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From the Contents
 As classical 1D nanoscale structures, carbon nanotubes 
(CNTs) possess remarkable mechanical, electrical, 
thermal, and optical properties. In the past several 
years, considerable attention has been paid to the 
use of CNTs as building blocks for novel high-
performance materials. In this way, the production 
of macroscopic architectures based on assembled 
CNTs with controlled orientation and confi gurations 
is an important step towards their application. So far, 
various forms of macroscale CNT assemblies have 
been produced, such as 1D CNT fi bers, 2D CNT fi lms/
sheets, and 3D aligned CNT arrays or foams. These 
macroarchitectures, depending on the manner in which 
they are assembled, display a variety of fascinating 
features that cannot be achieved using conventional 
materials. This review provides an overview of various 
macroscopic CNT assemblies, with a focus on their 
preparation and mechanical properties as well as their 
potential applications in practical fi elds. 
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  1. Introduction 

 Owing to their remarkable electrical, mechanical, thermal, 

and optical properties, carbon nanotubes (CNTs) have shown 

great potential for use in a variety of applications, such as 

electrodes, actuators, fi lters, ultrafast photonics, structural 

fi bers, and so forth. [  1–3  ]  Meanwhile, the most promising poten-

tial employment of CNTs (especially, single-walled carbon 

nanotubes, SWNTs) is as a novel type of electronic material, 

due to their outstanding ballistic electronic conduction and 

insensitivity to electromigration. [  4–7  ]  CNTs are able to with-

stand current densities up to 10 9  A cm  − 2 , which is a thousand 

times greater than that of noble metals. [  8  ,  9  ]  Moreover, a high 

charge mobility (up to  ≈ 10 000 cm 2  V  − 1  s  − 1 ) together with 

its ballistic transport characteristics render CNTs especially 

promising as the active channels of transistors in stretchable 

logic circuits. [  10  ,  11  ]  Many theoretical and experimental works 

have revealed CNTs to be stiff, strong, and highly fl exible 

nanoscale fi bers, with a tensile modulus and individual nano-

tube strength of up to 1 TPa and 63 GPa, respectively, which 

surpasses all existing materials. [  12  ,  13  ]  The density-normalized 

strength of an individual CNT is around 50 times larger than 

that of a steel wire. [  14  ]  In addition, the thermal conductivity 

of an individual nanotube can reach 3500 W m  − 1  K  − 1 , showing 

promising for their use as tiny cooling elements on silicon 

chips. [  15–17  ]  

 In order to fully utilize the excellent mechanical and 

physical properties of individual CNTs at a macroscopic 

level, it is desirable to fabricate various macroscopic CNT-

based materials. Over the past decade, considerable attention 

has been directed toward the post-processing of nanotube 

suspensions and/or nanotube–polymer blends. [  18  ]  Well-

dispersed CNT-based polymer composites have shown 

remarkable mechanical and electrical properties as com-

pared to conventional microfi ller-incorporated compos-

ites. [  19–22  ]  Laboratory work has produced composite fi bers 

with an excellent tensile strength (4.2 GPa) and tensile 

modulus (176 GPa) by incorporating SWNTs in a high-

strength, high-modulus polymer. [  23  ]  Despite many notable 

achievements with nanotubes in the envisioned application 

areas, such as super-tough CNT-based poly(vinyl-alcohol) 

composite fi bers (570 J g  − 1 ), [  24  ]  there are many daunting 

challenges to be met before maximizing the utilization of 

the superb mechanical and physical properties of indi-

vidual nanotubes at the macroscopic level. The most impor-

tant three of these are the ability to synthesize CNTs with 

well-controlled morphologies (including diameter, chirality, 

length, and type), the development of reliable methods that 

yield good reproducibility of the achieved properties, and 

improvements to the material properties, which are cur-

rently far below theoretical predictions. The fi rst two chal-

lenges arise from the absence of techniques and methods 

that would allow suffi cient control to maintain the prop-

erties of nanotubes during the synthesis and subsequent 

post-treatments (e.g., chemical modifi cation of CNTs, and 

separation of SWNTs). The last challenge lies in the ambi-

guity of the key factors affecting the nanotubes’ behavior, 

especially for nanotube-blended composites. Alternatively, 

the direct production of macro scopic CNT assemblies with 
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controlled orientation and confi gurations by using indi-

vidual nanotubes as building blocks, becomes an important 

step towards their potential application. Thus far, signifi -

cant efforts have been made to fabricate various macros-

cale CNT assemblies, e.g., CNT fi bers, CNT fi lms, and CNT 

arrays, which provide a great opportunity to realize CNT 

properties at the macroscale level. Aside from the main-

tenance of unique properties of individual nanotubes at 

macroscopic scales, another advantage of CNT assemblies 

is that they are easily handled and utilized under various 

conditions. Moreover, the macroscopic CNT assemblies 

are endowed with novel properties beyond those predicted 

by theory. For example, 2D conductive CNT fi lms display 

excellent mechanical fl exibility, stretchability, and optical 

transparence. Such CNT fi lms could not only act as con-

ductive electrodes, but could also be developed into prac-

tical magnet-free loudspeakers or artifi cial muscles. [  25  ,  26  ]  

The 3D aligned CNT arrays with properly engineered sur-

faces could work as dry adhesive tapes to biomimic gecko 

feet. [  27  ,  28  ]  The light weight, high porosity, and large surface 

areas of 3D CNT-based architectures make them promising 

candidates for environmental applications such as sorption, 

separation and fi ltration. [  29–33  ]  Low-density 3D CNT arrays 

could also be engineered to have an extremely low index of 

refraction, potentially acting as the darkest ever man-made 

material. [  34  ]  

 This article reviews the state-of-the-art progress in this 

relatively new fi eld, with an emphasis on the advanced prepa-

ration techniques and mechanical performances of macro-

scopic CNT assemblies. The fi rst section focuses on the 

preparation methodologies used up to now. After a summary 

of the remarkable mechanical properties of various CNT 

assemblies, their potential applications are envisioned. The 

last section concludes with some perspectives on the chal-

lenges and opportunities of future work. 

   2. Preparation of Macroscopic CNT Assemblies 

 Assembly of individual CNTs into macroscopic ordered 

structures with properties refl ecting a signifi cant propor-

tion of those seen in the individual nanotubes remains a 

challenge to materials processing. The synthesized macro-

scopic CNT architectures will be described according to 

their geometry as well as their fabrication methods, namely, 
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1D CNT fi bers, 2D CNT fi lms or sheets, and 3D CNT 

assemblies. 

  2.1. 1D CNT Fibers 

 As-synthesized CNT powders are generally tens of 

micrometers in length and highly entangled. This feature 

of random orientation of nanotubes at a macroscopic level 

greatly hampers their use in potential applications, particu-

larly in the composite fi elds. To fully utilize the excellent axial 

properties of CNTs, it is justifi able to make CNT-based fi ber 

materials in which nanotube fi llers are well aligned along 

the fi ber axis. Melt-spinning of CNT-based polymer com-

posites is a versatile method to orient nanotubes along the 

fi ber axis. [  35  ]  In most cases, however, the resulting fi bers suffer 

from poor mechanical and electrical performances owing to 

the limitations of the high weight content of the incorporated 

nanotubes as well as to the presence of the polymer matrices. 

Therefore, the fabrication of macroscopic 1D, neat CNT 

fi bers without trading-off the multiple functionalities of nano-

tubes has become one of the central goals of material scien-

tists. During the past several years, there have been numerous 

reports in the literature of the fabrication of neat CNT fi bers 

through a wide range of technologies. Even though, in most 

cases, the mechanical performance of the fabricated CNT 

fi bers is not still comparable to that of commercial fi bers (e.g., 

carbon fi ber, Kevlar), their fl exibility, high conductivity and 

other characteristics have shown great promise in a variety of 

applications such as structural materials, [  36  ]  strong and highly 

conductive cables, [  37  ]  electrochemical actuators, [  38  ]  incandes-

cent bulb fi laments, [  39  ]  and so forth. [  40  ]  

  2.1.1. Direct Synthesis of 1D CNT Fibers 

 To sustain the superior mechanical and electrical proper-

ties of individual nanotubes in the macroscopic CNT fi bers, 

it is required that individual nanotubes are grown as long as 

possible and intertube binding forces are made as strong as 

possible. However, it is a diffi cult task to directly synthesize 

individual CNTs of up to centimeter scales in a furnace. [  41  ,  42  ]  

Alternatively, the assembly of individual nanotubes via 

Van der Waals interactions may be an effective approach 

to fabricate 1D CNT fi bers. Over the past ten years, great 

efforts have been devoted to fabricate long CNT fi bers. An 

encouraging breakthrough was made by Zhu et al, where 

macroscopic SWNT strands were fabricated with tens to 

hundreds of micrometers thickness and several centimeters 

long ( Figure    1  a) through a vertically fl oating chemical vapor 

deposition (CVD) method. [  43  ]  Even though this work showed 

the possibility of directly forming CNT strands in a furnace, 

the products still suffered from severe limitations in terms of 

length, the isolated morphology of yielded strands, produc-

tion effi ciency, and stability.

     2.1.2. Spinning 1D CNT Fibers from CNT Aerogel 

 Adopting a similar method to that reported by Zhu 

et al. [  43  ]  in 2004, Li et al. made continuous CNT fi bers by 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
mechanically drawing CNT aerogel from the gaseous reac-

tion zone, and then directly winding it onto a rotating rod as 

shown in Figure  1 b. [  44  ]  The key requirements for continuous 

spinning are the rapid production of high purity nanotubes 

to form an aerogel in the furnace hot zone and the forcible 

removal of the product from reaction chamber by continuous 

wind-up. The fabrication of CNT fi bers greatly relies on the 

assembly of CNTs in the gas fl ow via van der Waals inter-

actions. To effectively assemble the CNTs into a continuous 

integrated 'sock' in the furnace, ethanol or acetone vapor 

are usually employed as carbon sources. [  45  ]  In this case, the 

best electrical conductivity of as-received CNT fi bers was 

8.3  ×  10 3   Ω   − 1  cm  − 1 , and the tensile strength had a wide range 

between 0.10 and 1 GPa. [  44  ]  The microstructure of spinning 

CNT fi bers is heavily dependent on the synthetic conditions 
bH & Co. KGaA, Weinheim small 2011, 7, No. 11, 1504–1520



Carbon Nanotube Assemblies: Preparation, Properties, and Potential Applications

    Figure  1 .     a) Optical image of as-grown SWNT strands by direct synthesis method. Reproduced with permission from Ref.[43]. Copyright 2002, The 
American Association for the Advancement of Science (AAAS). b) Schematic of spinning CNT fi bers and sheets from a CNT aerogel. Reproduced with 
permission from Ref.[44]. Copyright 2004, AAAS. c) Multilayered CNT yarns and products. Reproduced with permission from Ref.[37]. d) Scanning 
electron microscope (SEM) images of spinning a CNT fi ber from a 3D CNT array and the resulting fi ber. Reproduced with permission from Ref.[47]. 
Copyright 2004, AAAS. e) Wet spinning process to produce CNT fi bers. Reproduced with permission from Ref.[54]. Copyright 2004, AAAS. f) SEM 
images of twisting SWNT fi ber from its fi lm and resulting fi ber.[59] g) Schematic of drawing SWNT fi ber through diamond wire dies and optical images 
of the resulting fi ber. Reproduced with permission from Ref.[60]. Copyright 2008, American Chemical Society (ACS). h) Schematic of drawing–drying 
spinning process for fabricating DWNT fi bers. Reproduced with permission from Ref.[62].  
as well as the spinning velocities: the processing parameters 

to fabricate practically useful CNT fi bers with controllable 

electrical and mechanical properties must be further opti-

mized. On the basis of their prior work, [  44  ,  45  ]  recently Li et al. 

further advanced this approach and employed a mixture of 

ethanol and acetone vapor as the carbon source to fabricate 

novel continuous CNT fi bers with a multilayered structure. [  37  ]  

The fi nal length of the continuous fi bers reached several 

kilometers, and the macroscale uniformity of the as-spun 

fi bers was close to conventional textile fi bers (Figure  1 c). This 

unique 'tube-in-tube' hollow structure of the as-produced 

CNT fi bers, combined with their high electrical conductivity 

(5000 S cm  − 1 ), might have potential application as a func-

tional fabric in energy-storage fi elds. 

   2.1.3. Spinning of 1D CNT Fibers from Super-Aligned CNT Arrays 

 By mimicking the process of drawing silk out of a cocoon, 

Jiang et al. were the fi rst to report spinning of the con-

tinuous CNT fi bers from free-standing, super-aligned CNT 

array. [  46  ]  Afterwards, considerable attention was attracted to 

this fi eld for improving the properties of CNT fi bers using 

a variety of techniques. In 2004, Zhang et al. introduced a 

twisting approach to the spinning CNT threads to make 

single or multi-ply twisted fi bers (Figure  1 d). [  47  ]  Owing to 

the introduced intertube mechanical coupling by twisting, the 

intertube slippage and sliding of CNT fi bers was effectively 

prevented, and the electrical conductivity of the nanotubes 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 11, 1504–1520
was maintained. The measured electrical conductivity of CNT 

fi bers was  ≈ 300 S cm  − 1  at room temperature and their tensile 

strength was in the range of 200–500 MPa. It is noteworthy 

that both the tensile strength and modulus of as-spun CNT 

fi bers are not still comparable to that of fi bers spun from 

aerogel. Microstructure characterizations have identifi ed that 

the former CNT fi bers possess a joined end-to-end structure 

among nanotubes, [  48  ]  which would greatly affect the mechan-

ical and electrical behavior of the resulting CNT fi bers. To 

further improve the mechanical properties of CNT fi bers, 

post-spin twisting was carried out to prohibit the slippage of 

nanotubes, as proposed by Zhang et al. [  49  ]  The fi nal tensile 

strength of CNT fi bers could then reach up to 2 GPa. 

 Signifi cant developments on CNT fi ber fabrication based on 

super-aligned CNT arrays have been achieved, [  47  ]  whereas the 

strategy to continuously manufacture CNT fi bers on an indus-

trial scale with controllable mechanical properties is still in an 

early stage. Following on from their serial of works regarding 

aligned CNT arrays as well as CNT fi bers or sheets, [  46  ,  48  ]  

recently, Jiang and co-workers reported a simple and con-

tinuous spinning method to produce CNT fi bers, especially to 

prepare the ultra-thin fi bers with a diameter of less than 10 

 μ m. [  50  ]  The main advantage of this method is possibly its feasi-

bility in future industry. CNT fi bers with a wide range of diam-

eters could be generated easily according to the width of the 

aligned CNT array using the laser etching method. However, 

voids or inclusions would inevitably be introduced into fi bers 

during the twisting process, and subsequently compromise the 
1507H & Co. KGaA, Weinheim www.small-journal.com
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properties of CNT fi bers. Accordingly, fi bers freshly spun from 

a super-aligned CNT array were fi rst twisted and then passed 

through a volatile solvent (e.g., acetone, ethanol) for shrinking. 

Thus, the tensile strength of as-produced CNT fi bers consisting 

of highly densely packed nanotubes was up to 1GPa. [  50  ,  51  ]  

 On the basis of the traditional textile spinning principles, 

recently, Tran et al. used a modifi ed twisting method by adding 

a ‘tensioning zone’ into the twisting system, and obtained 

CNT fi bers with tensile strengths of up to 1 GPa. [  52  ]  However, 

the tensioning zone introduced an extra tension force, which 

is unfavorable for preparing ultra-thin fi bers that are prone to 

breaking under the tension during the twisting process.   

 2.1.4. Conventional Wet Spinning of 1D CNT Fibers 

 Coagulation spinning has been widely used for 

making various organic fi bers, such as Kevlar, acrylic, and 

poly(acrylonitrile) fi bers. In this process, a polymer solution 

is extruded into a bath that contains a second liquid in which 

the solvent is soluble but the polymer is not. The polymer 

therefore phase-separates and condenses to form a fi ber. 

Unlike the solubility of the polymer, the intrinsic chemical 

inertness as well as the aggregated feature of CNTs limits 

their solubility in aqueous, organic, or acid media. Although 

the addition of surfactants could improve CNT solubility, the 

surfactants adsorbed onto nanotube surfaces has tended to 

poison the outstanding electrical and thermal properties of 

the nanotubes. Briefl y, it seemed to be unfeasible to directly 

spin pristine CNTs via the wet spinning technique. Based 

on their prior work, in which SWNTs could be dissolved in 

sulfuric acid fumes, [  53  ]  an encouraging breakthrough was 

made by Ericson et al. in 2004, in which the macroscopic, 

continuous, neat SWNT fi bers were successfully spun from a 

suspension of nanotubes in superacids (Figure  1 e). [  54  ]  X-ray 

Diffraction (XRD) characterization further indicated that 

the alignment of nanotubes within the fi bers was  ± 15.5 ° . The 

Young's modulus of the resulting fi bers approached 120 GPa, 

closer to that of Kevlar fi bers. Despite the poor toughness 

of neat CNT fi bers compared to SWNT–PVA compos-

ites, [  24  ,  55  ]  however, the CNT fi bers had excellent electrical 

(5000 S cm  − 1 ) and thermal conductivities (21 W km  − 1 ) due to 

the absence of polymer. To further improve the spin-proces-

sibility of SWNT solutions, recently, chlorosulphonic acid was 

utilized to enhance nanotube solubility in the liquid phase. [  56  ]  

For example, the weight concentration of SWNTs in chloro-

sulphonic acid could reach up to 0.5 wt%, 1000 times higher 

than previously reported superacids. The highly concen-

trated nanotube solutions would also favor the formation of 

liquid-crystal domains, and thus nanotubes could be readily 

processed into macroscopic fi bers or sheets with controlled 

morphologies. Mechanical tests have indicated that the typ-

ical strength of obtained SWNT fi bers ranged from 50 to 

150 MPa, with some spinning tests yielding strengths in 

excess of 320 MPa. The typical modulus was 120 GPa, similar 

to previous results. [  54  ]  Even though such signifi cant progress 

greatly encouraged the engineering of macroscopic SWNT 

fi bers or fi lms, this method was not effective for the fabrica-

tion of MWNT-based fi bers. Recently, Zhang et al. reported 

a simple coagulation process to spin fi bers consisting of 
8 www.small-journal.com © 2011 Wiley-VCH Verlag Gm
MWNTs directly from their lyotropic liquid-crystalline phase, 

in which ethylene glycol was employed as dispersant. [  57  ]  The 

modulus of N-doped MWNT fi bers was 142  ±  70 GPa, with 

a fracture stress 0.17  ±  0.07 GPa. The relatively wide range 

of the modulus was attributed to the existence of voids and 

defects during the fi ber-spinning process. Further optimi-

zation of the spinning process is imperative to improve the 

mechanical properties of MWNT fi bers. 

 The CNT fi bers described above commonly possess mono-

lithic structures with excellent mechanical properties, and 

thereby have potential application in composite fi elds. Spe-

cifi cally, the hollow structure of the CNT fi bers with high elec-

trical conductivity is required for their use as supercapacitors, 

batteries, and artifi cial muscles in liquid media. Based on their 

previous polymer-based coagulant spinning method, [  24  ]  Kozlov 

et al. further advanced the polymer-free spinning process to 

fabricate hollow SWNT fi bers with electrical conductivities 

 ∼ 140 S cm  − 1  and an electrochemical capacitance  ∼ 100 F g  − 1 . [  58  ]    

 2.1.5. Spinning of 1D Fibers from CNT Films 

 Similar to the methods employed in industrial fi elds to 

fabricate fi ber materials, Figure  1 f shows a typical twisting 

process for the manufacture of SWNT fi bers using anisotropic 

SWNT fi lms as starting materials. [  59  ]  In comparison with 

existing spinning methods proposed by other groups, the fi lm-

twisting method could more easily control the diameters and 

twisting degrees of SWNT fi bers. By utilizing the same SWNT 

fi lms as starting materials, Liu et al. developed a low-cost and 

effective method to fabricate highly dense and aligned SWNT 

fi bers via a series of diamond wire-drawing dies as shown in 

Figure  1 g. [  60  ]  XRD characterization demonstrated that the 

SWNT fi bers formed crystalline structure through van der 

Waals forces when they were perfectly aligned and ideally 

densely packed. The resistivity of fi bers was close to 2 m Ω  cm 

at room temperature. Recent work has demonstrated that 

such fi bers could convert the surface energy of liquids into 

electricity, and thereby they could serve as a self-powered 

system to drive a thermistor. [  61  ]  Nevertheless, it should be 

pointed out that the methods described above aren’t feasible 

for the fabrication of continuous SWNT fi bers owing to the 

discontinuity of SWNT fi lms in the current case.   

 2.1.6. Other Methodologies 

 By mimicking the ancient cotton-spinning process, Ci 

et al. developed an effi cient draw–drying process to fabricate 

continuous double-walled carbon nanotube (DWNT) fi bers 

from randomly oriented DWNT ‘cotton’, as presented in 

Figure  1 h. [  62  ]  The mechanically robust as-spun fi bers showed 

the potential for use as effi cient electron emission sources as 

well as electrodes for electrochemical sensing.    

 2.2. 2D Free-Standing CNT Films 

 Free-standing CNT fi lms or sheets can generally be fabri-

cated by either suspension-based deposition or CVD growth 

approaches. The main advantages of as-prepared CNT fi lms 

are their many potential applications based on their excellent 
bH & Co. KGaA, Weinheim small 2011, 7, No. 11, 1504–1520
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properties, such as mechanical stability, fl exibility, remark-

able electrical and thermal conductivities, and chemical sta-

bility. For example, the free-standing MWNT sheets exhibit 

higher density-normalized strength ( ≈ 465 MPa (g cm  − 3 )  − 1 ) 

together with high electrical conductivity (700  Ω  �  − 1 ) and 

optical transparency. [  63  ]  Recently, numerous reports have 

demonstrated that CNT fi lms show potential for such appli-

cations as energy storage devices, [  64–68  ]  sensors, [  69  ]  elec-

tronic devices, [  70–72  ]  fi eld-effect transistors, [  73  ]  polarized light 

sources, [  46  ,  63  ]  and loudspeakers. [  25  ]  In particular, the extraor-

dinary electrical properties of CNT fi lms, together with their 

optical transparency, has greatly stimulated development 

in the fl exible and stretchable thin-fi lm-based electronics 

and optoelectronics. Several reviews have summarized the 

advances of transparent-CNT-fi lm manufacturing through 

suspension-based deposition approaches, and this will there-

fore not be discussed in great detail here. [  74–76  ]  

  2.2.1. Suspension-Based Post-Treatments 

 Even though various techniques based on CNT suspen-

sions have been developed to fabricate macroscopic 2D CNT 
© 2011 Wiley-VCH Verlag GmbHsmall 2011, 7, No. 11, 1504–1520

    Figure  2 .     a) Optical image of a transparent, conducting SWNT fi lm on a sa
2004, AAAS. b) Optical image of aligned Bucky paper. Reproduced with p
SEM images of direct-synthesized SWNT fi lms. Reproduced with permiss
direct-synthesized SWNT fi lms with multilayered structures. Reproduced w
images of CNT fi lms continuously drawing from aligned CNT array. Reprod
fi lms, such as spin coating, [  77  ]  drop drying from solvents, [  78  ]  

Langmuir–Blodgett deposition, [  79  ]  and airbrushing. [  80  ]  Unfor-

tunately, most of the fabricated CNT fi lms with thicknesses 

of a few hundred nanometers have to be supported by a 

substrate. Thus, special transfer techniques are required to 

release the paperlike fi lm to the desired substrate, which may 

cause damage to the resulting product. In comparison with 

the ultrathin CNT fi lms, CNT fi lms with micrometer thick-

nesses could directly be peeled off the fi ltration membrane. 

The fi rst free standing macroscopic SWNT fi lm, the so-called 

“Bucky paper”, was fabricated by means of a SWNT-

suspension-based vacuum-fi ltration method. [  81  ]  Herein, 

SWNTs were fi rst dispersed in solution with the help of a 

surfactant and ultrasonication, and then the SWNT suspen-

sions were fi ltered under vacuum to form a fi lm. The fi lm 

thickness was readily controlled by the nanotube concentra-

tion and the volume of the SWNT suspension fi ltered. The 

main advantage of this method is its versatility: it could be 

applied to any other nanoscale fi brous material. By properly 

adjusting the volume of fi ltered SWNT suspension, Wu et al. 

fabricated an ultrathin, transparent, electrically conducting 

SWNT fi lm ( Figure    2  a). [  82  ]  Although the fabrication process 
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for “Bucky paper” is really simple, it must be noted that the 

vacuum-fi ltration method also suffers severe limitations in 

terms of production effi ciency and product quality. Therefore, 

the development of more fl exible approaches is desirable.

     2.2.2. Unidirectional Bucky Paper from Aligned CNT Arrays 

 Different from the randomly oriented Bucky paper 

described above, a simple and effective method called 

“domino pushing” was recently proposed to fabricate aligned 

Bucky paper using aligned MWNT arrays as a starting mate-

rial (Figure  2 b). [  83  ]  The as received MWNT arrays were 

forced down in one direction by pushing a cylinder with con-

stant pressure, and thereby all nanotubes in the array were 

attracted together due to strong van der Waals forces and 

formed an aligned Bucky paper. The aligned Bucky paper 

was easily peeled off the membrane after solvent permeation. 

The axial electical conductivity of Bucky paper was 200 S m  − 1  

at room temperature, whereas the value for conventional 

Bucky paper is 150 S m  − 1 . Such improvement is attributed to 

the fairly straight nanotubes.   

 2.2.3. Direct Growth of CNT Films by CVD 

 CVD is not only an effective way to synthesize bulk CNT 

powders, but it also provides a direct-growth method to fab-

ricate macroscopic CNT fi lms. Based on their prior work to 

produce nonwoven SWNT fi lms, [  84  ]  Ma et al. recently syn-

thesized strong, highly conducting, transparent, free-standing 

SWNT fi lms through a modifi ed fl oating-catalyst CVD 

(FCCVD) technique. By precisely controlling the sublima-

tion rates of the catalysts as well as the gas fl ow, different 

thicknesses of SWNT fi lms with varied transparency were 

obtained. [  85  ,  86  ]  Figure  2 c shows the photographs and scanning 

electron microscope (SEM) images of the as-grown SWNT 

fi lm. The nanotubes were homogeneously distributed and 

entangled in the fi lms, and the nanotube bundles were pref-

erentially aligned along the fl ow direction, forming a Y-type 

junction. Electrical measurements indicated that the con-

ductivity of the SWNT fi lms could reach up to 2026 S cm  − 1 , 

which is over 60 times larger than that of unpurifi ed HiPCO 

(high pressure carbon monoxide) transparent fi lms and 

nearly 3 times that of purifi ed arc-discharge SWNT fi lms. [  87  ]  

Such superior electric performance could be attributed to the 

lower intertube resistance, high purity, and the anisotropic 

feature of SWTN fi lms. Mechanical tensile tests indicated that 

the failure strength of the fi lm was 360 MPa, and the Young’s 

modulus around 5 GPa. Recently, Li et al. further advanced 

this method and fabricated macroscopic SWNT sheets with 

multilayer structures (Figure  2 d). The resulting SWNT sheets 

showed potential as high-effi ciency molecular separation 

fi lters and high-capacitance electrodes. [  88  ]  Despite the as-

produced SWNT sheets having excellent electrical conduc-

tivity and mechanical fl exibility, however, the as-synthesized 

SWNT fi lms by FCCVD are still limited by their low yield. 

Furthermore, the main factors affecting the fi lm morphology 

and its properties need to be explored and clarifi ed, e.g., 

carbon source, catalyst, carrier gas, growth rate, substrate, 

external fi eld, and so on.  
0 www.small-journal.com © 2011 Wiley-VCH Verlag Gm
  2.2.4. Continuous Drawing of MWNT Sheets from Aligned 
MWNT Arrays 

 The methods mentioned above are versatile, promising, 

and cost-effective, however, the main issues regarding the 

scaled-up fabrication of large-area, free-standing CNT fi lms, 

including the precise control of fi lm thickness, homogeneity, 

and fi lm cutting and shaping, have not yet been well resolved. 

An alternative route toward the mass production of CNT 

fi lms is to directly draw them from the super-aligned MWNT 

arrays as shown in Figure  2 e. [  63  ]  The resulting CNT fi lms 

have large-scale sizes and anisotropic features, where the 

constituent CNTs are aligned parallel to one another along 

the draw direction and form end-to-end jointed connections 

through the whole fi lm. For example, one silicon wafer of 

super-aligned MWNT arrays (4 in., where 1 inch  ≈  2.54 cm) 

was capable of being transformed into a continuous unidi-

rectional CNT sheet 10 cm wide and 100 m long. [  48  ]  Besides 

the batch production of free-standing CNT fi lms, synthesizing 

CNT fi lms with controlled nanotube structures (e.g., dia-

meter, number of walls, length) to meet a variety of indus-

trial demands is another important issue. Recently, Liu et al. 

successfully fabricated continuous CNT sheets with tunable 

optical transmittance, electrical transport, and light emission 

properties through controlling the tube diameter and length 

of as-produced MWNT arrays. [  89  ]     

 2.3. 3D CNT Assemblies 

 Compared to the randomly tangled CNTs created 

through arc-discharge or laser-ablation techniques, the fab-

rication of aligned and oriented CNT structures on certain 

substrates with macroscopic sizes in 3 dimensions was imple-

mented using CVD. [  90–94  ]  So far, even though great progress 

has been made to grow vertically aligned MWNT arrays, the 

growth of vertical SWNT arrays is still in an early stage. The 

dominant issues affecting the fabrication of SWNT arrays 

are how to maintain the catalytic activity of densely packed 

catalytic nanoparticles as well as how to remove the amor-

phous carbon from the catalyst surfaces in order to facilitate 

SWNT growth. In 2004, a breakthrough was made by Hata 

et al., in which a water-assisted synthetic CVD approach was 

developed to grow super-dense, vertically aligned SWNT 

forests with millimeter-scale height. [  95  ]  With the assistance 

of water vapor, the amorphous carbon coated on the cata-

lyst surfaces was effi ciently removed. Accordingly, both the 

activity and lifetime of the catalyst nanoparticles were dra-

matically preserved and promoted, thereby facilitating the 

growth of aligned SWNT arrays.  Figure    3  a,b present the 

large-scale patterned, highly organized, complex 3D SWNT 

structures with the assistance of lithographical techniques. 

Despite considerable efforts made in the synthesis of aligned 

SWNT arrays, the approach to grow large-scale, highly repro-

ducible, and ultra-high-yield vertical SWNT arrays on any 

desirable substrate (including metal and plastic) under mild 

conditions still remains a diffi cult task. Dai et al. advanced an 

oxygen-assisted, plasma-enhanced CVD (PE-CVD) method 

to fabricate aligned SWNT arrays, in which the reactive 
bH & Co. KGaA, Weinheim small 2011, 7, No. 11, 1504–1520
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    Figure  3 .     a,b) Optical and electron microscopy images of organized SWNT structures. Reproduced with permission from Ref.[95]. Copyright 2004, 
AAAS. c) Optical images of free-standing MWNT fi lms with multilayered structures. Reproduced with permission from Ref.[99]. d) Optical image of 
CNT sponge and its schematic illustration. Reproduced with permission from Ref.[100].  
hydrogen species in the chamber was highly scavenged owing 

to the addition of oxygen to methane during the PE-CVD 

process. [  96  ]  Thus, a C-rich and H-defi cient condition would 

favor the formation of sp 2 -like graphitic SWNT structures.

   In general, the properties of the supporting substrates 

on which the CNT arrays are grown play a critical role in 

some of applications. For instance, CNT arrays on conductive 

metallic substrates exhibit improved fi eld-emission proper-

ties, [  97  ]  whereas CNT arrays on fl exible polymer substrates 

might be better suited for certain device applications. [  98  ]  In 

some special cases, the transfer or deposition of nanotube 

arrays onto a new substrate, rather than the ones they were 

grown on, was required. Thus, it is desirable to develop a 

technique to obtain freestanding CNT arrays. Recently, Ci 

et al. utilized a water-assisted CVD method to grow multi-

layered, freestanding CNT arrays, in which each single layer 

could be directly peeled from the substrate without disturbing 

or degrading the alignment of nanotubes (Figure  3 c). [  99  ]  

Employing similar methods to grow aligned CNT arrays, Gui 

and co-workers recently fabricated a spongelike CNT mate-

rial in which nanotubes were randomly interconnected into a 

3D framework as show in Figure  3 d. [  100  ]  In this case, dichlo-

robenzene was employed as a novel carbon source to disturb 

the aligned growth of the nanotubes, and thereby nanotubes 

were consecutively stacked in a random manner to form an 

inter connected structure with centimeter-scale thickness. The 
© 2011 Wiley-VCH Verlag GmbHsmall 2011, 7, No. 11, 1504–1520
formed CNT sponge, with a porosity of  > 99%, showed high 

structural fl exibility, robustness, and wettability to organics. 

By varying the injection rate of carbon the source, the 

bulk densities of resulting sponges were ranged from 5.8 to 

25.5 mg cm  − 3 . [  101  ]     

 3. Mechanical Properties of CNT Assemblies 
  3.1. Tensile Properties of CNT Fibers and CNT Films 

 As a typical form of macroscopic CNT assembly, CNT 

fi bers could maximize the translation of the axial stiffness 

and strength of individual nanotubes to those of the fi bers. 

Recent progress has proven that the optimized CNT fi bers 

exhibit superior strength (up to 8.8 GPa), stiffness (357 GPa), 

and fracture energy (121 J g  − 1 ), which is considerably greater 

than any commercial high-strength fi bers. [  36  ]  This encouraging 

breakthrough highlights the potential of CNT fi bers as struc-

tural reinforcing elements in conventional composite fi elds. It 

should be pointed out however, that both the reported ten-

sile modulus and strength of CNT fi bers by different groups 

still lies in a wide range of 30–357 GPa and 0.2–8.8 GPa, 

respectively, no matter whether they are spun from aero-

gels, [  44  ,  45  ]  arrays, [  46–50  ]  or suspensions. [  54  ,  56  ,  57  ]  Such variation 

makes it hard for CNT fi bers to compete with conventional 
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high-performance fi ber materials (e.g., Kevlar and carbon 

fi bers). Consequently, it is fundamentally important to probe 

the critical factors affecting the mechanical properties of 

CNT fi bers. 

 Depending on the starting nanotubes employed as well as 

the fi ber assembling techniques involved, there are two major 

factors dominating CNT fi bers’ mechanical behavior, namely, 

the CNT structures and CNT fi ber geometries. Research 

has confi rmed that the nanotube structure (diameter, aspect 

ratio, defects, morphology, purity, and orientation) imposes 

an unexceptional infl uence on the fi ber properties. Theoreti-

cally, CNTs that are as long and as structurally perfect as pos-

sible are ideal candidates to make a high performance fi ber. 

Compared with MWNTs, SWNTs or DWNTs could be made 

comparatively free of grown-in defects and thereby become 

the best candidates to achieve good fi ber performances. For 

example, a CNT fi ber consisting of mainly DWNTs with an 

aspect ratio on the order of 10 5  shows the best strength and 

stiffness 2.2 and 160 N tex  − 1 , respectively (tex is defi ned as 

the mass in grams per 1000 meters), and its fracture energy 

reached 46 J g  − 1 , which exceeds the best commercial avail-

able fi bers. [  51  ]  In addition, the large diameter DWNTs with 

fl attened tubular morphologies tend to maximize the con-

tacting areas, resulting in effi cient stress transfer between 

neighboring nanotubes under tensile loading conditions. 

 Besides the nanotube structural infl uences described 

above, the geometric parameters of the CNT fi bers (e.g., 

diameter, twist angle, and volume fraction) also play an 

important role in determining the mechanical behavior of 

the fi bers. Twist was normally introduced to a CNT fi ber 

to reduce the spaces between adjacent nanotubes and to 

increase the density of the fi bers. Liu et al. have pointed out 

that both the tensile strength and Young's modulus would 

monotonically reduce with increasing twisting angles of 

MWNT fi bers. [  50  ]  This implied that a CNT fi ber twisted to 

a larger extent possesses a larger stretchability but a lower 

strength and modulus. Voids or inclusions would be inevitably 
2 www.small-journal.com © 2011 Wiley-VCH Verlag Gm

    Figure  4 .     a) Schematic of internal structure of reticulate CNT-reinforced c
composite fi ber. b) Typical tensile curves for composite fi bers and neat S
tested samples. c) Schematic of fracture mechanisms for epoxy- and PVA-
Copyright 2009, ACS.  
introduced into fi bers during a fi ber-twisting process, and it is 

diffi cult to accurately measure the void volume fraction within 

the fi ber. Therefore, researchers started to employ the linear 

density (g km  − 1 ) or specifi c gravity (the density of the material 

divided by that of water) to describe the strength or stiffness 

of CNT fi bers. [  36  ]  Nevertheless, it should be pointed out that 

such analyses are based on conventional mechanical tests, by 

which it is diffi cult to accurately refl ect the individual nano-

tube contributions to the fi ber. Moreover, the discontinuous 

features of the nanotube elements insides a CNT fi ber also 

impede the effective loading reinforcement due to the shear-

lag and, thus, it is necessary to enhance the interbundle con-

nection and the load transfer for CNT fi ber at a micro scale 

or nanoscale level. Up to now, a great deal of effort has been 

made to strengthen CNT bundles via noncovalent and cova-

lent bonding, [  55  ,  102  ]  but little attention has been paid to the 

design of a load-transfer-favored structure. Our recent work 

has proven that reticulate CNT architectures not only work 

as continuous load-transfer pathways, but also strongly couple 

with polymer chains at the molecular level, which results in 

unique mechanical properties completely different from those 

of conventional composites ( Figure    4  a). [  103  ]  For example, the 

strengths of epoxy- and poly(vinyl alcohol) (PVA)-infi ltrated 

fi bers are notably improved as compared to neat CNT fi bers, 

as represented in Figure  4 b. Additionally, our results imply 

that the molecular-level coupling between reticulate CNT and 

polymer chains could not only effectively constrain the free 

deformation of nanotube networks but also greatly enhance 

the strength of their interbundle connections. The interbundle 

slippage of CNT fi bers is effectively hindered after fi lling with 

low-strength epoxy. Consequently, a high tensile strength 

(close to 1.5 GPa) was observed for epoxy-infi ltrated com-

posite fi bers. Depending on the infi ltrating polymer structure 

itself, a different coupling role was observed for the PVA-

infi ltrated composite fi bers, where plastic fl ow of polymer 

chains occurred for PVA-infi ltrated fi bers under large strain, 

and then the concentration of stress was mitigated and the 
bH & Co. KGaA, Weinheim small 2011, 7, No. 11, 1504–1520

omposite, and SEM image of the fracture section for an epoxy-infi ltrated 
WNT fi bers, and a summary of the tensile modulus and strength for the 
infi ltrated composite fi bers. Reproduced with permission from Ref.[103]. 
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interbundle junction protected. Finally, the toughness of 

PVA-infi ltrated fi bers could reach 50 J g  − 1 , which is far supe-

rior to commercially used high-strength fi bers such as Kevlar 

(33 J g  − 1 ) or graphite fi ber (12 J g  − 1 ). Figure  4 c shows the sche-

matic illustration of different fracture mechanisms for epoxy- 

and PVA-infi ltrated composite fi bers.

   In comparison with CNT fi bers, the randomly oriented 

nature of nanotubes as well as the poor van der Waals forces 

present in the macroscale Bucky paper membranes made the 

mechanical properties undesirable. [  104  ,  105  ]  To create the strong 

binding force between isolated nanotubes or their bundles, 

chemical crosslinking of SWNTs by means of electron-beam 

(e-beam) irradiation was introduced to the Bucky paper 

membranes. The resulting membranes showed a substantial 

improvement of mechanical properties without sacrifi cing 

the electrical and thermal properties of the nanotubes. [  106  ]  

Besides the e-beam induced crosslinking approach, a novel 

and simple method based on fi ltration was proposed to fabri-

cate CNT-based composite fi lms with a high weight-content of 

nanotubes. The polymer chains were intercalated into either 

the pre-existing porous internal structures of nanotube mem-

branes, or partially diffused between individual nanotubes 

within the ropes. [  107  ]  Although these composites showed some 

reinforcement, their mechanical properties still fell short of 

those of standard composites. [  108  ]  Recently, with the adop-

tion of new processing techniques for composite fi lms, the 

tensile modulus and strength of buckypaper-based compos-

ites has reached 15.4 GPa and 400 MPa, respectively. [  109  ,  110  ]  

On the basis of layer-by-layer assembly, Kotov et al. fabri-

cated the high weight-loading (around 50 wt%) CNT-based 

polyelectrolyte composite fi lms. After further chemical cross-

linking between the nanotubes and the polymer matrices, 

the resulting tensile strength of the CNT fi lms could reach 

325 MPa. [  111  ,  112  ]  Although the poor matrix–nanotube inter-

facial bonding and phase segregation have been success-

fully mitigated, similar to the vacuum-fi ltration method, this 

fabrication procedure also suffered from poor effi ciency and 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 11, 1504–1520

    Figure  5 .     a) Typical Raman G ′  bands of epoxy- and PVA-infi ltrated compo
in different systems. Reproduced with permission from Ref.[103]. Copyrig
product quality. An alternative route toward CNT-based 

composite fi lms with superior performances consisted of 

directly using free-standing 2D CNT sheets. Recently, Cheng 

et al. fabricated continuous, aligned CNT-sheet-based epoxy 

composites by a vacuum-assisted resin infi ltration method, 

in which the high nanotube content was well-dispersed and 

highly oriented. [  113  ]  Mechanical measurements have indicated 

that 347% enhancement of the Young’s modulus and 45% 

enhancement of tensile strength were achieved for 8.1 wt% 

CNT-based epoxy composites as compared to pure epoxy. 

Meanwhile, based on the classic rule of mixtures, the derived 

tensile modulus and the strength of neat CNT sheets were 176 

GPa and 746 MPa, respectively, which is much higher than 

the experimentally measured 40 GPa (modulus) and 643 MPa 

(strength). This discrepancy implies that the reinforcing mech-

anism of macro scopic CNT-assembly-based composites might 

be different from that of the conventional fi ber-based com-

posites, which agrees well with our recent reports. [  103  ,  114  ]  

   3.2. Micromechanical Analysis of the Loading Role 
of CNT Fibers 

 To illustrate the reinforcement effi ciency of nanotube 

elements inside CNT fi bers as well as to investigate the 

microscopic failure process of fi bers at microscale level, we 

recently developed a generic methodology independent of 

conventional mechanical measurements to investigate the 

load-bearing capability of the nanotubes inside the fi ber 

with the help of in situ Raman-tensile methodology. [  59  ]  Since 

Raman scattering is sensitive to the interatomic distance, 

when CNTs are mechanically strained, there is a linear rela-

tionship between the shift of the Raman peaks and the local 

strain. [  115  ,  116  ]  By investigating the variation of the Raman G ′  
band under strain, we could infer the structural deformation 

process of the CNT fi bers and, further, predict the macro-

structures’ moduli ( Figure    5  ). The strain transfer factor (STF), 
1513H & Co. KGaA, Weinheim www.small-journal.com
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defi ning the ratio of the downshift rate of the G ′  band for a 

strained CNT assembly to the average downshift rate of the 

G ′  band of strained individual CNTs, was proposed to quan-

titatively evaluate the load-bearing capability of CNT fi bers. 

For example, the STFs for neat CNT fi bers, PVA-, and epoxy-

infi ltrated composite fi bers were 0.045, 0.18, and 0.4, respec-

tively, meaning there were improvements of 4 and 9 times on 

the strain transfer effi ciency after the incorporation of epoxy 

and PVA. [  103  ]  Additionally, with the direct link between mac-

roscale strain and the CNTs’ axial extension via STF, we fur-

ther proposed a theoretical formula to predict the modulus 

of CNTs assemblies after revising the classic rule of mixture.

 E = 〈
cos22

〉
" f E t + (1 − f )Em  (1)   

where  E ,  E  t , and  E  m  refer to the Young’s moduli of the CNT 

fi bers, individual nanotubes (in bundles), and polymer respec-

tively;  f  and   α   are the volume fraction of nanotubes and STF, 

respectively;  < cos 2   θ   >  describes the contribution of the aver-

aged orientation angle of the nanotubes in the continuous 

network. For neat CNT fi bers, the second part of  Equation 1  

can be neglected.  Table  1   lists the predicted modulus values 

given by  Equation 1  and the experimental results. From this, 

it can be concluded that the revised rule of mixtures fi ts the 

experimental data very well for the  < cos 2   θ   >  value of 0.4–0.6 

in our case. Consequently, based on the shift rate of specifi c 

Raman bands at the low strain region, we could predict the 

modulus of the SWNT macroarchitectures and their compos-

ites accurately.  

 Despite extensive research into the static mechanical 

properties of CNT fi bers for several years, data on the fatigue 

limits of CNT fi bers under both static and dynamic loading 

conditions have never been reported yet. Recent work has 

pointed out that the static fatigue strength of CNT fi bers is 

at least twice that of graphite fi bers within short times and 

similar to that of graphite fi bers at longer times, while the 

dynamic fatigue strength is twice that of the graphite fi bers 

up to 10 7  cycles. [  117  ]    

 3.3. Compressive Behavior of 3D CNT Assemblies 

 Owing to its small diameter, an individual CNT exhibits 

extreme structural fl exibility and can be repeatedly bent 

through large angles (e.g., buckling) and strains without 

structural failure. [  118–120  ]  Such remarkable fl exibility and 

resilience of nanotubes potentially make them an ideal 

low-weight foamlike material once they are organized 
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   Table  1.     Comparison of the Predicted Modulus Values for Various SWN
Ref.[103]. Copyright 2009, ACS) 

Specimens Volume fraction ( f  ) STF (  α  ) Pre

    < cos 2   θ   >   =  1/3  < cos 2   θ   >   =

SWNT fi ber 0.65  ∼  0.75 0.045 6  ∼  7 7  ∼  9

Epoxy–SWNT 0.3  ∼  0.4 0.4 27  ∼  36 32  ∼  4

PVA–SWNT 0.4  ∼  0.5 0.18 17  ∼  21 19  ∼  2
into specifi c 3D architectures, such as aligned 3D arrays 

or foams. Recent work has demonstrated that vertically 

aligned MWNT arrays exhibit super-compressible behavior, 

in which individual nanotubes act as strong nanoscale struts 

and the internanotube spaces act as interconnected open-

air cells. [  121  ,  122  ]  The compressed nanotubes could be col-

lectively squeezed by buckling and folding themselves like 

springs. After each cycle of uniaxial compressive loading, the 

nanotubes can either recover to their near-original lengths 

or achieve a partial recovery depending on the morphology 

of the s-received aligned CNT arrays as well as the applied 

strain level. [  123  ]  Compared to conventional low-density 

fl exible foams, the aligned nanotube arrays possessed high 

compressive strengths (close to 15 MPa), sag factors ( ≈ 4), 

recovery rates ( > 2000  μ m s  − 1 ), and breathability, which 

might be useful in compliant interconnecting structures for 

mechanical-damping and energy-absorbing services. [  121  ]  

Interestingly, although the individual nanotube behaviour is 

essentially elastic, the free-standing nanotube arrays exhibit 

a nonlinear stress–strain behavior. [  124  ]  Fatigue resistance 

tests under compression indicate that aligned CNT arrays 

exhibit behaviors that are common features of viscoelastic 

materials, e.g., preconditioning, hysteresis, nonlinear elas-

ticity, and stress relaxation. A comparison of CNT arrays and 

other contractile materials indicates that the CNT arrays 

are comparable to human muscle tissues in terms of their 

mechanical properties. This combination of soft-tissuelike 

behaviour and outstanding fatigue resistance of CNT arrays 

suggests that properly engineered nanotube structures could 

form artifi cial tissues. 

 Similar to the compressible behavior of aligned CNT 

arrays exhibited, CNT sponges show high structure fl ex-

ibility and robustness. [  100  ]  Experiments have confi rmed that 

the sponges could sustain large strain deformations, recover 

most of their material volume elastically, and resist structural 

fatigue under cyclic stress conditions in both air and liquids. 

Different from the heavy buckles formed along nanotube 

axes within the CNT arrays, the large-degree compression 

on these sponges stemmed from the squeezing of intertube 

pores. Furthermore, the CNT sponges exhibit isotropic com-

pressive behavior when tested in different directions. The 

compressibility of CNT sponges shows dependence on the 

material density as well as on the applied compressive stress. 

For instance, the compressive strength consistently increased 

by 20 times when the sponge density changed from 5.8 to 

25.5 mg cm  − 3 . [  101  ]  Anyway, it should be noted that all of the 

sponges showed very low Young's moduli ( < 0.1 MPa) as com-

pared to aligned CNT arrays. 
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T Fibers with Experimental Results (Reproduced with permission from 

dicted modulus [GPa] Experimental modulus [GPa]

  0.4  < cos 2   θ   >   =  0.5  < cos 2   θ   >   =  0.6  

9  ∼  11 11  ∼  13 9  ∼  15

3 40  ∼  53 48  ∼  63 30  ∼  50

5 24  ∼  31 29  ∼  37 20  ∼  35
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    4. Applications of CNT Assemblies 
  4.1. Structural Reinforcing Fillers in Conventional Composites 
Based on CNT Fibers 

 Thus far the direct use of CNT powders in polymer com-

posites for structural reinforcement has been disappointing 

due to unoptimized parameters such as dispersion, align-

ment, and interfacial properties. [  19  ,  21  ,  22  ,  125  ]  Motivated by the 

mass production of high performance CNT fi bers, [  36  ]  Mora 

et al. fabricated high volume-fraction ( > 25%) CNT-fi ber-

based epoxy composites. The reinforcement effi ciency of 

the CNT-fi ber-incorporated composites was similar to that 

of standard composites reinforced with commercial carbon 

fi bers. Surprisingly, the CNT fi bers also performed well as 

reinforcement in compressive modes, which is unusual in the 

conventional high-strength fi ber based composites. [  126  ]  With 

the help of in-situ Raman spectroscopy, we recently proved 

that the stiffening and strengthening roles of CNT fi bers 

inside polymeric matrices are determined by nanotube ele-

ments. [  114  ]  In such cases, the molecular coupling between nan-

otubes and polymer chains effectively impedes the initiation 

of nanotubes buckling at lower compressive strains. Thus, the 

CNT fi bers behave with notable fl exibility without perma-

nent deformation or failure under compressive stress. That is 

to say, CNT fi bers combine superior stiffening, strengthening, 

and fl exibility that would meet various demands for next-

generation advanced composites.   

 4.2. Optoelectronics and Electrochemical Devices Based 
on 2D CNT Films 

 As an essential element of antistatic coatings, fl at panel 

displays, organic light-emitting diodes, [  87  ,  127  ,  128  ]  solar cells, [  70–

72  ]  and electrochromic devices, [  129  ]  indium tin oxide (ITO) has 

been widely used as a transparent conductor. Unfortunately, 

its intrinsic brittleness, the limited availability of indium, and 

its chemical instability to corrosion greatly limits its further 

applications, particularly in mechanically fl exible-substrate-

based electronic systems. Recently, thin transparent CNT 

fi lms have received increased attention as replacement con-

ductive materials owing to their attractive electrical, optical, 

and mechanical properties and their stretchability and chem-

ical stability. [  74  ,  75  ,  130  ]  To date, encouraging progress has been 

made in the scaling-up of their fabrication and in the appli-

cation of transparent conductive CNT-based fi lms. [  74  ,  75  ,  131  ]  

For example, Rogers et al. fabricated the high-performance 

“all-tube”-constructed fl exible, transparent transistors with 

an effective mobility  ≈  30 cm 2  V  − 1  s  − 1  and a high mechanical 

stretchability ( < 3.5%). [  132  ]  As shown in  Figure    6  a, owing to the 

relatively high work function of SWNT fi lms ( ≈ 4.9 eV), [  133  ]  

they can serve as anodes for hole-injection/extraction in 

organic light-emitting diodes (OLEDs) and organic photo-

voltaic devices (Figure  6 b,c). [  70  ,  87  ]  Results have demonstrated 

that the luminescence, turn-on voltages, and power effi cien-

cies of CNT-based devices are comparable to those of devices 

with ITO electrodes. [  61  ,  62  ,  126  ]  Encouragingly, CNT-fi lm-based 

integrated digital circuits and transistor radios have been 
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successfully constructed (Figure  6 d,e). [  73  ,  134  ]  Furthermore, 

because of the high accessible surface area of porous nano-

tube morphology, in combination with their high electrical 

conductivity, low mass density, and chemical stability, non-

transparent CNT-based sheets are also attractive candidates 

for a variety of energy-conversion and storage technolo-

gies (Figure  6 f–h). [  66–68  ,  135–137  ]  Examples include ‘superca-

pacitors’, which give giant capacitances in comparison with 

those of ordinary dielectric-based capacitors. So far, driven 

by its promising high power density, [  138  ]  CNT-based superca-

pacitors have not only achieved notable energy and power 

performances, [  66  ]  they have also enabled new functionalities, 

providing fl exible, stretchable, and transparent supercapac-

itors. [  67  ,  139  ,  140  ]  Even though these studies have shown advan-

tageous individual properties of CNTs for supercapacitors, a 

comprehensive demonstration of their full potential as elec-

trodes meeting all relevant criteria for practical devices has 

yet to be presented. Recently, Izadi-Najafabadi et al. inves-

tigated the full potential of SWNT-based super-capacitor 

electrodes using aligned SWNT arrays as starting-material 

(Figure  6 f). [  141  ]  The energy density and maximum power 

density of the SWNT electrodes could reach 94 Wh kg  − 1  and 

210 kW kg  − 1 , respectively, which surpasses most other CNT 

electrodes reported. Aside from the performance of CNT-

based supercapacitors, fabrication methods for CNT-based 

energy-storage devices would also infl uence the development 

and application of these lightweight electronics. Therefore, 

innovation to manufacture the scalable, low-cost, stretchable, 

and highly conductive CNT-based energy devices to meet the 

technology demands of modern society is another daunting 

challenge. With the help of simple solution-processing (e.g., 

conformal coating, dipping, and drying), Hu et al. have suc-

cessfully fabricated CNT-based commercial paper or textile 

energy devices (Figure  6 g,h), which will bring new opportu-

nities for advanced applications in energy storage and con-

version. [  66–68  ]  In addition, the CNT-sheet supercapacitors are 

able to retain charge in the absence of contacting electrolyte, 

which greatly extends their charge-storage times and is of 

signifi cant importance in various applications. [  142  ]  Neverthe-

less, different from the promising applications of transparent 

CNT fi lms prepared through the solution-processing and/or 

printing procedures described above, it is important to note 

that the potentials of CNT fi lms fabricated by the direct CVD 

approach in the electronics and optoelectronics fi elds are still 

on the way.     

 4.3. Miscellaneous Applications of 3D CNT Arrays 

 So far, even though the reinforcement of randomly dis-

persed CNT-based composites has been disappointing in 

most cases, these 3D CNT arrays are able to shed light on the 

potential of conventional composite fi elds in a very different 

way. Recently, Ajayan and co-workers demonstrated that 3D 

CNT arrays directly grown onto the surface of microfi ber 

SiC fabrics ( Figure    7  a) can act as building blocks to improve 

the interlaminar strength and toughness of conventional 3D 

multilayered composites without compromising their in-

plane properties. [  143  ]  Afterward, a versatile approach based 
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    Figure  6 .     a) An array of ‘all-tube’ fl exible transparent TFTs on a plastic substrate. Reproduced with permission from Ref.[132]. b) Schematic OLED 
device of patterned CNT as electrode. Inset: photograph of a single device fabricated on glass. Reproduced with permission from Ref.[87]. Copyright 
2006, ACS. c) Current density–voltage curves for organic solar cells using ITO or SWNT thin fi lms as anodes. Inset: schematic of device and 
photograph of fl exible cell using SWNT on PET. Reproduced with permission from Ref.[70]. Copyright 2006, American Institute of Physics. d) Flexible 
SWNT integrated-circuit chip bonded to a curved surface. Reproduced with permission from Ref.[73]. Copyright 2008, Nature Publishing Group. 
e) Radio system, with magnifi ed view of SWNT-transistor wire bonded into a package. Reproduced with permission form Ref.[134]. Copyright 2008, 
The National Academy of Science. f) Schematic of typical cell assembly. Reproduced with permission from Ref.[141]. g) Schematic supercapacitor 
with porous SWNT textile conductor as the electrodes and current collectors and its cycling stability. Reproduced with permission from Ref.[67]. 
Copyright 2010, ACS. h) Schematic of SWNT conductive paper as the current collector for a Li-ion battery. Reproduced with permission from Ref.[66]. 
Copyright 2009, The National Academy of Science.  

    Figure  7 .     a) Schematics of the steps involved in the nanomanufacturing of CNT-array-based 3D composites. Reproduced with permission from 
Ref.[143]. Copyright 2006, Nature Publishing Group. b) Transfer-printing of CNT array to prepreg and illustration of toughening role. Reproduced 
with permission from Ref.[144]. Copyright 2008, Elsevier.  
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on ‘transfer-printing’ was developed to transplant an aligned 

CNT array from its original substrate to any desired surface, 

e.g., carbon tape prepreg—a reinforcing material combined 

with a full complement of resin before the molding operation 

(Figure  7 b). An improvement to the fracture toughness of 

around 1.5–3 times was reported for CNT-modifi ed composite 

laminates, owing to the bridging effects of nanotubes between 

adjacent layers. [  144  ]  In addition, the 3D CNT array grafted 

onto the microscale fi bre ends (e.g., SiC) could also be used to 

make multifunctional, conductive brushes. These tiny brushes 

with nanotube bristles have been demonstrated for use in a 

variety of applications including the cleaning of microscale 

spaces, conducting contact brushes, and probe arrays. [  145  ] 

   Besides being promising candidates in conventional 3D 

composites, another interesting application that has been 

touted for 3D CNT arrays is their use as membrane fi lters. 

In comparison with traditional activated and porous carbon 

fi lters, the uniform nanoscale pore size of CNT arrays could 

allow them to act as small-molecule separation fi lters. [  29–33  ]  

Even with the small diameter of individual nanotubes, the 

fl ux through the tubes was high due to the smoothness of the 

CNT walls. [  146  ]  After chemical modifi cation of the CNT sur-

face, the CNT arrays were able to fi lter selectively. Instead 

of utilizing open-ended CNT pores as transport pathways, 

Srivastava et al. advanced CNT-array-based fi lters by directly 

utilizing the interstitial spaces between CNTs, which showed 

potential for the fi ltration of heavier hydrocarbon species 

from hydrocarboneus oil. [  147  ]  Through properly tuning the 

porosity of aligned CNT arrays by applying different levels 

of mechanical compression, the nanotube membranes also 

performed effi cient fi ltration of a series of protein molecules 

with various molecular weights. [  148  ]  To fully utilize the high 

nanoscale porosity of CNT arrays, Yu et al. fabricated high-

porosity ( ≈ 20%), free-standing CNT membranes by means of 

a solvent-evaporation-based shrinking method, after which 

the diameter of both the CNTs and interstitial pores were 

approximately 3 nm. [  149  ]  Since no polymer fi ller was incorpo-

rated, gases permeated effi ciently through the nanotubes as 

well as the interstitial spaces. Consequently, the reported gas 

permeability was 4–7 orders of magnitude higher than that 

reported in the literature.    

 5. Conclusion and Outlook 

 Over the past few years, CNTs have evolved into one of 

the most intensively studied materials. Today, the bulk vol-

umes of manufactured MWNTs reach a few hundred tons per 

year, though few applications based on CNTs have indeed 

been commercialized. The best examples of present bulk 

applications of CNTs are the use of CVD-grown MWNTs 

in lithium-ion batteries and in plastics for electrostatic dis-

charge applications. It is important to note that neither of 

these applications utilize the spectacular mechanical or elec-

trical properties of the nanotubes, which function as addi-

tives to add value to the products. Nevertheless, there has 

been growing interest in the development of various CNT-

based polymer composites. In some cases, the performance 

of such composites at low weight-contents outperforms 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 11, 1504–1520
corresponding conventional carbon-fi ber-based composites. 

Certainly, owing to the high costs as well as the complicated 

fabrication methods of these composites, they will not be 

commercialized and utilized in the foreseeable future. Thus, 

there exist great challenges to transfer the spectacular prop-

erties of individual CNTs—in particular, their mechanical and 

electrical properties—into macroscopic forms. Encouragingly, 

in the past few years, various macroscopic CNT assemblies 

have shed light on the maximum utilization of the remark-

able properties of individual nanotubes in a wide range of 

application fi elds. Examples include super-strong 1D CNT 

fi bers, highly fl exible 2D-nanotube-sheet-based transparent 

electronics, super-compressible 3D CNT foams, and so on. 

The macroscale CNT assemblies have the advantage of easy 

handling and use under various conditions. Furthermore, the 

CNT assemblies also exhibit unusual multifunctionalities 

combining the electrical, mechanical, optical, and chemical 

properties and, at same time, possess impressive novel behav-

iors arising from their unique structures. Such CNT assem-

blies as alternative materials have shown various potential 

applications such as high-performance composites for aircraft 

and automotive industries, electronics (e.g., fl exible electrodes 

in displays, antistatic coatings, organic light-emitting diodes), 

energy-storage devices, fi lters, and biomimic adhesives. 

 In spite of this progress, signifi cant challenges remain, 

especially with certain material aspects. First, advanced tech-

niques and novel approaches are imperative for the fabrica-

tion of various forms of macroscopic CNT assemblies on a 

large scale. Second, and perhaps most importantly, not only 

the processing parameters but also the geometry parameters 

of nanotube assemblies need to be optimized to achieve 

superior performance. Third, some of the unusual properties 

and potential applications of CNT assemblies need further 

exploration. Nevertheless, in our view, recent progress shows 

that CNT assemblies offer a unique combination of proper-

ties, and outperform conventional materials. Optimization 

of the performance, the stability of properties, manufactur-

ability, mass production, and the cost of CNT assemblies will 

ultimately determine the success of these types of materials.  
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