performances 
were achieved at a potential of −0.5 V with Faradaic effi-
ciency of 2.85% and a NH3 yield rate of 1.58 μg h−1 cm−2 

(Fig. 19i). In another example, Lin et al. [375] constructed an 
inorganic metal/organic semiconductor Mott–Schottky inter-
face to boost NRR in basic solutions with high selectivity 
and activity by loading Cu nanoparticles onto a flower-like 
PI structure in which the Mott–Schottky effect can modify 
the electronic Cu/PI interfacial structure to achieve electron-
deficient Cu nanoparticles and enable the preferred adsorp-
tion of OH− to inhibit HER and enhance N2 pre-adsorption, 
resulting in a high NH3 yield rate of ~ 17.2 µg h−1 cm−2 and a 
claimed record-high turnover frequency of ~ 0.26 h−1, which 
is even higher than that of noble metal catalysts.

8.2 � Photo(electro)catalysis

Photoelectrochemical water splitting is a promising and 
environmentally friendly method to address the current 
energy crisis because it can integrate the collection and 
conversion of solar energy into photocathodes and photo-
anodes in which electrons and holes can be collected to pro-
duce hydrogen and oxygen, respectively [376]. On the other 
hand, heterogeneous photocatalytic reduction and oxidation 
reactions based largely on photocatalysts and sunlight have 
recently attracted extensive interest in the fields of energy, 
catalysis and environment [14], resulting in the development 
of numerous photo(electro)catalysts in the past decades such 
as Si, MoS2, CdSe, BiVO4 and g-C3N4 [376]. Despite this, 
current catalysts cannot fully satisfy requirements for practi-
cal application such as enhanced safety, reduced cost, high 
efficiency, small band gaps and long-term stability as well as 
prolonged photogenerated charge [13]. Because of this, there 
is an urgent need to develop highly efficient and stable vis-
ible light-driven photo(electro)catalysts through the optimi-
zation of methodologies such as carbon coupling, cocatalyst 
addition and heterojunction construction. [14] Coupling with 
3D hierarchical carbon supports is beneficial for exposing 
active surface areas, enhancing electric conductivity, har-
vesting light energy, and is therefore widely employed to 
improve photo(electro)catalytic performance.

Although Si nanowire (SiNW)-based photoelectrochemi-
cal conversion can provide high efficiency as compared with 
other semiconductors, Si faces surface oxidation and cor-
rosion in liquid electrolytes. To address this, Hong et al. 
[377] grew carbon nanowires (CNWs) onto a SiNW elec-
trode with Cu vapor as the catalyst through CVD to obtain 
a hierarchical branch structure similar to a tree and reported 
that the small-sized SiNWs enabled efficient charge separa-
tion and minimized carrier diffusion to the surface before 
recombination. The hierarchical CNW-SiNW heterostruc-
ture can provide additional surface area to enhance access 
to the electrolyte, which together with the high conductiv-
ity of the CNWs can reduce diffusion pathways for pho-
togenerated carriers, allowing the hierarchical CNW-SiNW 
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heterostructure to demonstrate increased photocurrents, 
smaller overpotentials and better cyclability for photocata-
lytic hydrogen production.

MoS2 as an environmentally friendly and abundant semi-
conductor has also been intensively studied as a replacement 
of Pt in HER; however, poor conductivity restricts further 
activity improvements. To address this, Carraro et al. [378] 
fabricated hierarchical nanohybrids composed of N-doped 
crumpled graphene decorated with uniformly distributed 
MoS2 nanoparticles for photoelectrochemical hydrogen gen-
eration through a fast and facile aerosol processing method; 
the resulting 3D N-doped graphene/MoS2 nanohybrid ena-
bled a sevenfold enhancement in activity as compared with 
pure MoS2, which can be attributed to the generation of p–n 
MoS2/N-doped graphene nanojunctions, the aggregation-
resistant dispersion and smaller size distribution of MoS2 
and the efficient charge carrier separation as a result of N 
doping and the 3D graphene structure.

GDY nanowall arrays as a hole transportation layer were 
firstly applied by Wu et al. for photoelectrochemical hydro-
gen production in neutral water in which CdSe quantum dots 
were decorated onto GDY nanowalls to act as a photocatalyst 
with the spontaneous injection of photoexcited holes from 
CdSe into GDY based on the valence band positions of the 
CdSe quantum dots (~ 1.23 V vs. NHE) and GDY (~ 1.05 V 
vs. NHE) [77]. In addition, spectroscopic results indicated 
strong π–π interactions between GDY and surface-function-
alized CdSe quantum dots that can facilitate hole transfer 
and enhance generated photocurrent, resulting in the CdSe/
GDY photocathode delivering ~ − 70 μA cm−2 photocurrent 
in neutral electrolytes at an potential of 0 V versus NHE, a 
hydrogen yield of 27 mmol h−1 g−1 cm−2 at −0.20 V along 
with high Faradic efficiency up to 95% and good stability 
over 12 h under Xe lamp irradiation. GDY nanowalls were 
also constructed on BiVO4 electrodes to fabricate a GDY/
BiVO4 composite photoanode in which the GDY nanoar-
rays can again rapidly capture photoexcited holes to prevent 
charge recombination and allow for significantly enhanced 
photoelectrochemical activity and stability in comparison 
with single BiVO4 photoanodes [75].

A metal-free heterojunction of g-C3N4/GDY involving 
g-C3N4 nanosheets anchored onto vertical GDY nanowall 
arrays was constructed through solvothermal treatment to 
function as a composite photocathode for photoelectrochem-
ical hydrogen generation in neutral media (Fig. 20a) [379]. 
Due to the suitable band structures of g-C3N4 and GDY, 
photoexcited holes from g-C3N4 can be injected into GDY to 
facilitate hole transfer (Fig. 20b). And based on the obtained 
open circuit potential plot (Fig. 20c), an increased poten-
tial from 37 mV to 66 mV was detected for g-C3N4/GDY 
under light radiation. The g-C3N4/GDY hybrid also achieved 
a sevenfold enhancement in the electron lifetime (610 μs) 
as compared with g-C3N4 (88 μs) as well as an ultrahigh 

photocurrent of −98 µA cm−2 at 0 V versus NHE that was 
more than three times that of a g-C3N4 photocathode (−32 
µA cm−2, Fig. 20d). These researchers also reported that the 
catalytic activity can further be increased through the use 
of a Pt cocatalyst to enable a record-high photocurrent of 
−133 µA cm−2 and suggested that the high catalytic activ-
ity of the g-C3N4/GDY heterostructure can be attributed to 
its corresponding structural features, including the ultrathin 
structure of the g-C3N4/GDY that can shorten photocarriers 
transport distance and enhance efficient hole injection from 
g-C3N4 to GDY, the high hole mobility of GDY that can 
enhance hole transfer rate and therefore efficiently restrain 
photocarrier recombination in g-C3N4, the nanosheet array 
and large surface area of GDY that can enhance active site 
exposure for photoelectrocatalysis and the enriched N atoms 
in g-C3N4 that can easily couple with cocatalysts for the dual 
control of photo-induced electrons and holes.

g-C3N4 is also a promising metal-free photocatalyst for 
solar energy conversion and pollutant photodegradation 
with corresponding catalytic performances being adjustable 
through the modification of structural, optical and electronic 
properties based on methods such as doping, copolymeriza-
tion and structural engineering. For example, Jun et al. [136, 
137] proposed a molecular cooperative assembly strategy to 
synthesize a series of 3D g-CN catalysts for photocatalysis 
and reported that the 3D hierarchical mesoporous structure 
of graphitic carbon nitride inherited from melamine cyanuric 
acid complexes can induce better light absorption, widen 
optical bandgaps and prolong the lifetime of photogenerated 
carriers as compared with bulk g-CN [136]. When applied 
for dye photodegradation, the 3D g-CN can allow for a ten-
fold enhancement in rhodamine B photodegradation kinetics 
under visible light irradiation in comparison with bulk g-CN. 
The same group [137] further investigated the influence of 
temperature, solvent and monomer on molecular cooperative 
assembly and subsequent photocatalytic hydrogen evolution 
and reported that the optimized 3D g-CN can provide a ten-
fold enhancement in photocurrent and a ninefold improve-
ment in quantum efficiency (~ 2.3%) as compared with g-CN 
synthesized from melamine without cooperative assembly.

In another example, Wang et al. [139] prepared nano-
spherical g-C3N4  (NS-g-C3N4) with a highly open 3D 
flower structure constructed from sharp-edged nanosheets 
for photocatalytic hydrogen generation (Fig.  20e) and 
evaluated the photocatalytic activities of NS-g-C3N4 and 
different structured g-C3N4 control samples including hol-
low g-C3N4 nanospheres (HCNS), g-C3N4  nanosheets, 
bulk-g-C3N4, structurally deformed NS-g-C3N4 and mpg-
C3N4 (of comparable surface area and optical absorption 
properties to NS-g-C3N4) in which Pt nanoparticles as a 
cocatalyst were deposited onto the samples before testing. 
Here, these researchers reported that an optimal H2 genera-
tion rate of 574 μmol h−1 can be obtained based on 3 wt% 
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Pt/NS-g-C3N4 (1) that significantly outperformed 3 wt% 
Pt loaded bulk-g-C3N4 (2, 12.5 μmol h−1), mpg-C3N4 (3, 
123 μmol h−1), HCNS (4, 319 μmol h−1), g-C3N4 nanosheets 
(5, 98 μmol h−1) and deformed NS-g-C3N4 (6 & 7) (Fig. 20f) 
and that g-C3N4 loaded with 3 wt% Pt possessed consider-
ably enhanced catalytic performances with a record-high 
apparent quantum yield (AQY) of 9.6% at 420 nm that were 
better than other samples, all of which suggested that apart 
from enlarged surface areas and enhanced light harvesting, 
the engineering of well-defined 2D nanosheets into highly 
open 3D structures is of great significance and can realize 
synergistic effects for photocatalysis. They further reported 
that wavelength-dependent H2 yield rates of 3 wt% Pt/NS-
g-C3N4 showed the same trend as the absorption spectrum, 
implying a photoexcited electron-dominated hydrogen evo-
lution process (Fig. 20g). Yuan et al. [140] further synthe-
sized mesoporous P-doped flower-shaped g-C3N4 through 
the condensation reaction between melamine and diphos-
phosnic acid followed by thermal annealing in which P 
doping allowed for the retention of the g-C3N4 polymeric 
framework but significantly modified the electronic structure 
to show red-shifted light absorption and enhanced electronic 
conductivity. As a result, the obtained 3D structure with in-
plane mesopores and nanosheet construction units provided 
a high surface area for enhanced active site exposure and 
in conjunction with P doping can enhance light harvesting, 
matter transfer and charge separation to enable outstand-
ing photocatalytic water reduction with a hydrogen yield 
of 104.1 μmol h−1 that significantly surpassed pristine bulk 
g-C3N4 (11.2 μmol h−1). Xu et al. [380] fabricated 3D hier-
archical g-C3N4 superstructures assembled with ultrathin 
(5–6 nm) nanosheets for photocatalytic hydrogen evolution 
through an easily scalable hexamethylenetetramine activa-
tion approach and reported that the resulting 3D structure 
of the nanosheet building units allowed for strong light 
absorption, adjustable band gaps, good electrical conduc-
tivity, rapid charge splitting and high surface areas with rich 
active sites to provide a high quantum efficiency of ~ 7.8% 
and a H2 yield rate of more than 2.7 × 104 μmol g−1 h−1 that 
was over 30 times that of inactivated g-C3N4.

9 � Summary and Perspective

3D hierarchical carbon-rich micro/nanomaterials with 
diverse superstructures and nanoarrays (urchins, flowers, 
hierarchical tubes and multidimensional arrays on arbi-
trary substrates from the microscale to the macroscale) 
including nanocarbons (fullerene, CNT, graphene, GDY), 
polymers (PANI, PPy, PI, PDA, g-C3N4, PA, etc.), COFs, 
MOFs, templated carbons and derived carbon-based 
hybrids are an aesthetically appealing and practically pow-
erful family of materials for application in electrochemical 

energy devices, including batteries (LIB, LMB, SIB, KIB, 
ZIB, ZMB, etc.), supercapacitors (EDLCs, pseudocapaci-
tors and hybrid capacitors), fuel cells, metal-air batteries 
and electrolyzers as well as in associated catalytic reac-
tions (ORR, OER, HER, NRR, etc.). Because of this, many 
strategies have been developed for the synthesis of opti-
mized 3D HCMNs, such as template-assisted synthesis, 
CVD, solvothermal treatment, physical treatment (laser, 
arc discharge, microwave radiation), electrochemical depo-
sition and condensation- and coordination-induced self-
assembly. In addition, primary units, hierarchical pores, 
heteroatom dopants and guest components in 3D HCMNs 
can be finely controlled and manipulated by varying syn-
thetic conditions and post-treatment processes to provide 
a platform for the optimization of materials performance 
in corresponding energy devices.

Despite the rapid progress of 3D HCMNs, challenges 
remain with respect to better structural control, deeper for-
mation mechanism understanding, optimized device per-
formance as well as increased application exploration. The 
first challenge is the controllable synthesis of freestanding 
superstructures with uniform size distributions and broader 
size ranges from the nanoscale to the macroscale as well 
as the facile large-area and high-density growth of nanoar-
rays on both microscopic and macroscopic substrates, par-
ticularly the scalable growth of wide-range, dense and long 
VACNT arrays with controlled CNT diameter, chirality 
and purity onto substrates. The second challenge involves 
the more in-depth understanding of 3D HCMN formation 
mechanisms in which one possible solution is the use of 
advanced characterization tools such as in situ electron 
microscopy to provide live observations of morphologi-
cal evolution. As for the understanding of the impacts of 
molecular building blocks on hierarchical structure, com-
putational simulations and modeling need to be further 
developed in which in an ideal situation, the simple input 
of information such as building blocks and synthetic condi-
tions into a simulation model can allow for the actual pre-
diction of final morphology that match with experimental 
results. The third challenge is to achieve high performance 
for practical application in energy devices. Unlike porous 
carbon materials such as graphene aerogels with numerous 
large-sized macropores and low volumetric energy densi-
ties, 3D HCMNs possess much smaller pore sizes that can 
enable dense packing and higher volumetric energy density 
in energy storage devices. However, the overall volumet-
ric energy density of 3D HCMNs remains low and requires 
optimization through suitable structure design. In addition, 
current 3D HCMNs have mainly been tested in laboratory 
settings, which are different from industrial settings where 
electrode material loadings need to be increased for energy 
storage devices and corresponding catalysts need to be 
evaluated based on longer stability timeframes, meaning the 
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optimization of structures and properties needs to be based 
on hasher industrial conditions. Overall, increasing amounts 
of 3D HCMNs are expected to be designed and prepared in 

the future, especially condensation and coordination sys-
tems such as COFs and MOFs based on designable organic 
species, different metal types and various combinations to 

Fig. 20   3D HCMNs for photo(electro)catalysis. Cu-supported verti-
cal grown metal-free 2D/2D g-C3N4/GDY heterojunctions for photo-
electrochemical water splitting. a Schematic illustration for the con-
struction of 3D g-C3N4/GDY. b Band structures of g-C3N4 and GDY. 
c Open circuit potential curve of the g-C3N4/GDY photocathode in 
response to light. d Polarization curves for g-C3N4/GDY and g-C3N4 
photocathodes with or without light. Reprinted with permission from 
Ref. [379]. Copyright © 2018, John Wiley and Sons. Nanospherical 
g-C3N4 flower (NS-g-C3N4) for photocatalytic hydrogen production. 

e TEM image of flower-like g-C3N4. f Durability measurements of 
photocatalysts under visible light irradiation (λ > 420 nm): (1) 3 wt% 
Pt/NS-g-C3N4, (2) 3 wt% Pt/bulk-g-C3N4, (3) 3 wt% Pt/mpg-C3N4, 
(4) 3 wt% Pt/HCNS, (5) 3 wt% Pt/g-C3N4 nanosheets, (6) 3 wt% NS-
g-C3N4  deformed by vigorous stirring in NH4HF2 and (vii) 3 wt% 
NS-g-C3N4  deformed by grinding. g Wavelength-dependent photo-
catalytic H2 evolution rates of NS-g-C3N4. Reprinted with permission 
from Ref. [139]. Copyright © 2014, John Wiley and Sons
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achieve novel properties and applications in electronic, envi-
ronmental, photonic, thermal, biological and medical fields.
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