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Carbon Nanotubes

 Macroscopic Carbon Nanotube-based 3D Monoliths 
   Ran    Du      ,        Qiuchen    Zhao     ,        Na    Zhang      ,       and        Jin    Zhang   *   

 Carbon nanotubes (CNTs) are one of the most promising 
carbon allotropes with incredible diverse physicochemical 
properties, thereby enjoying continuous worldwide attention 
since their discovery about two decades ago. From the point of 
view of practical applications, assembling individual CNTs into 
macroscopic functional and high-performance materials is of 
paramount importance. For example, multiscaled CNT-based 
assemblies including 1D fi bers, 2D fi lms, and 3D monoliths 
have been developed. Among all of these, monolithic 3D CNT 
architectures with porous structures have attracted increasing 
interest in the last few years. In this form, theoretically all 
individual CNTs are well connected and fully expose their 
surfaces. These 3D architectures have huge specifi c surface areas, 
hierarchical pores, and interconnected conductive networks, 
resulting in enhanced mass/electron transport and countless 
accessible active sites for diverse applications (e.g. catalysis, 
capacitors, and sorption). More importantly, the monolithic 
form of 3D CNT assemblies can impart additional application 
potentials to materials, such as free-standing electrodes, sensors, 
and recyclable sorbents. However, scaling the properties of 
individual CNTs to 3D assemblies, improving use of the diverse, 
structure-dependent properties of CNTs, and increasing the 
performance-to-cost ratio are great unsolved challenges for 
their real commercialization. This review aims to provide a 
comprehensive introduction of this young and energetic fi eld, 
i.e., CNT-based 3D monoliths, with a focus on the preparation 
principles, current synthetic methods, and typical applications. 
Opportunities and challenges in this fi eld are also presented. 

1. Introduction .........................................3264

2. Structures, Properties and 
Macroscopic Assemblies of CNTs ..........3265

3. Synthetic Strategies for CNT-based 
Monoliths .............................................3268

4. Characterization and Application of 
CNT-based 3D Monoliths ......................3277

5. Conclusion and Outlook........................3286

From the Contents

small 2015, 11, No. 27, 3263–3289



reviews
www.MaterialsViews.com

3264 www.small-journal.com © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/smll.201403170

  R. Du, Q. C. Zhao, N. Zhang, Prof. J. Zhang 
 Center for Nanochemistry, Beijing National 
Laboratory for Molecular Sciences 
 Key Laboratory for the Physics and 
Chemistry of Nanodevices 
 State Key Laboratory for Structural Chemistry 
of Unstable and Stable Species 
 College of Chemistry and Molecular Engineering 
 Peking University 
  Beijing    100871  ,   PR China   
E-mail:  jinzhang@pku.edu.cn   

  1.     Introduction 

 Carbon nanotubes (CNTs), one of the most promising 

carbon allotropes with a tubular geometry constructed from 

sp  2   carbon atoms, have drawn tremendous attention since 

their discovery over two decades ago. [ 1–8 ]  Thanks to their 

nanoscale size and special arrangement of carbon atoms, 

CNTs display superior physicochemical properties (e.g. 

mechanical, electrical, and optical) and thus possess great 

potential for diverse applications. The application fi elds can 

be roughly divided into two classes: microscopic electronic 

devices (e.g. fi eld-effect transistors, chemical sensors, fi eld 

emitters, and nano-tweezers), [ 9–13 ]  and macroscopic applica-

tions (e.g. structural materials, conductors, electrode mate-

rials, and composites). [ 14–21 ]  Because of the wide application 

scope and simplicity toward industrialization, tremendous 

efforts have been made in the latter direction. Consequently, 

multiscaled CNT-based macroscopic assemblies, including 1D 

CNT fi bers/yarns, 2D CNT fi lms/sheets/horizontally aligned 

arrays, and 3D CNT gels/sponges/vertically aligned CNT 

(VA-CNT) arrays have been rapidly developed. [ 15 ]  

 In the past few years, the perception of CNTs’ structures 

and properties has been greatly improved, and CNT-based 

macroscopic assemblies have penetrated many fi elds and 

created considerable benefi ts (see  Figure    1  ). [ 4–7,14 ]  However, 

the key problem—scaling the properties of individual CNTs 

(e.g. high specifi c surface area (SSA), mechanical strength, 

and electrical conductivity) to a macroscopic level—is still 

unsolved. [ 6 ]  The lack of scalability can greatly impact the 

exceptional properties of CNTs, thereby lowing their per-

formance-to-cost ratio. For example, the strength of most 

reported CNT fi bers is less than 10 GPa, signifi cantly lower 

than that of individual CNTs (up to 100 GPa). [ 6,15 ]  Two 

reasons may account for this issue: the structure–property 

relationships of CNT-based assemblies have not been well 

understood because of the astonishing complexity of macro-

scopic assemblies, and the effi cient preparation strategies to 

realize precise structural control are lacking.  

 One promising way to address the above problems is to 

assemble CNTs into 3D porous monoliths, such as aerogels, 

foams, and sponges (for simplicity, all of them are called aero-

gels in this manuscript). Aerogels are a kind of free-standing 

3D assembly with open and hierarchical pores, intercon-

nected networks, huge SSAs, and a monolithic form. [ 22–24 ]  

Aerogels based on silica, carbon, metal oxides, and metals 

have been fabricated and studied extensively for years, [ 25–28 ]  

but aerogels based on CNTs are a new form. The unique 

structure of the aerogel facilitates the exposure and con-

nection of nearly all CNTs, thus providing enormous oppor-

tunities for releasing the potential of CNTs and creating 

high-performance materials. 

 As a rising star in both aerogel and CNT fi elds, the 

opportunities and challenges of the CNT-based aerogels 

coexist. Firstly, compared with their 2D analogues (gra-

phene), the 1D geometry of CNTs places a great barrier in 

front of the preparation of monolithic assemblies because of 

their less effective inter-tube π–π interactions. [ 29 ]  Hence the 

development of effi cient preparation techniques is highly 

desired. On the other hand, due to the tubular geometry 

and less effective inter-tube π–π interactions, CNT-based 

aerogels are expected to present a larger surface area than 

their graphene-based analogues. Secondly, CNTs not only 

show incredible physicochemical properties (e.g., mechanical, 

electrical, thermal, and optical), but also exhibit huge diversi-

ties in the number of walls, diameters, lengths, junctions, and 

chirality. These diversities have a great effect on the prop-

erties of CNT assemblies and can provide CNTs with rich 

application potential. For instance, the specifi c surface area 

of CNTs (also for CNT assemblies) correlates negatively to 

the number of walls present, thus, few-walled CNTs or even 

single-walled CNTs (SWCNTs) are preferable for catalysis 

and gas sorption because of their large number of active 

sites. For another example, electrical properties of CNTs are 

directly determined by their chirality. Hence, for conductors 

and electrochemical catalysis, all-metallic CNTs would be a 

better choice. However, although a recent extraordinary work 

presented by Yang and co-workers showed the possibility to 

realize good control of these parameters, [ 30 ]  their precise con-

trol is still a great challenge. In addition, the structure–prop-

erty relationships of CNT-based 3D monoliths have not been 

established. Finally, from the standpoint of practical applica-

tions, great endeavors are required to scale the performance 

of individual CNTs to macroscopic CNT-based aerogels and 

lower the cost of fabrication methods (including for pristine 

CNTs and aerogels). Currently, the performance-to-cost ratio 

of CNT-based aerogels in many applications (e.g., energy 

storage, electrochemical catalysis, or water treatment) cannot 

compete with other materials such as graphene-based aero-

gels, carbon aerogels, and carbon-fi ber aerogels. The develop-

ment of CNT-based 3D aerogels is still in its infancy. 

 Herein we aim to provide a comprehensive picture and 

state-of-the-art review of the CNT-based 3D monoliths, 

with a focus on the design principles, synthetic methods, and 

potential applications. In this context, the concept of 3D 

monoliths will be very restricted. The third dimension must 

be be comparable to the other two dimensions, and all three 

dimensions must be macroscopic. Secondly, materials should 

be free-standing, highly porous monoliths. Hence, the term 

“monoliths” is equal to “aerogels” in this context. Since most 

CNT-based aerogels are derived from wet gels, the prepara-

tion principles of CNT-based wet gels will also be introduced. 

 In the fi rst section, the structure, properties, and related 

macroscopic assemblies of CNTs are briefl y introduced. The 

second section focuses on the synthetic principles and strat-

egies towards CNT-based 3D monoliths. After a summary 
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of the typical characterization methods and applications of 

those materials, some perspectives on the future opportuni-

ties of CNT-based 3D monoliths conclude this review.  

  2.     Structures, Properties and Macroscopic 
Assemblies of CNTs 

 Both experiments and theoretical calculations suggest that 

individual CNTs have exceptional physicochemical properties 

(e.g., mechanical, electrical, thermal, and optical). [ 3,7 ]  There-

fore, CNTs have continuously drawn worldwide attention in 

multiple disciplines including chemistry, physics, biology, and 

materials science. For making macroscopic functional mate-

rials, CNTs are required to be converted into multiscaled 

macroscopic assemblies such as 1D fi bers, 2D sheets, and 3D 

aerogels. However, great challenges lie in scaling the proper-

ties of individual CNTs to a macroscopic level and truly real-

izing these amazing properties in practical applications. 

  2.1.     Structures and Properties of CNTs 

 An individual CNT can be visualized as a high-aspect-ratio 

(≈10 2 –10 8 ) tube formed by graphene layers seamlessly 

rolled in a specifi c direction ( Figure    2  a). [ 31 ]  According to the 

number of graphene layers, the CNTs can be divided into 

single-walled carbon nanotubes (SWCNTs), double-walled 

carbon nanotubes (DWCNTs), or multi-walled carbon nano-

tubes (MWCNTs). Regarding the hexagonal symmetry of 

the graphene layer, the SWCNT will obtain a specifi c chi-

rality according to the rolling fashion. The chirality is always 

expressed as a chiral vector (roll-up vector):

    

� ��� � ��
= +1 2C na ma   (1) 

 where 
���

1a  and 
� ��

2a  represent the two unit vectors along the 

zig-zag edge, while the pair of integers ( n , m ), known as the 

chiral index, are the steps along the zig-zag carbon bonds of 

corresponding unit vectors. Hence the structure (except for 
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 Figure 1.     The history of CNT-based aerogels. Top Row (from left): 1st image reproduced with permission. [ 43 ]  Copyright 2004, American Association for 
the Advancement of Science; second image reproduced with permission. [ 53 ]  Copyright 2007, Wiley-VCH; 3rd image reproduced with permission. [ 127 ]  
Copyright 2007, the American Chemical Society; 4th image reproduced with permission. [ 55 ]  Copyright 2010, Wiley-VCH; 5th image reproduced 
with permission. [ 123 ]  Copyright 2011, Royal Society of Chemistry; 6th image reproduced with permission. [ 65 ]  Copyright 2012, Nature Publishing 
Group. Bottom Row (from left): 1st image reproduced with permission. [ 152 ]  Copyright 2009, Wiley-VCH; 2nd image reproduced with permission. [ 170 ]  
Copyright 2005, American Association for the Advancement of Science; 3rd image reproduced with permission. [ 55 ]  Copyright 2010, Wiley-VCH; 
4th image reproduced with permission. [ 167 ]  Copyright 2008, Wiley-VCH; 5th image reproduced with permission. [ 106 ]  Copyright 2013, Wiley-VCH.
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length) of an individual SWCNT (the rolling direction 
�

C  

and the diameter 
�

C ) can be unambiguously determined 

by a chiral vector. Chirality has large impact on properties 

of SWCNTs, especially on their electronic structures and 

phonon dispersion relations (Figure  2 b,c). [ 32 ]  Based on the 

chiral index ( n , m ), the electronic properties of SWCNTs can 

be classifi ed as i) metallic, when  n  =  m , ii) semiconducting, 

with a tiny bandgap when  n–m  = 3 k  ( k  is a non-zero integer), 

and iii) semiconducting, with a bandgap inversely depending 

on the tube diameter (all other SWCNTs). For perfect 

MWCNTs, the electronic properties are similar to SWCNTs 

because of weak coupling between cylinders in MWCNTs. [ 4 ]  

Therefore, CNTs show a greater structure and property 

diversity, overwhelming their 2D analogue graphene at 

the nanoscale level. Both the challenges and opportunities 

regarding the use of CNTs involve this diversity.  

 In addition to their structure-dependent diversity, indi-

vidual CNTs also display many other incredible properties. 

For example, their excellent mechanical properties (elastic 

moduli up to 1 TPa and tensile strengths up to 250 GPa) and 

high thermal stability (up to 650 °C in an oxidizing atmos-

phere and 2800 °C in vacuum) make them useful in harsh 

conditions or for structure-supporting materials. [ 3,7 ]  Fully 

conjugated backbones impart an ultrahigh electrical cur-

rent-carrying capacity (up to 1000 times higher than that of 

copper) and thermal conductivity (6000 W m −1  K −1 , nearly 

double that of diamond). [ 7 ]  The high SSA, especially for 

SWCNTs (theoretically 1315 m 2  g −1 ), affords great potential 

for catalysis, adsorption, and many energy-related fi elds. The 

unique hollow-tube geometry with a diameter ca. 1–100 nm 

may provide a special environment for studying space-lim-

ited reactions. 

 CNTs can be prepared by arc discharge, laser ablation, 

chemical vapor deposition, and hydrothermal methods, etc., 

which have been well reviewed by Prasek and co-workers 

and Chen and co-workers. [ 31,33 ]  Purifi cation is another impor-

tant subject, since as-prepared CNTs always contain carbona-

ceous and metallic impurities which may affect their intrinsic 

properties. The purifi cation methods can be classifi ed as 

chemical oxidation methods (e.g., gas-phase oxidation, liquid-

phase oxidation, electrochemical oxidation), physical-based 

methods (e.g., fi ltration, centrifugation, annealing), or multi-

step methods (e.g., sonication in combination with oxidation). 

The details of purifi cation techniques, evaluation methods, 

and possible effects of the purity on CNT properties have 

been well studied and are reviewed elsewhere. [ 34–36 ]   

  2.2.     CNT-based Macroscopic Assemblies 

 Since most practical applications require macroscopic 

materials, it is necessary to integrate individual CNTs into 

macro-level assemblies while maintaining their remarkable 

properties. In the last two decades, 1D, 2D, and 3D CNT-

based assemblies with either CNT composites or exclusive 

CNTs have been extensively studied ( Figure    3  ). The prepa-

ration methods can be roughly classifi ed to two classes, i.e., 

dry chemistry (chemical vapor deposition growth, spinning 

from VA-CNT arrays or aerogels) and wet chemistry (from 

CNT-based dispersions). The former method always creates 

high-quality materials made up of long individual CNTs, 

while the later approach possesses much more fl exibility due 

to a decoupling of the CNT growth and assembly steps. Com-

prehensive reviews of macroscopic assemblies of CNTs are 
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 Figure 2.     a) The relationship between CNTs and graphene. Reproduced with permission. [ 31 ]  Copyright 2011, Royal Society of Chemistry. b) The 
calculated electronic structure of graphene and the cutting line (solid curves) of a (4,2) tube (left), the energy states and density of states (DOS) 
of a (4,2) tube (middle and right). c) Left are the phonon dispersion relation and corresponding phonon density of states for a 2D graphene sheet. 
Right are calculated phonon dispersion relation and corresponding phonon DOS of a (10,10) tube. Reproduced with permission. [ 32 ] Copyright 2005, 
Elsevier Publishing Group.
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given by Zhang and co-workers [ 15 ]  and Chan-Park and co-

workers. [ 37 ]  In this section, we just give a brief introduction to 

various CNT-based assemblies, according to their dimensions. 

   2.2.1.     One-Dimensional CNT-based Assemblies 

 Controlled orientation is very useful to enhance the perfor-

mance of materials in a specifi c direction. 1D fi bers are one 

of the typical aligned aggregation states which have been 

widely adopted in the polymer industry. Similarly, 1D CNT-

based assemblies (fi bers or yarns) are derived from spinning 

CNTs into aligned fi bers along the spinning direction, thereby 

maximizing the axial properties of materials. CNT fi bers are 

acquired from either liquid (surfactant-based dispersions [ 38 ]  

or super-acid-based dispersions [ 39–41 ]  or solid-state (VA-CNT 

arrays [ 42 ]  or by growing CNT aerogels in a chemical vapor dep-

osition system [ 43,44 ]  spinning. Thanks to the unique features of 

CNTs, the resultant fi bers not only enjoy a high Young’s mod-

ulus (up to hundreds of gigapascals), comparable to commercial 

polymer fi bers such as Kevlar fi bers, but also exhibit excellent 

electrical conductivities (up to 5000 S cm −1 ). A comprehensive 

introduction to CNT fi bers is provided elsewhere. [ 45,46 ]   

  2.2.2.     Two-Dimensional CNT-based Assemblies 

 2D CNT-based fi lms and sheets have also received con-

siderable attention because of their remarkable electrical 

and thermal conductivity, high fl exibility, and high stability. 

They have therefore found wide application, ranging from 

transparent conductive fi lms, separators, polarized light 

sources, to loudspeakers. [ 47,48 ]  Similar to CNT fi bers, fi lms can 

also be obtained by either wet methods (e.g., vacuum fi ltra-

tion, Langmuir–Blodgett deposition) [ 15,49 ]  or dry methods 

(e.g., drawn from VA-CNT arrays, [ 50,51 ]  direct chemical vapor 

deposition growth [ 52 ] .  

  2.2.3.     Three-Dimensional CNT-based Assemblies 

 In recent years, CNT-based 3D architectures have received 

growing interest. [ 53–57 ]  Among them, low-density and porous 

monoliths (aerogels) have shown great potential for wide 

application. The aerogels are a kind of monolithic, 3D, solid 

network containing interconnected pores. This guarantees 

their high porosity, low density, and huge specifi c surface 

area, thus facilitating their wide application scope such as for 

scaffold materials, electrode materials, and catalysis. [ 23,24,27 ]  

The appearance of new materials, e.g., CNTs, has greatly 

accelerated the development of aerogels. Combining the fea-

tures of aerogels (hierarchical pores, low density, high SSA, 

and high porosity) and remarkable properties of CNTs (high 

conductivity, high strength, high surface area, and low atomic 

weight), CNT-based aerogels can not only realize the excep-

tional potential of CNTs, but may also impart some new 

functionality to aerogels. 

 The concept of CNT aerogels fi rst appeared in 2004, [ 43 ]  

where the CNT fi bers were spun from the CNT aerogels in a 

chemical vapor deposition (CVD) system. After a three-year 
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 Figure 3.     The different macroscopic assemblies of CNTs. ‘Fibers’ reproduced with permission. [ 43 ]  Copyright 2004, American Association for the 
Advancement of Science; ‘Vertical Arrays’ reproduced with permission. [ 62 ]  Copyright 2004, American Association for the Advancement of Science; 
‘Yarns’ reproduced with permission. [ 42 ]  Copyright 2002, Nature Publishing Group; ‘3D Structures’ reproduced with permission. [ 56 ]  Copyright 2012, 
Royal Society of Chemistry; ‘Sheets’ reproduced with permission. [ 47 ]  Copyright 2005, American Association for the Advancement of Science.
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silence, the research was revisited by Bryning and co-workers, 

who created highly conductive few-walled CNT (FWCNT) 

aerogels from a CNT suspension. [ 53 ]  Another encouraging 

breakthrough was made by Gui and co-workers in 2010, 

where the CVD technique was established for growing iso-

tropic CNT sponges. [ 55 ]  Following these pioneering works, 

CNT-based aerogels have received wide attention, and both 

their fundamental properties and practical applications have 

been extensively studied (see Figure  1 ). However, due to 

the lack of effi cient methods to fi nely modulate the micro-

structures of these materials and to control the type of CNT 

produced (e.g., number of walls, chirality, doping), the true 

potential of CNT aerogels has still not been realized. Com-

bined with the high cost of CNT precursors, the low perfor-

mance-to-cost ratio of CNT-based aerogels has made them 

less competitive with other materials such as graphene-based 

aerogels and carbon aerogels. Therefore, there is large room 

for improvement in this young fi eld.    

  3.     Synthetic Strategies for CNT-based Monoliths 

 To acquire a 3D porous network, either dry chemistry methods 

(direct growth by CVD) or wet chemistry methods (pro-

duce the network in the solution and then take out the inside 

solvent) can be adopted. The former method can produce 

mechanically fl exible and highly conductive CNT aerogels 

composed of high-quality and long individual CNTs, while the 

latter approach enjoys tunable composition, well-controlled 

reaction conditions, easy functionalization and scalability. 

 However, both of these methods have inherent drawbacks. 

CVD-grown CNT monoliths always include a considerable 

amount of metal catalyst which cannot be removed by normal 

acid purifi cation, affecting studies of the intrinsic properties of 

CNT aerogels, especially for catalysis. One-step growth also 

makes it extremely diffi cult to control the type (e.g., number 

of walls, chirality) of as-grown CNTs, since in-situ control over 

the growth of CNTs is still a great hurdle in CNT preparation. 

The wet chemistry approach requires a good CNT dispersion 

before reaction. During the dispersing step, CNTs are always 

cut down to several hundreds of nanometers and many defects 

can be introduced, resulting from ultrasonication or oxidation, 

largely deteriorating the properties of pristine CNTs. 

 Therefore, simultaneous control over the type and func-

tionalization of CNTs in aerogels is far from satisfactory by 

existing methods, which in turn impairs their superior prop-

erties as predicted by theoretical calculations. Fortunately, 

some modifi ed or brand-new strategies have been injected 

into this young fi eld. Moreover, the preparation strategies 

of analogues such as graphene aerogels may also provide 

many useful hints. [ 29,58,59 ]  However, at this stage, effi cient 

approaches are still highly desired to realize well-controlled 

CNT structures in aerogels. 

  3.1.     CNT-based Monoliths Prepared by CVD 

 Chemical vapor deposition is a frequently used technique 

for CNT preparation. Generally, the carbon sources are 

decomposed on the surface of catalyst particles at high tem-

perature, then nanotubes are grown from the nanosized 

particles according to either vapor−liquid−solid (VLS) or 

vapor−solid (VS) mechanisms. [ 8 ]  Therefore, it is natural to 

come to the idea of directly growing CNT aerogels by the 

CVD technique ( Figure    4  a). Based on the catalyst’s for-

mation and reaction conditions, the CVD method can pro-

duce either vertically aligned CNT arrays or isotropic CNT 

sponges constructed from high-quality and long individual 

CNTs, important for achieving exceptional electrical and 

mechanical performance. In contrast, although graphene 

can also be prepared by the CVD process, the direct growth 

of free-standing graphene monoliths without a template is 

impossible. For the CVD fabrication method, two main issues 

have puzzled scientists: the in-situ control of as-grown CNT 

types, and the removal of metal impurities without affecting 

the aerogel qualities.   

  3.1.1.     Ultralong VA-CNT Arrays 

 Vertically aligned CNT arrays are always fabricated by 

fl owing carbon sources over a substrate sputtered by metal 

thin fi lm as a catalyst, where the alignment comes from a 

“crowding effect” between CNTs. [ 60 ]  Although VA-CNT 

arrays have been acquired for years, [ 61 ]  the thickness of the 

arrays (typically less than 1 mm) are usually much shorter 

than the other two dimensions. Hence they cannot be 

regarded as true 3D CNT monoliths. Fortunately, thanks to an 

increasing understanding of the mechanisms and the role of 

each parameter (e.g., carbon source concentration, hydrogen 

concentration, water vapor, substrate design, deposition tem-

perature) for CNT growth, long VA-CNT arrays have been 

obtained. [ 57,62,63 ]  For example, Hata’s group reported the 

growth of superdense 2.5 mm-high SWCNT arrays with the 

assistance of water vapor, where the water was believed to 

promote growth by eliminating amorphous carbon and thus 

enhancing the catalyst’s life. [ 62 ]  Recently, Cho and co-workers 

successfully acquired ultralong VA-CNT arrays with thick-

nesses up to 2 cm (Figure  4 b). [ 57 ]  In this study, the ethylene/

hydrogen ratio and water concentration were carefully inves-

tigated. Additionally, they claimed that the introduction of 

hydrogen not only removed amorphous carbon, but also 

counteracted oxygen to reduce its etching effect. 

 It can be envisaged that these anisotropic 3D CNT mono-

liths would show intriguing properties or enhanced perfor-

mance in many cases (e.g., anisotropic mechanical properties, 

enhanced electrical conductivity parallel to the CNT growth 

direction), but the potential of this fi eld is still under-

exploited. This may be attributed to two big challenges. For 

most cases, the growth time is quite long (several to tens of 

hours) for obtaining a suffi cient height, which is very energy- 

and time-consuming, thus increasing the production cost. In 

addition, the vertical growth originates from crowding effects 

of CNTs, which means that CNTs are arranged side by side 

to support the monolithic structure. In this way, consider-

able surface areas of individual CNTs may not be accessible 

because of this close-packing style. In fact, the specifi c sur-

face area of VA-CNT arrays have hardly been reported in 

the literature. There are, therefore, countless opportunities 
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in the fi eld of ultralong VA-CNT arrays for both preparation 

and application. 

  3.1.2.     Isotropic CNT Monoliths 

 Aside from aligned ultralong VA-CNT arrays, 3D isotropic 

CNT monoliths can also be created by the CVD technique. 

To achieve isotropy, fl oating catalysts are always used. In 

2004, the concept of isotropic CNT aerogels was fi rst intro-

duced by Windle’s group. [ 43 ]  They injected an ethanolic solu-

tion of ferrocene and thiophene (ethanol for carbon sources, 

ferrocene for catalysts, and thiophene for promoters) in the 

furnace carried by hydrogen gas, and the quick formation of 

the aerogel was viewed by a mirror. However, the focus of 

this work is on the CNT fi bers spun from the aerogel. Similar 

to the approach applied to VA-CNT arrays, Zheng and co-

workers prepared CNT cotton on a silicon substrate. [ 64 ]  The 

difference here was that metal catalysts were just applied 

to one edge of the substrate. The resultant cotton was con-

structed by randomly oriented long CNTs, but the thickness 

was only several millimeters. 

 In 2010, truly 3D isotropic CNT sponges were synthesized 

by Gui et al., [ 55 ]  where a dichlorobenzene solution of ferrocene 

taken by the carrier gases (a mixture of argon and hydrogen) 

was injected into the furnace. After a 4 h growth period, 

MWCNT sponges with low densities (about 5–10 mg cm −3 ) 

were acquired on the pre-inserted quartz sheet substrate 

(Figure  4 c). This pioneering work provides a feasible way 

to prepare macroscopic isotropic truly 3D CNT sponges in 

a CVD system, and demonstrates the incredible mechanical 

and electrical properties of the resultant materials. However, 

the sponge possessed a low specifi c surface area (SSA) of 

only 62.8 m 2  g −1 , which may be attributed to the large diam-

eters of the MWCNTs. In fact, the in-situ control of CNT 

diameters and other parameters (such as chirality) are great 

challenges for CVD-grown sponges. 

 Doping heteroatoms into the carbon lattice is expected to 

endow some intriguing properties to CNTs, such as altered 

hydrophobicity, enhanced electrical conductivity, and pre-

ferred sorption towards specifi c species (e.g., O 2  sorption 

for nitrogen-doped CNTs). CVD provides a facile way to 

realize one-pot growth of 3D heteroatom-doped CNT mono-

liths. Following the creation of pristine CNT sponges, boron-

doped and nitrogen-doped CNT sponges were also obtained 

(Figure  4 d,e) by introducing a heteroatom-containing source 

(e.g., triethylborane for boron doping, pyridine for nitrogen 

doping) in the precursor solution. [ 65,66 ]  In this way, heter-

oatoms created by the decomposition of precursors at high 

temperature could be incorporated in situ into the carbon 

lattice during the growth process (ca. 0.7 at% for boron and 

4.28 at% for nitrogen). More interestingly, it was observed 
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 Figure 4.     a) The schematic illustration of 3D CNT monoliths prepared by the CVD method, and corresponding examples such as b) ultralong 
CNT vertical arrays (reproduced with permission. [ 57 ]  Copyright 2014, Elsevier Publishing Group), c) CNT sponges (reproduced with permission. [ 55 ]  
Copyright 2010, Wiley-VCH), d) boron-doped CNT sponges (reproduced with permission. [ 65 ]  Copyright 2012,Nature Publishing Group), e) nitrogen-
doped CNT sponges (reproduced with permission. [ 66 ]  Copyright 2013, the American Chemical Society), f) a graphene–CNT hybrid foam (reproduced 
with permission; [ 67 ]  copyright 2012, Royal Society of Chemistry), and g) a CNT sponge grafted with CdS nanoparticles (reproduced with permission; [ 72 ]  
copyright 2012, Springer Publishing).
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that the heteroatoms could create strong covalent bonding 

between different CNTs in the form of “elbow” joints, which 

can serve as springs to enhance the reversible elastic defor-

mation of sponges. [ 65 ]   

  3.1.3.     Template-derived CNT-based Monoliths 

 Sometimes, the preparation of 3D CNT-based monoliths with 

a porous template (always a metal foam) can be very ben-

efi cial. The template can not only tailor the pore-size distri-

bution (PSD) of macro- or mesopores in aerogels, but also 

suppresses the aggregation of the growing CNTs to some 

extent. After growth, the template is removed, giving rise to 

free-standing 3D monoliths. 

 Dong and co-workers reported a graphene–carbon 

nanotube hybrid foam via a two-step CVD process (Figure 

 4 f). [ 67,68 ]  In this approach, graphene fl akes were grown on the 

nickel foam at fi rst, then CNTs were grown on the graphene/

nickel foam after Ni particle loading. A one-step prepara-

tion approach has also been demonstrated by Wang and co-

workers, [ 69 ]  where an iron catalyst layer was deposited on 

the nickel foam before conducting ambient pressure CVD 

(APCVD). 

 However, currently, nickel foams seem to be almost the 

only template for CNT-based monolith preparation. There-

fore, only CNT/graphene composite monoliths can be cre-

ated, due to the overlap of growth conditions for the two 

materials. Even if pure CNT can be grown on the template, 

the relatively ineffi cient π–π stacking between CNTs may 

also lead to structural collapse during the template-removal 

process, placing a great barrier to acquiring integral mono-

liths and ordered pore structures. Once these problems are 

overcome, such pure CNT monoliths with controlled macro- 

and mesopores may fi nd great potential for a wide range of 

applications in catalysis, adsorption, and energy storage and 

conversion.  

  3.1.4.     CNT-based Composite Monoliths 

 The deliberate introduction of a second component can 

not only strengthen the performance compared to the orig-

inal 3D CNT monoliths, but may also impart some novel 

properties. 

 There is so far no report of the preparation of CNT-based 

composite monoliths using just the CVD process. Gener-

ally, CNT-based composite monoliths can be prepared by 

two methods, i.e., post-treatment of CVD-grown CNT aero-

gels, or a wet chemistry approach. For the fi rst method, iso-

tropic CNT sponges are prepared by the CVD technique as 

described above (see Section 3.1.2), followed by the intro-

duction of other components to tailor them for specifi c 

applications. [ 70–72 ]  For example, Chen and co-workers [ 71 ]  

reported a MWCNT/V 2 O 5  core/shell sponge by coating pris-

tine MWCNT sponges with a thin and uniform V 2 O 5  layer 

via atomic layer deposition (ALD). In another work, [ 72 ]  CdS 

nanoparticles (NPs) were anchored on a CNT sponge by dip-

ping pristine sponges in an as-prepared CdS NP solution. 

The second method, i.e., the wet chemistry approach, will be 

introduced in the next section.   

  3.2.     CNT-based Monoliths Derived from CNT-based Suspensions 

 Besides the CVD technique, CNT-based monoliths can also 

be derived from CNT-based suspensions (either “macro-

dispersions” of CNT bundles or “nanodispersions” of indi-

vidual CNTs) by two steps: a sol–gel transition (or directly 

freezing) and a drying process. In the fi rst step, CNT precur-

sors (and other guest molecules) are dispersed into a sol-

vent with/without the help of surfactants. Corresponding 

dispersion methods and evaluation standards have been well 

studied. [ 73–78 ]  It should be noted that dispersion quality may 

have a great effect on the following gelation process and fi nal 

performance of products, and this aspect has not received 

enough attention. After concentration or reaction, the CNT-

based suspension converts to a wet gel. Conventional vacuum 

drying methods always produce highly aggregated xerogels 

with large size shrinkage, which is attributed to the dramatic 

surface tension change around the gel network induced by 

solvent evaporation. [ 24 ]  To maintain the integrality of the 3D 

framework, either supercritical-drying or freeze-drying tech-

niques are used to circumambulate the liquid–gas phase line 

of the solvent, thus producing structure-maintained aero-

gels ( Figure    5  ). [ 79 ]  Although the two drying methods usually 

show similar SSAs when an appropriate drying medium is 

used, supercritical drying always endows aerogels with higher 

mechanical strength. It should be noted that graphene aerogels 

can be prepared in a similar way, [ 29,58,59 ]  hence many methods 

used for graphene aerogels could benefi t the studies of CNT 

aerogels. For carbon aerogel preparation, [ 28,80 ]  polymer aero-

gels (e.g., phenol-formaldehyde resin aerogel) are always fab-

ricated fi rst by chemical polymerization of multifunctional 

organic species followed by special drying. Then they are 

converted to 3D porous carbon networks by pyrolysis at high 

temperature, where polymers decompose to carbon particles.  

 Compared with the high-temperature CVD process, the 

wet chemistry method allows much milder synthetic condi-

tions, which are convenient for control and scalability. More 

importantly, due to the decoupling of the CNT synthesis and 

gel assembly process, the CNT precursors and other ingredi-

ents can be well controlled or selected, thus providing large 

fl exibility to design a wide range of materials tailoring mul-

tiple and desirable functions. However, the universal issues 

for wet chemistry lie in the low quality and much shorter 

lengths of the CNTs, which inevitably results in aerogels with 

limited electrical and mechanical properties. 

 The sol–gel step is the key procedure for preparing fi nal 

products in most cases. Many sol–gel transition methods ini-

tially designed for the preparation of CNT-based wet gels can 

be directly applied for aerogel preparation if the second step 

(i.e., drying step) is added. Therefore, the sol–gel mechanism 

and the main approaches for preparing CNT-based wet gels 

are introduced in the fi rst section below. Different types of 

CNT-based aerogels and some novel preparation methods 

are subsequently discussed. 

  3.2.1.     CNT-based Wet Gels 

 Wet gels are a free-standing porous 3D solid network 

swollen by liquid solvent. Regarding the type of solvent, it 
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can be classifi ed as a hydrogel (water) or 

organogel (organic solvent). CNT-based 

wet gels are prepared by crosslinking 

CNTs (and other polymers) in precursor 

solutions to form 3D networks, via either 

covalent or non-covalent interactions. The 

key points to acquire CNT-based wet gels 

are the achievement of a good disper-

sion of CNTs, the reasonable design of 

crosslinking forces, and the smart intro-

duction of other functional components. 

The main gelation methods are depicted in 

 Figure    6  , where CNTs can either serve as 

continuous networks, partial networks, or 

guest components.  

  CNTs as Continuous Networks : Pris-

tine or modifi ed CNTs themselves can 

form 3D continuous networks with or 

without the assistance of dispersants. For 

pristine CNTs, surfactants are always 

employed to disperse them in water at a 

high concentration, thus forming a gel 

due to van der Waals interactions. Hough 

and co-workers prepared the fi rst pristine 

SWCNT hydrogel using sodium dodecylb-

enzene sulfonate (SDBS) as a surfactant 

( Figure    7  a), where the mixture exhibited 

gel-like behavior at 0.26 vol%, confi rmed 

by rheology measurements. [ 81,82 ]  The most 

exciting thing is that the surfactant could 

be completely removed without destroying 

the hydrogel, [ 53,83 ]  which means that pure 

SWCNT gels could be obtained. Tan and 

co-workers reported the preparation of 

highly elastic SWCNT-based hydrogels 

using sodium deoxycholate (NaDC) at 

very high CNT concentrations (about 

1–3 wt%). [ 84 ]  As shown in Figure  7 b, it 

seemed that the hydrogel possessed a 

double network, i.e., a NaDC network 

and a NaDC-dispersed SWCNT network, 

which was quite different from the pre-

vious case. As well as being dispersed 

with surfactants, CNTs can also form gels 

in organic solvents with the assistance of 

hydroxylamine hydrochloric acid salt via 

noncovalent interactions (Figure  7 f). [ 85 ]   

 It was reported that oxidized CNTs (ox-

CNTs) also exhibited gelation behavior 

above a critical concentration (Figure  7 c), 

presumably due to hydrogen bonding or 

the topological entanglement of the rod-

shaped CNTs. Ox-MWCNTs (prepared 

by oxidation with a mixture of concen-

trated nitric and sulphuric acids in a ratio 

of 1:3) showed a much higher gelation 

threshold (≈5 vol%, 8.25 wt%) than that 

of ox-SWCNTs (≈0.3 wt%, prepared by a 
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 Figure 5.     The phase transition from the wet gel to the dry gel. Both freeze-drying and 
supercritical-drying can be used to acquire an aerogel with a maintained porous 3D structure. 
In contrast, traditional vacuum-drying produces xerogels with large shrinkage and much lower 
porosity (less than 90 vol%). Reproduced with permission. [ 79 ]  Copyright 2014, Wiley-VCH.

 Figure 6.     The schematic demonstration of general methods for preparing CNT wet gels. 
Formation of gels by a) suspending high-concentration pristine CNTs in solvent with a 
dispersant, b) dispersing high-concentration surface-modifi ed CNTs in solvent, c) inserting 
CNTs into an as-prepared gel matrix, and d) crosslinking CNTs and other molecules.
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modifi ed Hummer’s method). [ 86,87 ]  This might be attributed 

to the increased crosslink points between CNTs due to the 

much larger SSA of SWCNTs. Even ox-SWCNT hydrogels 

(0.65 wt%) still showed a little viscous fl ow upon horizontally 

placing, indicating weak inter-tube interactions. In contrast, 

graphene hydrogels can be easily prepared from graphene 

oxide by hydrothermal reactions or chemical reduction. [ 88,89 ]  

 Super acids, such as chlorosulphonic acid, are the only true 

thermodynamic solvents for the dissolution of CNTs. [ 40,41 ]  

SWCNTs can spontaneously dissolve in chlorosulphonic acid 

at weight concentrations of up to 0.5 wt% by the protonation 

of CNTs without destroying their structures. [ 40 ]  Hence it may 

be very promising for preparing high-quality pure CNT gels. 

So far, no report has centered on this method, which might 

be due to diffi culty in handling the acid. 

  Combined CNTs and Other Components as Continuous 
Networks : In most cases, it is diffi cult for CNTs alone to form 

gels because of weak crosslinking forces (inter-tube π–π 
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 Figure 7.     The demonstration of various gelation methods for preparing CNT wet gels. a,b) CNT hydrogels prepared by dispersing high-concentration 
pristine CNTs in water with the assistance of surfactants (SDBS and NaDC, respectively). Figure a) was reproduced with permission. [ 81 ]  Copyright 
2006, American Chemical Society. Figure b) was reproduced with permission. [ 84 ]  Copyright 2011, Wiley-VCH. c) CNT hydrogels obtained by the 
condensation of oxidized SWCNT in aqueous solution at a high concentration. Reproduced with permission. [ 87 ]  Copyright 2003, American Chemical 
Society. d) ox-MWCNT/polyethylene polyamine composite hydrogel formed by hierarchical hydrogen bonds. Reproduced with permission. [ 93 ]  
Copyright 2014, Wiley-VCH. e) CNT-imbedded Fmoc-protected amino acid (Fmoc-Phe-OH) hydrogel. Reproduced with permission. [ 105 ]  Copyright 
2012, Royal Society of Chemistry. f) Schematic representation of oligo(p-phenylene vinylene)–CNT organogel. Reproduced with permission. [ 96 ]  
Copyright 2008, Wiley-VCH. g) SWCNT gel obtained by crosslinking SWCNTs with ferrocene-grafted poly(p-phenyleneethynylene). Reproduced with 
permission. [ 98 ]  Copyright 2006, Elsevier Publishing Group.
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stacking) and thus a high gelation threshold. Therefore, it 

is natural to consider the introduction of extra components 

(gelation promoters) to enhance the crosslinking force. In 

this case, CNTs always construct 3D networks in conjunction 

with guest molecules. Reasonable introduction of gelation 

promoters can not only facilitate the gelation process, but 

also reduce CNT consumption (reducing the cost) and impart 

new functions to the hydrogels. 

 For example, a tertiary hydrogel was prepared by 

simply mixing SWCNTs, graphene oxide (GO), and 

poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS). [ 90 ]  In this system, nonfunctionalized SWCNTs 

were well dispersed by GO. The gelation driven force is the 

π–π interactions and hydrogen bonds between three compo-

nents. A special case was the formation of CNT gels in an ionic 

liquid, where the physical crosslinking of CNT bundles could 

be triggered by local molecular ordering of ionic liquids. [ 91,92 ]  

 Sometimes, CNTs are modifi ed to serve as crosslinkers 

(or gelators). Previously, we have demonstrated a multifunc-

tional ox-MWCNT/polyethylene polyamine (PPA) composite 

hydrogel directed by a novel concept: hierarchical hydrogen 

bonding. [ 93 ]  In this case, the surface of the MWCNTs was 

covalently modifi ed with oxygen-containing groups by 

H 2 SO 4 /HNO 3  oxidation. By altering the proportion of ox-

MWCNTs and PPA, the overall crosslinking force provided 

by weak hydrogen bonds (N–H…N) between PPA molecules, 

and strong hydrogen bonds (–COO − …HN) between ox-

MWCNTs and PPA molecules, could be continuously tuned, 

thus tailoring desired and multiple functions. Bayazit and co-

workers [ 94 ]  reported that pyridine-functionalized SWCNTs 

can serve as gelators to gel poly(acrylic acid) (PAA), where 

the gel was formed from hydrogen bonding between pyridine 

and carboxylic acid groups. Another interesting work was pre-

sented by Cheng and co-workers, where SWCNTs wrapped 

with special DNA (leaving the sticky domains pointing out) 

were synthesized as gelators to interact with linear unit DNA 

(duplex DNA with two sticky domains) for constructing a 3D 

network. [ 95 ]  In this case, reversible gelation behavior could be 

realized by altering the pH. When the pH was lower than 6.3, 

two sticky domains could form an intermolecular i-motif struc-

ture via the formation of C···CH +  base pairs, thus affording 

gelation, and vice versa. Some CNT-based gelators used in 

organic solvents have also been developed (Figure  7 g). [ 96–98 ]  

  CNTs as Guest Components : In another type of gel, CNTs 

are used as guest components to enhance the properties (e.g., 

mechanical strength, electrical conductivity) of the original 

gel matrix. In this case, CNTs often have little effect on gel 

formation. [ 99–105 ]  For example, with the assistance of Pluronic 

copolymer, SWCNTs were dispersed and incorporated in 

the supramolecular hydrogel matrix constructed by Pluronic 

copolymer and α-cyclodextrin (α-CD). [ 100 ]  It was also shown 

that NaDC-dispersed SWCNTs could be inserted into the 

poly( N -isopropylacrylamide) (pNIPAM) hydrogel matrix, 

greatly accelerating the thermal response process. [ 104 ]   

  3.2.2.     Pure CNT Aerogels 

 Preparation of pure CNT aerogels is of great importance 

to fully realize their exceptional performance (without the 

introduction of inert components) and to study the intrinsic 

properties of CNTs. Most of the wet gels mentioned above 

can be directly converted to the corresponding aerogels by 

a special drying process such as freeze-drying and supercrit-

ical drying. However, pure CNTs wet gels are very diffi cult 

to prepare. Hence, the fabrication of the corresponding pure 

CNT aerogels remains a big challenge. 

 One method to get pure CNT wet gels is to disperse pris-

tine CNTs with surfactants and then wash them off, which was 

described in previous section (SDBS-dispersed CNT hydro-

gels). Based on this method, Bryning and co-workers reported 

the fi rst few-walled CNT (FWCNT) aerogel supercritical 

drying of SDBS-dispersed CNT hydrogels ( Figure    8  a,b). [ 53 ]  

Thanks to the less destructive dispersing conditions (without 

the oxidation of CNTs), the resultant low-density (10–30 mg 

mL −1 ) aerogels showed a high conductivity (up to 1 S cm −1 ). 

However, unlike CVD-grown CNT sponges, the as-prepared 

CNT aerogels were fragile because of reduced covalent 

bonding (chemical bonds in an individual CNT) and increased 

physical interactions (inter-tube van der Waals interactions 

and π–π stacking), resulting from the short length of the 

individual CNTs. By replacing FWCNTs with SWCNTs, the 

surface area of the aerogel reached 1291 m 2  g −1 , approaching 

the theoretical limit (1315 m 2  g −1 ) of SWCNTs. [ 106 ]  This result 

strongly suggests the potential of using the aerogel form to 

fully exert the remarkable properties of CNTs.  

 Jung and co-workers developed another intriguing and 

general approach for gelling surfactant-suspended SWCNT 

dispersions (Figure  8 c). [ 107 ]  The diluted SDBS-suspended 

SWCNT dispersion was concentrated in a controlled way by 

evaporation under mild conditions (313 K). Finally, gelation 

occurred with increased van der Waals interactions between 

contacting SWCNTs at the transition region between 

semi-dilute and isotropic concentration regimes. The corre-

sponding aerogels obtained by supercritical drying showed a 

very low density (2.7 mg cm −3 ), a high surface area (1011 m 2  g −1 ), 

and good electrical conductivity (0.91 S cm −1 ). The most 

exciting point is that this method allows a low initial CNT 

concentration (less than 0.1 wt%), greatly reducing the diffi -

culties in suspension preparation, and may thus largely main-

tain the remarkable properties of CNTs. Additionally, it is 

also a very general method for preparing aerogels with other 

1D and 2D nanostructured building blocks (e.g., Ag nano-

wires, MoS 2  nanosheets).  

  3.2.3.     CNT-based Composite Aerogels 

 To facilitate the gelation process and impart additional prop-

erties to the materials, CNTs are always mixed with other 

components to produce wet gels and corresponding aero-

gels. Unlike solely inter-tube physical interactions for pure 

CNT aerogels, many types of covalent and noncovalent 

crosslinking forces are involved in CNT-based composite 

aerogels. Therefore, rich alternative interactions can be used 

to effi ciently manipulate the gelation behavior, introducing 

diverse structures and functions in resultant materials. In this 

section, different types of CNT-based composite aerogels 

with CNTs, nonCNT components, and both of these as con-

tinuous networks are introduced in turn. 
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  CNTs as Continuous Networks : Composite aerogels with 

CNTs as continuous networks can not only utilize the well-

defi ned conductive paths and large specifi c surface areas 

provided by inter-connected CNTs, but can also trigger new 

properties by the introduction of guest components. For 

example, Worsley and co-workers showed that many metal 

oxides, such as SiO 2 , SnO 2 , and TiO 2 , can be uniformly coated 

onto SWCNT-based carbon aerogel (SWCNT-CA) scaffolds 

by a facile sol–gel deposition process ( Figure    9  a). [ 108 ]   

  CNTs and Other Components Combined as Continuous 
Networks : When gel networks are constructed by the com-

bination of CNTs and other components, the crosslinking 

forces can be tailored for specifi c applications. [ 109–112 ]  For 

example, Zhang and co-workers [ 112 ]  demonstrated a den-

drimer-linked CNT aerogel via hydrogen bonding between 

carboxylic acid groups on ox-CNTs and amino groups 

on amino-terminated generation 5-poly-(amido amine) 

(PAMAM). Thanks to the pH-sensitivity of hydrogen bonds, 

the aerogel showed a reversible sol–gel transition behavior, 

enabling its use as a recyclable adsorbent for dye stuffs. In 

another work, [ 109 ]  CNTs were dispersed in chloroform with 

the assistance of ferrocene-grafted polymers, then the pol-

ymer-wrapped CNTs served as gelators to form wet gels 

via the π–π interactions between ferrocenyl groups and 

neighboring CNT surfaces (Figure  7 g). Wet gels were fur-

ther converted to aerogels after supercritical drying (Figure 

 9 c,d). It is worthy to note that the electrical conductivity 

and surface area of as-prepared composite aerogels can be 

remarkably enhanced by a post-synthetic thermal annealing 

process in air, which allowed their use for energy-related 

applications. 

 To strengthen the crosslinking forces (by acquiring more 

effi cient π–π stacking) and application performance, graphene 

is introduced. [ 113–115 ]  Based on the good dispersing ability of 

graphene oxide (GO) for CNTs, either pristine CNTs or func-

tionalized CNTs can form uniform suspensions with the assis-

tance of GO. The wet gel can be consequently obtained via 

chemical reduction or hydrothermal reduction, [ 114,115 ]  then 

turned into an aerogel after special drying. In this system, 

graphene and CNTs jointly construct 3D networks, always 

with graphene providing a large SSA and CNTs providing the 

conductive pathway. Additionally, it was believed that CNTs 

could serve as spacers to suppress the stacking of graphene 

fl akes and thus promoting the overall surface area. 

 Interestingly, the formation of wet gels is not a prerequi-

site for obtaining aerogels. Sometimes, freeze drying frozen 

solutions can directly give rise to free-standing aerogels. It 

was reported that polyvinylalcohol (PVA)-dispersed CNT 

suspensions can be directly converted into aerogels via 

fl ash-freezing followed by lyophilization. [ 116 ]  In this system, 

PVA serves as both a dispersant for CNTs and a structure 

holder for the aerogel. Another amazing composite aerogel 

was reported by Sun and co-workers in 2013, [ 117 ]  where 

graphene/CNT aerogels were acquired by simply freeze 

drying mixed giant graphene oxide (GGO) and acid-treated 

MWCNTs in water followed by hydrazine vapor reduc-

tion. Due to the synergistic effect between elastic CNT ribs 

and giant graphene cell walls, the aerogels showed ultralow 

apparent densities (≈0.16 mg cm −3 ) and extraordinary revers-

ible compressibility. 

  CNTs as Guest Components : Inserting CNTs into pre-

formed monolithic 3D networks (e.g. silicon aerogels, 
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 Figure 8.     Pure CNT aerogels derived from wet chemistry methods. a,b) CNT aerogels obtained from supercritical drying of CNT hydrogels produced 
from SDBS-suspended CNTs in aqueous solution. Figure a) was reproduced with permission. [ 53 ]  Copyright 2007, Wiley-VCH, Figure b) was reproduced 
with permission. [ 106 ]  Copyright 2013, Wiley-VCH. c) Schematic representation of CNT aerogels produced from their colloidal suspensions by gradual 
evaporation of the solvent. Reproduced with permission. [ 107 ]  Copyright 2012, Nature Publishing Group.
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phenol-formaldehyde resins, polymers) can enhance the per-

formance or impart additional functionality to the original 

materials. [ 118–121 ]  As additives, the proportion of CNTs is 

always much smaller than that of the gel matrix. For example, 

incorporating functionalized FWCNTs into a nanofi brillated 

cellulose (NFC) gel matrix can dramatically enhance the elec-

trical conductivity of the aerogel by several orders of mag-

nitude. [ 120 ]  CNT-containing carbon aerogels have also been 

reported, [ 118,119 ]  where suspended CNTs were involved in the 

matrix of phenol-formaldehyde resin by in-situ polymerization 

and post-carbonization processes at high temperature. After 

thermal treatment, CNTs were connected by the carbon par-

ticles from decomposed polymers, thus achieving exceptional 

electrical conductivity (>10 S cm −1 ) and Young’s moduli 

(>10 MPa) at a high aerogel density (e.g., >300 mg cm −3 ). [ 119 ]  

 In the above examples, the CNTs were randomly distrib-

uted in the 3D networks. Due to their relatively low fraction, 

CNTs may not be able to form continuous works and thus 

the enhancement effi ciency is affected. Regarding this, a great 

idea came: surface-coating the continuous 3D matrix with 

CNTs. [ 122–125 ]  For instance, Petrov and co-workers [ 123 ]  coated 

the as-prepared macroporous poly( N -isopropylacrylamide) 

(PNIPAAm) cryogel with a thin layer of CNTs by an 

ice-mediated process. During this process, the chemical-

crosslinked macroporous PNIPAAm cryogel was immersed 

in a CNT suspension, then CNTs were forced to deposit on 

the pore walls of the cryogel during lyophilization. Thanks 

to the interconnected CNTs on the gel surface, the nano-

composite exhibited a high conductivity ≈10 −2  S m −1  with 

only 0.12–0.15 wt% CNTs. In a more recent work, Xie and 

co-workers [ 125 ]  presented a CNT-surface-modifi ed polyure-

thane sponge obtained by an extremely simple approach, i.e., 

dipping the sponge in a CNT ink and drying at ambient pres-

sure (Figure  9 f). Thanks to the macroporous structure and 

excellent mechanical properties of the polyurethane sponge, 

the modifi ed sponge showed both superior conductivity 

(≈1 S cm −1  with a CNT coating of ≈200 nm thick) and mechan-

ical properties (e.g., stretchability and compressibility).  

  3.2.4.     CNT-based Aerogels Derived from Other Approaches 

 Apart from the methods described above, some recently 

developed strategies, not limited to this fi eld, may provide 

new ideas for designing CNT-based aerogels. 
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 Figure 9.     Some examples of composite CNT-based aerogels. a) CNT/oxide composite aerogels with CNTs as scaffolds. Reproduced with 
permission. [ 108 ]  Copyright 2011, American Chemical Society. b) A scanning electron microscope (SEM) image of a PVA/MWCNT aerogel containing 
50 wt% MWCNTs. Reproduced with permission. [ 116 ]  Copyright 2011, Elsevier Publishing Group. c,d) A digital photo and SEM image of ferrocene-
grafted poly(p-phenyleneethynylene)-crosslinked CNT aerogels. Reproduced with permission. [ 109 ]  Copyright 2011, Elsevier Publishing Group. 
e) Silica aerogels without and with SWCNTs. Reproduced with permission. [ 121 ]  Copyright 2011, American Chemical Society. f) CNT-coated 
macroporous sponges. Reproduced with permission. [ 125 ]  Copyright 2012, Royal Society of Chemistry.
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 The mechanical properties of aerogels can be dramati-

cally enhanced by the combination of dry and wet chemistry 

methods. Kim and co-workers [ 113 ]  obtained graphene-coated 

CNT aerogels by preparing the CNT hydrogels via wet chem-

istry and further coating graphene on it via dry chemistry 

methods ( Figure    10  a). In brief, they dipped the pre-formed 

CNT hydrogels into a polyacrylonitrile solution, followed 

by a two-step pyrolysis to convert the polymers into gra-

phene fl akes. In this way, the graphene coating signifi cantly 

strengthened the CNT struts and crosslinking nodes. There-

fore, the composite aerogel not only had a six-fold improve-

ment of the Young’s modulus compared to the original CNT 

aerogel, but also exhibited superior elasticity (with nearly no 

mechanical deterioration after 2000 cycles at 60% strain), 

which originated from the enhanced recovery force. The 

amazing mechanical properties of this graphene-coated CNT 

aerogel may also benefi t from the less destructive method 

of hydrogel preparation and the formation of carbon-based 

linkers (either graphene fl akes or carbon nanoparticles) 

between CNTs during post-synthetic pyrolysis.  

 To create nitrogen-doped and highly conductive CNT 

aerogels, we have developed a general method based on an 

“erasable” promoter-assisted hydrothermal reaction coupled 

with pyrolysis (Figure  10 b). [ 126 ]  In this manner, the small-sized 

pyrrole bearing two functional groups (an aromatic ring and 

a hydrogen donor) was used to strengthen the crosslinking 

force between oxidized MWCNTs (ox-MWCNTs). With the 

pyrrole as a built-in nitrogen source, the composite hydrogel 

was converted into a nitrogen-doped CNT aerogel through 

subsequent supercritical drying and pyrolysis steps. In the 

pyrolysis step, besides nitrogen doping, extra pyrrole mole-

cules were removed by either evaporation or decomposi-

tion due to their small size. The electrical conductivity of 

the aerogels could also be remarkably restored (10.9 S m −1 ) 

due to the thermal reduction of ox-MWCNTs. Therefore, the 

resultant clean and highly conductive N-CNT aerogels exhib-

ited exceptional oxygen reduction reaction (ORR) catalytical 

performance in alkaline media, with a positive onset potential 

of -0.055 V (versus AgCl/Ag) and a dominant four-electron 

pathway. Most importantly, due to the decoupling of CNT 

synthesis and gel preparation, and the smart use of bifunc-

tional small molecules, this method provided great fl exibility 

to create a variety of heteroatom-doped CNT aerogels with 

different types of CNTs (i.e., number of walls, chiralities) and 

different doping elements. 

 Elaborate design of the drying process can signifi cantly 

modulate the morphology and corresponding properties 

of CNT aerogels. It was found that rapid cooling (by liquid 

propane) of nanofi brillated cellulose/FWCNT hydrogels 

produced a fi brous aerogel skeleton, while slow cooling by 

liquid nitrogen resulted in an interconnected sheet mor-

phology. [ 120 ]  Alignment structures with tailored macropore 

sizes can also be achieved by special design of the drying pro-

cess. [ 127–130 ]  For example, Zou and co-workers [ 130 ]  acquired 

poly(3-hexylthiophene)- b -poly(3-(trimethoxysilyl) propyl 

methacrylate (P3HT- b -PTMSPMA) crosslinked MWCNT 

aerogels with honeycomb-like macropores by unidirectionally 

freezing corresponding wet gels followed by lyophilization. 

The unique aligned pore structures endowed aerogels with 

anisotropic mechanical properties and high compressibility. 
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 Figure 10.     Examples of CNT-based aerogels produced by novel methods. a) TEM and SEM images of graphene-coated CNT aerogels. Reproduced 
with permission. [ 113 ]  Copyright 2012, Nature Publishing Group. b) Schematic demonstration of N-doped CNT aerogels created by an “erasable” 
promoter-assisted hydrothermal reaction coupled with pyrolysis. Reproduced with permission. [ 126 ]  c) Chemical crosslinked MWCNT aerogels 
prepared by ice segregation-induced self-assembly (ISISA). Reproduced with permission. [ 130 ]  Copyright 2010, American Chemical Society.
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 There are some other interesting novel strategies in other 

fi elds which may benefi t the preparation of CNT aerogels. 

From the point of view of wet gel preparation, electrophoretic 

adhesion of oppositely charged components, [ 131 ]  and dynamic 

chemical bonds (e.g., Schiff base linkages [ 132 ]  may provide 

some hints to creating functional CNT-based hydrogels (e.g., 

hydrogels with a self-healing behavior). From the standpoint 

of structural control, the method of oil-droplet templating used 

in graphene aerogel preparation may give us some inspira-

tion. [ 133,134 ]  In this case, elaborate control of the soft template 

can create desired macropores, and thus confer an extremely 

low density (≥1 mg cm −3 ) and high compressibility on the 

resultant aerogels. As another example, high-cost special drying 

methods (e.g., freeze drying and supercritical drying) were 

avoided in aerogel preparation. For graphene-based aerogels, 

at least two recent works claimed that drying under ambient 

conditions might be a better choice for special applications 

of aerogels, such as supercapacitors with high volumetric 

capacitance. [ 135,136 ]  Surprisingly, one work showed that the 

specifi c surface area of the resultant material from ambient-

condition drying was even comparable to that of freeze-dried 

samples. [ 135 ]  

 To date, the uniqueness of CNTs has far from been 

exploited. For instance, CNT aerogels constructed by 

exclusively metallic SWCNTs should enjoy remarkable per-

formance in catalysis and supercapacitors because of their 

much-enhanced conductivity. Manipulation of CNT chi-

ralities, lengths, and diameters in aerogels may also lead to 

some interesting or high-performance materials for the fi elds 

of separation, electronics, and structural materials. There is 

a huge amount of things which remain to be explored for 

CNT-based aerogels, and numerous opportunities are waiting 

for scientists in broad communities.    

  4.     Characterization and Application of 
CNT-based 3D Monoliths 

 After aquiring CNT-based 3D monoliths, it is essential 

to select approprite characterization methods to deter-

mine their structures, physicochemical properites, and 

application potentials. Based on this information, one can 

revisit the original design and devise superior aerogels 

relevent to specifi c applications. The physical properties 

of some typical CNT-based aerogels are listed in  Table    1  . 

In this section, we will fi rst give a brief introduction of fre-

quently used characterization methods for evaluating 

CNT-based aerogels, then some main applications, such as 
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  Table 1.    Physical properties of some typical CNT-based aerogels.  

Material Fabrication Method Density 
[mg cm −3 ]

Specifi c Surface Area 
[m 2  g −1 ]

Electrical Conductivity 
[S cm −1 ]

Ref.

CNT aerogel muscles drawn from MWCNT arrays 1.5 / / [170]

CNT sponge CVD ≈5–10 62.8 ≈1.7 (two-probe)  [55] 

CNT sponge CVD ≈5–25 / ≈0.83 (two-probe)  [70] 

Ultralong VA-CNT array CVD / / /  [57] 

B-doped CNT sponge CVD ≈10–29 360.4 /  [65] 

N-doped CNT sponge CVD ≈30–55 / ≈0.15–0.21 (four-probe)  [66] 

Graphene-coated CNT aerogel sol–gel and pyrolysis 14 / ≈0.3 (two-probe)  [113] 

CNT/G foam CVD 6.9 / /  [67] 

CNT/G foam CVD / 497 /  [69] 

SWCNT aerogel sol–gel ≈7.3–13.1 up to 1291 ≈0.23–0.71 (two probe)  [106] 

SWCNT aerogel sol–gel 2.7 1011 0.91 (four probe)  [107] 

SWCNT/DWCNT aerogel sol–gel and pyrolysis ≈7–16 590–680 ≈1–2 (four probe)  [109] 

SWCNT/carbon aerogel sol–gel and pyrolysis 30 162 1.1 (four-probe)  [108] 

SiO 2 /SWCNT/carbon aerogel sol–gel, pyrolysis and infi ltration 80 742 1  [108] 

Graphene–MWCNT hybrid aerogel sol–gel 42 435 0.075 (four-probe)  [114] 

Dendrimer-linked MWCNT aerogels sol–gel ≈12–14 ≈182–196 /  [112] 

PTMSPMA-crosslinked MWCNT aerogel sol–gel 4 580 up to 0.26 (four-probe)  [130] 

Streptavidin–biotinylated/SWCNT aerogel sol–gel 0.4 / /  [111] 

MWCNT/chitosan/Pt NPs ISISA / / Up to 2.5  [127] 

MWCNT/graphene composite aerogels freeze-drying ≥0.16 ≈272 ≈0.6  [117] 

N-doped CNT aerogel sol–gel and pyrolysis ≈13.4–92.5 ≈356–867 up to 0.11 (two-probe)  [126] 

FWCNT-modifi ed native nanocellulose aerogels sol–gel ≈10–54 / up to 1.8 (four-probe)  [120] 

DWCNT-contianing carbon aerogels sol–gel ≈139–231 ≈550–590 ≈5.0–8.1 (four-probe)  [118] 

CNT-coated macroporous sponge infi ltration / ≈104 m 2  m −3 ≈1 (not mention)  [125] 

MnO 2 –CNT—sponge infi ltration and electrochemical deposition / 174 /  [122] 

PNIPAAm-cryogel/SWCNT ice-mediated deposition 21 / 2.8 × 10 −4  (four-probe)  [128] 
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catalysis, energy storage, adsorbents, and sensors, will be 

introduced.  

  4.1.     Characterization 

 The characterization methods for CNT aerogels can be 

roughly divided into four classes, based on what is being 

characterized: individual CNT quality, chemical composi-

tion, pore structure, or application properties. The details of 

the characterization of CNTs have also been reviewed else-

where, [ 3,32,137,138 ]  hence herein we just give a relatively brief 

introduction of characterization methods that are useful for 

CNT-based 3D monoliths. 

  4.1.1.     CNT Quality Characterization 

 The quality of individual CNTs can greatly affect the macro-

scopic properties (e.g., mechanical, electrical) and application 

performances of CNT-based aerogels. Typically, the CVD 

method creates CNT aerogels with high-quality CNTs (long 

length and few defects), while wet chemistry methods always 

produce short CNTs (less than 1 µm) with many defects (e.g., 

oxygen-containing groups, holes). 

 The length of CNTs can be facilely determined by SEM, 

although the entanglement of CNTs may make it diffi cult to 

get accurate results. Defects on CNT surfaces can be directly 

imaged by high-resolution transmission electron microscope 

(TEM). Raman spectra, electron energy loss spectroscopy 

(EELS), and X-ray photoelectron spectroscopic (XPS) are 

also capable of determining the quality of CNTs. The G-band-

to-D-band ratio in Raman spectra refl ects the disorder in the 

carbon lattice (smaller G/D ratios represent larger disorder 

degrees), while EELS and XPS can evaluate the bonding 

state and the proportion of carbon element. The solid-state 

nuclear magnetic resonance and UV–vis spectra used for the 

characterization of the disorder degree of GO [ 139 ]  may also 

be applied to the quality evaluation of CNTs.  

  4.1.2.     Chemical Composition Characterization 

 Chemical compositions can partially refl ect the quality of 

CNTs (always from the carbon/oxygen ratio), identify the 

remaining metal impurities, and evaluate heteroatom doping 

in CNT aerogels. 

 XPS is widely used to analyze the chemical composition 

of CNT-based aerogels, so as to obtain information about the 

functional groups, heteroatom-dopant mode/content, and the 

metal residues. Although XPS can analyze most elements in 

the periodic table, it can only give surface information and 

may thus lead to some errors. To get the bulk chemical com-

position information (mainly for C, H, O, N, S, P), elemental 

analysis by an elemental analyzer may be a better choice. 

Apart from the chemical composition analysis, energy-disper-

sive X-ray analysis (EDX) and EELS can further give space-

resolved composition information about aerogels, useful to 

evaluate the distribution of heteroatoms or metallic elements 

in the 3D network. [ 65 ]  However, it should be noted that the 

detection sensitivity of XPS, EDX, and EELS are not capable 

of identifying trace amounts of metal residues in aerogels 

introduced by CNT growth or post treatments. In this regard, 

inductively coupled plasma mass spectrometry (ICP-MS) 

may serve as a more powerful tool to solve this problem, with 

its high resolution at the ppb level. [ 140,141 ]  

 In addition, spectral methods such as IR spectroscopy can 

also provide some indirect information about the chemical 

composition from characteristic peaks. Heteroatom doping, 

such as nitrogen doping of SWCNTs, can also be identi-

fi ed by Raman spectra, where N-doping causes a red shift 

of the G’ band. [ 142 ]  By correlating the spectral information 

(e.g., peak intensity, peak shift) with the chemical compo-

sition as determined directly by elemental analysis, one 

may get the chemical composition information from the 

spectra.  

  4.1.3.     Pore Structure Characterization 

 The pore structure of CNT-based aerogels is critical for their 

application performance. The main indices for evaluating 

pore structure are the pore size distribution (PSD), the spe-

cifi c surface area (SSA), and the porosity. 

 According to the defi nition given by IUPAC, [ 143 ]  typical 

CNT-based aerogels possess abundant macropores (diam-

eter: >50 nm) and mesopores (diameter: ≈2–50 nm) which 

can be directly imaged by SEM or TEM. Nitrogen adsorp-

tion measurements are the most important method to probe 

both the SSA and PSD. As the mesopores are crucial for 

most applications of aerogels, the Brunauer–Emmett–Teller 

(BET) method and Barrett–Joyner–Halenda (BJH) method 

are frequently used to analyze SSA and PSD, respectively. 

For some special micropore-containing aerogels, data in the 

low p/p 0  region should be recorded and the nonlocalized 

DFT (NLDFT) method and the t-plot method may be used 

to give reasonable results. [ 79 ]  

 Porosity is another important factor for evaluating porous 

CNT-based aerogels. The porosity can be calculated as 

 ϕ  = (1- ρ  aerogel / ρ  CNT ) × 100%, where ρ aerogel  and ρ CNT  repre-

sent the apparent densities of the aerogel and of the CNTs, 

respectively. [ 120 ]  The densities of different types of CNTs 

have been determined experimentally or theoretically, [ 144,145 ]  

hence, the porosity (typically >95%) can be easily obtained 

by measuring the apparent density of the aerogel.  

  4.1.4.     Characterization of Properties for Applications 

 For practical applications, many physicochemical properties 

including thermal, mechanical, electrical, and electrochemical 

properties of CNT-based aerogels need to be characterized 

so as to fi nd the most relevant application fi elds for these 

materials. 

 Based on CNT aerogels derived from SDBS-suspended 

aqueous CNT dispersions, Islam and co-workers applied 

much effort in thermal property studies both via experi-

ments and theoretical calculations. [ 83,106,146 ]  For example, they 

found that the junction thermal conductance in the SWCNT 

aerogels approaches the theoretical maximum for a van der 

Waals-bonded SWCNT junction. [ 146 ]  Interestingly, they found 
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that the low-density SWCNT aerogel, which was expected 

to be a thermal insulator (as is the case for silica aerogels), 

showed a good heat transfer ability ( Figure    11  a). [ 106 ]  This 

might be due to the ultrahigh thermal conductivity of indi-

vidual SWCNTs (≥1000 W m −1  K −1 ) and the well-connected 

3D networks.  

 For mechanical properties, most work has focused on the 

compressible property of aerogels, carried out by a universal 

testing machine. From stress–strain curves, one can obtain the 

compressive modulus (the slope of the curve), the compressive 

strength (the stress when the material was broken), the energy 

dissipation effi ciency (the area of hysteresis loops), and the 

compressible reversibility. [ 55 ]  Some work was also conducted 

using dynamic measurements by dynamic thermomechanical 

analysis (DMA), which gives information about the elastic 

modulus (storage modulus E’ and loss modulus E’’) and the 

temperature-dependent mechanical properties. [ 65,113,117 ]  As an 

example, Kim and co-workers greatly improved the mechan-

ical properties of CNT aerogels by graphene-fl ake coatings, 

and studied the reinforcement mechanism involved. 

 High electrical conductivity is important for many appli-

cations including sensors, catalysis, supercapacitors, and so 

on. Electrical conductivity has always been calculated from 

I–V curves obtained by two-probe [ 53 ]  or four-probe [ 107 ]  

methods. Due to the porous nature of aerogels, the contact 

region between the sample and the probe was always painted 

with a little conductive paint, so as to get a more effective 

contact with the probe. The obtained conductivity using the 

four-probe method was always higher than for the two-probe 

method, because the former can eliminate contact resistance 

between the probe and the sample. [ 147 ]  However, due to the 

difference in aerogel densities, we recommend that the bulk 

density should be displayed when comparing the electrical 

conductivity of different samples. 

 The most effective method to evaluate the poten-

tial of CNT-based aerogels for capacitors, batteries, and 

electrocatalysis is the electrochemical measurement via an 

electrochemical work station or specifi c battery test system. 

For electrochemical energy storage and conversion devices, 

cyclic voltammetry (CV) and galvanostatic charge–discharge 

curves are currently adopted, using different scan rates or 

current densities so as to to probe the capacitive properties, 

including the mass/area-based specifi c capacity and rate per-

formance (capacities versus scanning rates or current den-

sities). [ 148,149 ]  Since the energy density and power density 

are two main factors in energy-storage devices, sometimes 

Ragone plots (recorded energy density versus power den-

sity in a single device) are required to evaluate the practical 

application properties, where the available energy at a con-

stant power load can be clearly demonstrated. [ 150 ]  It should 

be noted that measurements using two-electrode or three-

electrode confi gurations can give very different results. The 

former method is considered more appropriate to estimate 

the capacitance for practical applications. The pros and cons 

of the two methods have been well reviewed by Stoller and 

co-workers. [ 151 ]  

 For electrocatalysis, CV and linear sweep voltammetry 

(LSV) are often used to evaluate the catalytic activity. The 

onset potential, half-wave potential, and catalysis current 

densities are some critical parameters for almost all types of 

electrocatalysis. Some complex reactions involving multiple 

phases (e.g., the oxygen reduction reaction) require more 

complex equipment, such as a rotating disk electrode (RDE) 

or rotating ring–disk electrode (RRDE) to enhance the mass 

transfer and study the reaction mechanism. [ 149 ]  For both 

electrochemical energy storage and catalysis, electrochem-

ical impedance spectroscopy (EIS) and current–time ( I – t ) 

curves (or repeating CV curves) are often used to evaluate 

the electron transfer resistance and the stability of the elec-

trode materials, respectively. Some derivative diagrams, such 

as Tafel plots, are also useful to get further information about 

the catalytic mechanism.   
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 Figure 11.     a) The thermal management characteristics of SWCNT aerogels. Reproduced with permission. [ 106 ]  Copyright 2013, Wiley-VCH. b,c) The 
mechanical (superelastic and anti-fatigue) properties of graphene-coated CNT aerogels. Reproduced with permission. [ 113 ]  Copyright 2012, Nature 
Publishing Group.
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  4.2.     Applications 

 Thanks to the incredible properties inherited from the parent 

aerogels (hierarchical open pores, high porosity, low density, 

etc.) and individual CNTs (high theoretical SSA, mechanical 

fl exibility, mechanical strength, ultrahigh conductivity, fully-

conjugated structure, diverse structure-dependent proper-

ties, etc.), CNT-based aerogels exhibit promising application 

potential for diverse fi elds ( Figure    12  ). Main applications 

of CNT-based aerogels are introduced in this section. It 

should be noted that until now, almost all applications of 

CNT aerogels overlap that of graphene aerogels. The further 

improvement of application performance and expansion of 

application territory require ingenious utilization of unique 

tubular geometry and structural diversities of CNTs.  

  4.2.1.     Energy Storage 

 Highly effi cient electrode materials for energy storage require 

some general principles, such as high electrical conductivity 

for rapid electron transfer (high power density), hierarchical 

open pores for fast mass transfer (high power density), a high 

SSA for more accessible reaction sites (high energy density), 

and high stability (e.g., chemical, mechanical) for a long shelf 

life and cycle life. Considering these factors, CNT-based aero-

gels seem to be a superb material in this fi eld. However, the 

performance of current CNT-based aerogels cannot rival all 

materials, for example, graphene-based aerogels. Enormous 

efforts are needed to investigate the structure–performance 

relationship of CNTs, and to develop effi cient methods for 

purposefully preparing CNT-based aerogels with controlled 

individual CNT structures, large SSAs, suitable pore size dis-

tribution, and appropriate additives. 

 Many efforts have been made regarding the use of 

CNT-based aerogels as electrode materials for supercapaci-

tors. [ 69,115,122,124,152 ]  For supercapacitors, energy density is 

always the limiting factor. The energy density of a packed 

cell can be written  E  = 0.5 CV  2 , where  C  is the total specifi c 

capacitance in the circuit and  V  is the cell voltage. [ 152 ]  Hence, 

from the point of view of electrode materials, a high specifi c 

capacitance is desired. The total capacitance is made up of 

the electrical double-layer capacitance (EDLC) and pseudo-

capacitance. The energy storage mechanism for EDLC lies 

in the physical adsorption of opposite ions at the electrode–

electrolyte interface during charging, where hierarchical 

pores (mesopores and macropores) and large surface areas 

for electrolyte ion penetration and adsorption are required. 

In this case, the CNT-based aerogel not only provides a large 

SSA for a high gravimetric energy density, but also provides 

interconnected conductive networks for fast electron transfer, 

which enables fast charging/discharging processes throughout 

the entire 3D network. In other words, the energy storage 

should be scaled up by directly increasing the thickness of 

the electrode material without losing power density. Some 

works, e.g., research into CNT/graphene 

aerogels, have focused on the promotion 

of EDLC by improving the specifi c surface 

area, [ 69,115 ]  where CNTs can suppress the 

stacking of graphene fl akes and provide 

extra conductive paths. In this strategy, the 

specifi c capacitance can reach ≈286 F g −1  at 

1.78 mA cm −2  when using nickel foam 

as current collector. [ 69 ]  Although a high 

stability, high rate performance, and 

moderate capacity can be achieved using 

pure EDLC with exclusively carbon-

based materials, further improvement of 

the capacitance is required for obtaining 

a high energy density. For this purpose, 

pseudocapacitance, where the capacitance 

is provided by a reversible redox reaction 

during the charging/discharging process, 

is introduced. A common method is to 

make composite CNT-based aerogels by 

integrating conductive CNTs with other 

components that possess a large pseudo-

capacitance (e.g., metal oxides and con-

ducting polymers). For example, Chen and 

co-workers [ 122 ]  reported a MnO 2 –CNT 

sponge supercapacitor ( Figure    13  a). The 

macropores in the sponge enable the fast 

transfer of electrolyte ions, CNT coatings 

provided chemical inertness and high con-

ductivity for fast electron transfer, and the 

MnO 2  provided a large pseudocapacitance 

(theoretically 1370 F g −1 ). Based on this 
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 Figure 12.     A summary of the potential properties and application fi elds of CNT-based 
aerogels.
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design, the total capacitance can be signifi cantly improved up 

to 1230 F g −1  at 1 mV s −1  (based on the mass of MnO 2 ) as 

a result of a combined double-layer capacitance from phys-

ical ion sorption and pseudocapacitance from the reversible 

redox reaction of metal oxides. In comparison, the MnO 2 -

loaded Pt electrode only gives rise to a capacitance of less 

than 200 F g −1  at the same scan rate. More importantly, the 

hybrid sponge can serve as both a current collector and an 

electrode material without a binder (which is always con-

sidered an electrochemically inert component), facilitating 

packaging and optimizing cell performance.  

 Compared with supercapacitors, the main obstacles for 

lithium-ion batteries (LIBs) are their low power density and 

short cycle life. [ 153 ]  In this regard, high conductivity, large 

SSA, good mechanical stability are required for the elec-

trode materials. Chen and co-workers [ 71 ]  prepared MWCNT/

V 2 O 5  core/shell sponges via atomic layer deposition (ALD) 

of a thin, uniform layer of V 2 O 5  on a CVD-grown MWCNT 

sponge, as shown in Figure  13 b. The CNT sponge provided 

a conductive 3D network and hierarchical pores, facilitating 

fast electron and lithium-ion transfer and thus improving 

the power density. The high SSA of the sponge could also 

improve the energy density by increasing the number of 

accessible active sites. The V 2 O 5  provided a high specifi c 

capacity (≈441 mAh g −1  with three Li de/intercalation per 

V 2 O 5 ), and the ALD technique allowed the formation of a 

thin oxide layer closely contacting the CNT skeleton, which 

was benefi cial for a high energy density and high power 

density, respectively. As a result, the composite sponge 

delivered a dramatically higher capacity (818 µAh cm −2 ) 

than that of V 2 O 5  fi lm (1.8 µAh cm −2 ) at a 1C rate. Addi-

tionally, the hybrid sponge achieved a high capacity 

(155 µAh cm −2 ) and power density (21.7 mW cm −2 ) even 

at a 50C rate. Compared with V 2 O 5 , silicon shows a much 

higher theoretical capacity (≈4200 mAh g −1 ) with a fully 

lithiated composition of Li 4.4 Si. However, the large volume 

change of Si during charge/discharge cycling leads to a poor 

cycle life. In this regard, Hu and co-workers deposited Si 

on CVD-grown CNT sponges via a CVD process. The CNT 

sponge provided a highly conductive pathway and served as 

a mechanically fl exible support to accommodate the volume 

change of the loaded silicon. The resultant silicon–CNT 
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 Figure 13.     The applications of CNT-based aerogels in energy-related fi elds. a) High-performance nanostructured supercapacitors based on a 
MnO 2 –CNT hybrid sponge electrode. Reproduced with permission. [ 121 ]  Copyright 2011, American Chemical Society. b) MWCNT/V 2 O 5  core/shell 
sponge for Li-ion cathodes. Reproduced with permission. [ 71 ]  Copyright 2012, American Chemical Society. c) CNT-coated macroporous sponge for 
microbial fuel-cell electrodes. Reproduced with permission. [ 125 ]  Copyright 2012, Royal Society of Chemistry.
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coaxial sponge anode exhibited a specifi c capacity as high as 

2800 mAh g −1  with a cutoff of 0.05–1.0 V, and an excellent 

cycling performance without any obvious capacity fading over 

50 cycles. 

 CNT-based aerogels have also been proven to be amazing 

electrode materials in bio-electrochemical systems. [ 125,154 ]  

As demonstrated by Xie and co-workers, [ 125 ]  CNT-coated 

macroporous polyurethane sponges have shown the highest 

performance at that time when used as an electrode for 

microbial fuel cells (MFCs), with an areal power density of 

1.24 W m −2  for a batch-fed H-shaped MFC (HMFC) and a 

maximum volumetric power density of 128 W m −3  for a con-

tinuously fed plate-shaped MFC (PMFC) in domestic waste-

water treatment (Figure  13 c). This is due to the combination 

of a continuous 3D conductive path throughout the sponge 

surface, appropriate pore sizes, and excellent mechanical 

properties of the hybrid sponge. It should be noted that the 

sponge form is very important. For comparison, when used 

as an MFC anode, the maximum current density of the CNT 

textile is ca. 32.4% lower than that of a CNT sponge under 

the same conditions.  

  4.2.2.     Catalysis 

 CNT-based aerogels are promising for catalysis, serving as 

either scaffolds or as the catalysts themselves. A large SSA 

provides numerous active sites for reaction or loading, a 

tunable PSD facilitates mass transfer or shape-selective 

catalysis, high conductivity triggers fast reaction kinetics 

(especially for electrochemical catalysis), and high stability 

(chemical and mechanical) will guarantee long shelf life and 

cycle life. 

 The rational use of CNT-based aerogels as supports to 

load catalytic matter can create high-performance cata-

lysts. [ 72,108,110,116,127 ]  This is achieved by fully exposing the 

active catalysts and imparting a high conductivity to system 

for fast electron transfer. For example, photocatalytic decom-

position of rhodamine B (RhB) has been achieved using a 

CNT/CdS nanoparticle sponge, [ 72 ]  which utilized both the 

molecule adsorption ability of large-SSA CNT sponges and 

the photocatalytic activity of CdS nanoparticles. Intriguingly, 

since the internal CdS nanoparticles are protected during the 

reaction, after use, the sponge can be facilely regenerated by 

stripping off the surface part. In another work, [ 127 ]  Pt nano-

particles (10 wt%, average size ≈5 nm) decorated a highly 

conductive MWCNT/chitosan (CHI) monolith, which was 

prepared by an ISISA method. The microchanelled structure 

enabled facile mass transport in catalyzing the methanol oxi-

dation reaction, and the large SSA allowed Pt nanoparticles 

to be fully exposed to the reactants. Most importantly, unlike 

traditional catalysts where the reaction only occurs at the 

external surface, the aerogel-supported catalyst allowed a 

“bulk phase” catalysis throughout the gel network because 

of its porous structure. In this way, the catalytical current 

density linearly increases with increasing catalyst mass up to 

10 mg ( Figure    14  a), which greatly improves the space utili-

zation effi ciency. CNT-based aerogels supporting Pt or CuO 

catalysts have also been reported to catalyze the CO oxida-

tion reaction. [ 110,116 ]   

 Scientists have also found that surface-modifi ed or doped 

CNTs themselves can be used as catalysts. [ 155,156 ]  There-

fore, CNT-based aerogels with an appropriate design can 

be directly employed as catalysts without loading metals. 

Recently, we demonstrated the preparation of nitrogen-

doped CNT aerogels using an “erasable” promoter-assisted 

hydrothermal reaction coupled with pyrolysis. [ 126 ]  It is known 

that nitrogen doping can induce local charge redistribution 

and thus “activate” the catalytical ability of inert CNTs. [ 156 ]  

The resultant highly conductive and high-SSA aerogels 

showed fascinating performances in oxygen reduction reac-

tion (ORR) catalysis, with a positive onset potential (–0.055 V 

versus Ag/AgCl), high current density (higher than 20 wt% 

Pt/C at potentials lower than -0.4 V versus Ag/AgCl), and a 

dominant four-electron pathway (Figure  14 b). The possible 

roles of trace metal residues (e.g., Fe, Mn) were excluded 

by contrast experiments and ion-poisoning experiments. 

The current density being higher than that of conventional 

N-CNT catalysts [ 157,158 ]  suggests more active sites are present 

in N-CNT aerogels. In addition, theoretically, the monolithic 

aerogel itself can serve as a free-standing electrode without 

any binder, which would benefi t practical applications. 

 One concern about CNT-based metal-free catalysts is 

that whether or not they are truly metal-free, as metals may 

be introduced during the growth or post-treatment processes. 

Highly sensitive characterization methods such as ICP-MS 

should be used to check for metal residues. However, in 

small 2015, 11, No. 27, 3263–3289

 Figure 14.     Examples of CNT-based aerogels for catalysis. a) Macroporous 3D MWCNT assemblies decorated with Pt nanoparticles for methanol 
oxidation catalysis. b) LSV curves of N-doped CNT aerogels in ORR catalysis. Reproduced with permission. [ 126,127 ]  Copyright 2007, American 
Chemical Society.
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pursuit of high catalytic performance and low production 

cost, the direct use of as-prepared metal-containing CNTs 

as catalysts might be better if the amount and type of metal 

residues were reproducible.  

  4.2.3.     Water Treatment 

 CNT-based aerogels not only have a superior adsorption 

capacity towards organic solvents, oils, and dyestuffs due 

to the common features of aerogels (e.g., low density, hier-

archical pores), but also show great potential for recycling 

usage and capacitive deionization (CDI) applications due to 

the intrinsic properties of CNTs (high thermal stability, excel-

lent mechanical properties, and high conductivity). 

 Gui et al. reported CVD-grown CNT sponges exhib-

iting an oil uptake capacity of about 80–180 times their 

own weight. [ 55 ]  In addition, the CVD process endowed the 

sponges with superhydrophobicity (contact angle ≈ 156°) and 

excellent mechanical properties, which facilitated their use 

in oil/water mixtures and regeneration by simple squeezing 

( Figure    15  a). [ 55,159 ]  Superhydrophobic CNT/graphene 

foam (density ≈ 7 mg cm −3 ) has also showed a high sorp-

tion capacity of about 80–130 g g −1 . [ 67 ]  A lower density can 

trigger a higher sorption capacity for liquids because of the 

enlarged accommodation space inside the aerogel. As shown 

by Sun and co-workers, [ 117 ]  the ultra-fl yweight CNT/gra-

phene aerogel (0.16 mg cm −3 ) exhibited a striking oil sorp-

tion capacity of up to 743 g g −1  for CCl 4 . Additionally, thanks 

to the large average pore size (≈123 nm), the aerogel had an 

ultrafast adsorption rate for toluene at 68.8 g per gram of 

aerogel per second.  

 Dyestuffs are another type of pollutant in water which 

always possess aromatic rings. Hence, they should be easily 

captured by large-SSA aerogels via π–π interactions. It was 

reported that CNT sponges showed high fi ltration capaci-

ties towards RhB (up to 3.3 L g −1  for RhB at 0.02 mM). [ 160 ]  

Recently, Zhang and co-workers [ 112 ]  showed an interesting 

dendrimer-linked renewable CNT aerogel. Taking advantage 

of pH-sensitive ionic crosslinkages between carboxylic acid 

groups on oxidized CNTs and amino groups on poly-(amido 

amine) (PAMAM), after the adsorption of methylene blue 

(MB), the hybrid aerogel could be regenerated via a fol-

lowing desorption and reversible sol–gel transition process, 

as shown in Figure  15 c. 

 Capacitive deionization is a promising method for 

brackish water desalination by trapping salts via the electrical 

double layer. Based on this mechanism, electrode materials 

with a large SSA, high electrical conductivity, and appro-

priate PSD are highly desired, so as to achieve large electrical 

double-layer capacitance and fast adsorption/desorption. 

 Figure 15.     Demonstration of the use of CNT-based aerogels for oil uptake, capacitive deionization, and dye sorption. a) Adsorption of vegetable 
oil (dyed blue) by a piece of CNT sponge. Reproduced with permission. [ 55 ]  Copyright 2010, Wiley-VCH. b) The desalination curve for CNT sponges 
in a CDI cell. Inset is the schematic of a fl ow-through CDI cell. Reproduced with permission. [ 162 ]  Copyright 2011, Royal Society of Chemistry. c) The 
demonstration of recycling dendrimer-linked CNT aerogels for methylene blue sorption. Reproduced with permission. [ 112 ]  Copyright 2014, Royal 
Society of Chemistry.
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Considering this, CNT aerogels are one of the most prom-

ising candidates for capacitive deionization (CDI) appli-

cations. [ 114,161,162 ]  For example, Wang and co-workers [ 161 ]  

assembled a fl ow-through CDI cell using CVD-grown CNT 

sponges with SSAs of about 60–80 m 2  g −1  (Figure  15 b). 

The device showed a maximum electrosorption capacity of 

40.1 mg g −1  (derived from the Langmuir model) towards 

NaCl at 1.2 V bias voltage; much higher than most other 

materials. This result not only comes from the monolithic 

structure (without the requirement of adhesives, which 

may block the pores and reduce the conductivity), but also 

from its high conductivity and appropriate PSD (meso- and 

macropores) for effi cient electron and mass transfer. In a 

similar work, Sui and co-workers [ 114 ]  showed that a graphene-

MWCNT aerogel can achieve an incredible removal capacity 

of 633.3 mg g −1  at 1.0 V bias voltage 35 000 mg L −1  NaCl 

aqueous solution. In this case, the experimental data was 

fi tted well by a Freundlich isotherm rather than the Lang-

muir isotherm. They claim that this huge sorption capacity 

was the combination of hierarchical pores, introduced 

functional groups, high conductivity (7.5 S m −1 ) due to the 

hybrid structure of graphene and CNTs, and the large SSA 

(435 m 2  g −1 ). 

 It should be noted, however, that other aerogels, e.g., 

graphene aerogels and carbon fi ber aerogels, [ 149,163 ]  can 

also be applied for water treatment and show even better 

performance than CNT-based aerogels in some cases. The 

challenges and opportunities for CNT aerogels lie in the 

development of fabrication methods towards lighter aerogels 

with controlled CNT structures for selective sorption.  

  4.2.4.     Other Applications 

 Besides the above applications, CNT-based aerogels can also 

be applied in other fi elds including adhesives, [ 164 ]  sensors, 

 [ 66,68,70,117,120,130,165,167 ]  optics, [ 111,121 ]  electrochemical detec-

tion, [ 166 ]  tissue engineering, [ 167 ]  artifi cial muscles, [ 168 ]  and 

energy absorption. [ 169 ]  

 Inspired by gecko feet, Qu and co-workers [ 164 ]  synthe-

sized a CNT array with a straight body section and a curly, 

entangled top ( Figure    16  a). It showed excellent normal adhe-

sive forces (10–20 N cm −2 ) and a high shear adhesion force 

(up to 100 N cm −2 ), which mimics gecko feet in binding 

strongly along the shear direction but with easy lifting along 

normal the direction. The adhesion force originated from the 

van der Waals force between the CNTs and the substrate. The 

enhanced shear adhesion force was attributed to an enlarged 

contact area and more intimate contact induced by shear 

alignment of the entangled random CNTs at the top section 

when the CNT array a shear force was applied.  

 Combining compressibility and high conductivity, both 

nitrogen-doped CNT sponges obtained from CVD growth [ 66 ]  

and CNT/graphene aerogels acquired from wet chemistry 

methods [ 117 ]  show potential as pressure sensors (Figure  16 b,c). 

When the aerogel is compressed, the conductivity is consid-

erably improved because of increased inter-tube contacting 

points (i.e., conducting paths), and vice versa. To enhance 

the mechanical properties (e.g., fl exibility, elasticity) of pure 

CNT aerogels, polymers (e.g., polydimethylsiloxane, epoxy 

resin) can be introduced by infi ltration. [ 70,165 ]  CNT aero-

gels also show high sensitivity towards chemicals in water 

or gases, which allows their use in electrochemical and gas 

sensing. [ 68,130 ]  Compared with microscopic sensors, the mac-

roscopic aerogel affords an easy device assembly procedure 

and large signal change, facilitating practical production and 

monitoring. 

 In addition to this, the infrared fl uorescence of SWCNTs 

has allowed scientists to investigate optics-related proper-

ties of SWCNT-based aerogels prepared by noncovalent 

crosslinking. [ 111,121 ]  To expand the use of this property, a 

 Figure 16.     a) CNT vertical arrays as adhesives. Reproduced with permission. [ 165 ]  Copyright 2011, American Association for the Advancement of 
Science. The potential use of b) N-doped CNT aerogels. Reproduced with permission. [ 66 ]  Copyright 2013, American Chemical Society.c) ultralight 
CNT/graphene composite aerogels as pressure sensors. Reproduced with permission. [ 117 ]  Copyright 2013, Wiley-VCH.
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modifi ed SWCNT aerogel may be used in drug-delivery sys-

tems for simultaneous drug release (the drug can be gradu-

ally released or released in a controlled way from the pores 

of the gel matrix) and in-situ imaging. Combining the high 

modulus of CNT arrays and large strain of CNT sponges, 

CNT sponge-array tandem arrays were created by CVD 

to serve as effi cient energy-absorption materials. [ 169 ]  Addi-

tionally, although with some toxicity concerns about CNTs, 

MWCNT/chitosan scaffolds were proven to be biocompat-

ible and biodegradable supports both in vitro and in vivo. 

The scaffold could adsorb recombinant human bone mor-

phogenetic protein-2 (rhBMP-2) and thus promote ectopic 

bone formation at muscle tissue. [ 167 ]   

  4.2.5.     Aerogels as Platforms for the Production of Other Macro-
scopic Assemblies 

 3D CNT-based aerogels can serve as a platform for producing 

other CNT-based, multiscaled, macroscopic assemblies. This 

is an interesting and unique application for CNT monoliths, 

which has not been applied to other aerogel systems based 

on graphene, carbon, metals, or other materials. In this fi eld, 

most work starts with pure CNT aerogels, especially for the 

production of 1D CNT fi bers and 2D CNT fi lms. 

 One-dimensional CNT fi bers can be drawn from either 

CNT arrays or CNT aerogels. [ 42–44,170 ]  For example, Win-

dle’s group showed that 1D CNT fi bers can be in-situ spun 

from CNT aerogels growing in a hot furnace using a rotating 

spindle ( Figure    17  a). [ 43 ]  In this way, the number of CNT 

walls can be modulated by the reaction conditions and corre-

sponding desired CNT fi bers can be continuously produced. 

The same group [ 44 ]  further showed that by introducing an 

on-line densifi cation process assisted by an acetone vapor 

stream, the CNT fi ber drawn from the aerogels achieved an 

ultrahigh strength (broken strength, approaching 10 N tex −1 , 

where tex is the linear density in g km −1 ) and stiffness (axial 

elastic modulus, approaching 400 N tex −1 ), much higher than 

that of commercial polymer fi bers and other CNT fi bers.  

 Two-dimensional CNT sheets and fi lms can also be 

obtained from CNT aerogels or vertical arrays. [ 43,47,168 ]  Via 

a simple modifi cation of the former, aligned CNT fi lms can 

also be in-situ acquired by the same technique as for the 

 Figure 17.     Demonstration of CNT aerogels as the platform for producing a) 1D CNT fi bers (reproduced with permission. [ 43 ]  Copyright 2004, American 
Association for the Advancement of Science), b) 2D CNT sheets (reproduced with permission. [ 47 ]  Copyright 2005, American Association for the 
Advancement of Science), c) 3D graphene nanoribbon (GNR) aerogels. Reproduced with permission. [ 171 ]  Copyright 2014, Wiley-VCH.
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gas-phase production of CNT fi bers. [ 43 ]  In another work, 

5 cm-wide, meter-long, transparent sheets were drawn from 

a CNT vertical array (Figure  17 b). [ 47 ]  However, up to now, 

there has been no report of 1D or 2D CNT macroscopic 

assemblies acquired from as-prepared 3D isotropic CNT 

aerogels. The diffi culties lie in two aspects. Individual CNTs 

in aerogels (especially those derived from wet chemistry) are 

too short to gain enough inter-tube van der Waals interac-

tions, thus making it impossible to create continuous fi bers 

or fi lms. Secondly, the random nature of isotropic aerogels 

may place a diffi culty on untangling the individual CNTs, and 

thereby inhibiting the drawing process. 

 CNT-based aerogels can also be converted to other types 

of 3D assemblies. As mentioned in Sections 2 and 3, after 

decoration with Pt nanoparticles, [ 127 ]  CdS nanoparticles, [ 72 ]  

or oxides (SiO 2 , SnO 2 , or TiO 2 ), [ 108 ]  the resultant composite 

aerogels can be tailored for specifi c applications such as pho-

tocatalysis and methanol oxidation catalysis. Cao’s group 

recently showed the conversion of CNT sponges to a gra-

phene nanoribbon (GNR) aerogel by in-situ chemical unzip-

ping of CNTs with KMnO 4  in concentrated H 2 SO 4  without 

sonication (Figure  17 c). [ 171 ]  Due to the excellent mechanical 

properties of the original CNT sponges derived from long 

and entangled individual CNTs, the resultant graphene 

aerogel maintains the shape and original network struc-

ture of the CNT sponge. Besides the traditional bottom-up 

approach, this kind of “macroscopic conversion” method 

provids a new strategy for synthesizing 3D assemblies.    

  5.     Conclusion and Outlook 

 In the last twenty years, numerous scientists have devoted 

themselves to the study of CNTs, ranging from studies of 

basic properties, growth mechanisms, chirality enrichment, 

macroscopic assembly preparation, to practical applications. 

The understanding of the fundamental properties and growth 

mechanisms of CNTs has been considerably improved, the pro-

duction costs to make CNTs are continuously reduced with pro-

found progress in preparation techniques, and CNTs have truly 

entered practical applications including batteries and additives. 

However, until now, some very fundamental issues still puzzle 

scientists. One of the greatest challenges is to extend the indi-

vidual properties of CNTs to their macroscopic assemblies. 

Together with the relative high cost (especially for SWCNTs), 

a low performance-to-cost ratio will be the major obstacle for 

the wide commercialization of CNT-based products. 

 In more recent years, encouraging results have shown 

that, when CNTs appear in a new form, i.e., CNT-based 3D 

monoliths (aerogels), things are different. Combining the 

features of aerogels (hierarchical open pores, low density, 

interconnected networks, a monolithic architecture) and 

individual CNTs (exceptional mechanical properties, high 

electrical/thermal conductivity, high stability, large specifi c 

surface area), they exhibit remarkable performance and mul-

tiple functions for diverse applications. Therefore, CNT-based 

3D monoliths may be a breakthrough for fully exploiting the 

properties of individual CNTs and thereby accelerating the 

commercialization step of CNT-based products. 

 In this article, we have provided a comprehensive review 

of CNT-based 3D monoliths. Preparation strategies can be 

divided into two main classes: direct CVD growth, and wet 

chemistry (either a sol–gel process or direct freeze drying). 

The former method can create high quality aerogels con-

structed from long individual CNTs in one step, suitable for 

applications requiring exceptional electrical and mechanical 

properties. The latter enjoys more fl exibility in both precursor 

selection (e.g., different types of CNTs, various additives) and 

synthetic approaches, promising for tailoring desirable func-

tions of materials. Diverse potential applications (e.g., energy 

storage, catalysis, water treatment, pressure/gas sensors, 

energy absorption) have also been reviewed, confi rming that 

the unique combination of CNTs and aerogels has enormous 

practical value. Directed by the main application fi elds and 

synthetic methods described here, one may get a clear pic-

ture about how to design these materials using appropriate 

precursors and strategies to achieve a high performance at 

an acceptable cost. Although we are trying to cover all prep-

aration methods and applications of CNT-based 3D mono-

liths, there are many excellent works which may have been 

omitted unintentionally. 

 By carefully selecting synthetic methods, designing appro-

priate crosslinking forces, and introducing functional ingredi-

ents, CNT-based 3D monoliths with superior properties can 

be readily produced. Currently, however, the fi eld of CNT-

based 3D monoliths is far from mature: joint efforts from 

researchers of different backgrounds are needed. Firstly, cut-

ting down the cost of CNT precursors by production tech-

nique development is required for their commercialization 

and competition with other materials (e.g., graphene-based 

aerogels, carbon aerogels). Secondly, combining the advan-

tages of both dry chemistry and wet chemistry for aerogel 

preparation is highly desired. In this way, one can facilely 

investigate correlations between material performance and 

the precursors (e.g., different CNTs, other additives) to fi nd 

general rules for effi cient design and desired functions, by the 

smart introduction of extra ingredients (molecules or heter-

oatoms), and achieve optimal performance from high-quality 

individual CNTs. Thirdly, the tubular geometry and structural 

diversity of CNTs (e.g., the number of walls, chiralities, diam-

eters), which make CNTs distinct from other materials, have 

not been well studied. Based on these features, CNTs can dis-

play structure-dependent properties (electrical conductivity, 

optical absorption, space-confi ned reactions, etc.), which 

may render CNT aerogels as high-performance materials for 

a wide range of applications including batteries, electronic 

devices, optics, and special reaction containers. It should be 

noted that the investigation of these properties also calls for 

substantial progress in the controllable synthesis of CNTs 

with accurate and desired structures. Finally, elegant synthetic 

approaches and relevant applications should be learned from 

other fi elds and other materials, since the fi eld itself is a sub-

ject that requires interdisciplinary knowledge from materials 

science, engineering, chemistry, physics, information science, 

biology, and so on. 

 Therefore, both great challenges and enormous oppor-

tunities exist in this young fi eld. We believe that with joint 

efforts from researchers across multiple disciplines, the 
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understanding of CNT-based 3D monoliths can be greatly 

improved, and both the preparation and application terri-

tory can be largely increased. In the future, this new mate-

rial will surely make a big change to the CNT and materials 

industries.  
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