
Published on the Web 11/21/2012 www.pubs.acs.org/accounts Vol. 46, No. 2 ’ 2013 ’ 539–549 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 539
10.1021/ar300221r & 2012 American Chemical Society

The Alignment of Carbon Nanotubes:
An Effective Route To Extend Their Excellent

Properties to Macroscopic Scale
XUEMEI SUN, TAOCHEN, ZHIBIN YANG, ANDHUISHENGPENG*
State Key Laboratory of Molecular Engineering of Polymers, Department of

Macromolecular Science, and Laboratory of Advanced Materials,
Fudan University, Shanghai 200438, China

RECEIVED ON JULY 27, 2012

CONS P EC TU S

T o improve the practical application of carbon nanotubes, it is critically
important to extend their physical properties from the nanoscale to the

macroscopic scale. Recently, chemists aligned continuous multiwalled carbon
nanotube (MWCNT) sheets and fibers to produce materials with high
mechanical strength and electrical conductivity. This provided an important
clue to the use of MWCNTs at macroscopic scale. Researchers have made
multiple efforts to optimize this aligned structure and improve the properties
of MWCNT sheets and fibers. In this Account, we briefly highlight the new
synthetic methods and promising applications of aligned MWCNTs for
organic optoelectronic materials and devices.

We describe several general methods to prepare both horizontally and
perpendicularly aligned MWCNT/polymer composite films, through an easy
solution or melting process. The composite films exhibit the combined properties of being flexible, transparent, and electrically
conductive. These advances may pave the way to new flexible substrates for organic solar cells, sensing devices, and other related
applications. Similarly, we discuss the synthesis of aligned MWCNT/polymer composite fibers with interesting mechanical and
electrical properties. Through these methods, we can incorporate a wide variety of soluble or fusible polymers for such composite
films and fibers.

In addition, we can later introduce functional polymers with conjugated backbones or side chains to improve the properties of
these composite materials. In particular, cooperative interactions between aligned MWCNTs and polymers can produce novel
properties that do not occur individually. Common examples of this are two types of responsive polymers, photodeformable
azobenzene-containing liquid crystalline polymer and chromatic polydiacetylene. Aligning the structure of MWCNTs induces the
orientation of azobenzene-containing mesogens, and produces photodeformable polymer elastomers. This strategy also solves
the long-standing problems from the traditional mechanical rubbing method, which include production of broken debris and
structure damage during fabrication and building up electrostatic charge during use. Aligning MWCNTs induces a conformational
change in polydiacetylene, which causes the composite fibers to be electrochromatic, a previously unknown reaction in chromatic
polymers.

Due to their large surface area, flexibility, electrical conductivity, and remarkable electrocatalytic activity, aligned MWCNT films
can be used as counter electrodes to produce highly efficient dye-sensitized solar cells. In addition, chemists have developed new
electrodes from the aligned MWCNT fibers to make a family of high-performing, wire-shaped dye-sensitized solar cells.

1. Introduction
Due to the unique structure and excellent mechanical, elec-

trical, and thermal properties, carbon nanotubes (CNTs)

have been widely studied for over 2 decades.1�4 However,

it remains difficult to make them for nanoscale devices at

large scale as widely proposed.1 To further improve their

practical applications, more and more interest is attracted

to exploring them for bulk materials.2�6 To this end, it is

critically important to extend the unique structure and

excellent properties of CNTs from nanoscale to macro-

scopic scale. Recently, CNTs have been assembled into

continuous sheets and fibers in which CNTs are highly
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aligned to enable mechanical strengths up to 6.7 GPa

and electrical conductivities of 103 S cm�1.2,3 This strategy

provides an efficient paradigm to the development of CNTs

to maintain their remarkable properties at macroscopic

scale, and much effort has been made to prepare aligned

CNT materials.4

In this Account, we briefly review the recent efforts on the

synthesis and application of aligned CNTs for organic opto-

electronic materials and devices. First, several general meth-

ods are described to prepare highly aligned multiwalled

carbon nanotube (MWCNT)/polymer composite films and

fibers. Then, functional polymers with conjugated side

chains and backbones are introduced to produce novel

responsive properties due to the synergetic interactions

between aligned MWCNTs and polymers. Finally, aligned

MWCNT materials are shown for both planar and wire-

shaped dye-sensitized solar cells with high performances.

2. New Synthetic Approaches to Highly
Aligned MWCNT/Polymer Materials
CNTs have been widely incorporated into polymers to

produce composite materials in which CNTs may provide

excellent mechanical, electrical, and thermal properties,

while polymers enable high flexibility, low cost, and easy

fabrication.5,6 Three typical methods, solution blending,

melt blending, and in situ polymerization, are generally in-

vestigated. However, there remain common and critical

challenges in the abovemethods, that is, random dispersion

and low content of CNTs in polymermatrices. Therefore, the

composites could not fully take advantage of the excellent

properties of individual CNTs; for example, strength and

conductivity are typically lower than 0.12 GPa and at

10�6 S cm�1, respectively.5 A general and effective solution

has been recently recognized and explored: alignment of

CNTs for better properties. The alignment could be realized

before or after incorporation of polymers. For the former

case, aligned CNTs are first synthesized prior to addition of

polymers. For the latter case, external forces such as electric

field, magnetic field, flowing, and stretching are used to in-

duce alignment of CNTs in their mixtures with polymers;7�9

for example, Poulin and co-workers found that CNTs could

be aligned in their polymer composite fibers.7,8 Besides the

alignment of CNTs, a high content of CNTs had been also

achieved in these two cases.

Here several new methods are described to prepare

highly aligned MWCNT/polymer composites from aligned

MWCNT arrays, sheets, and fibers, and a broad spectrum of

soluble or fusible polymers are applicable. MWCNT arrays

were first synthesized by chemical vapor deposition,10�14

and both ultratall and spinnable MWCNT arrays could be

prepared.

2.1. Preparation of Horizontally Aligned MWCNT/

Polymer Composite Films. Free-standing MWCNT sheets

were first pulled out of spinnable arrays by a dry spinning

process (Figure 1a). The height of spinnable array was

generally ranged from 100 to 300 μm, and Figure 1c shows

a typical scanning electron microscopy (SEM) image. MWCNTs

were highly aligned along the drawing direction (Figure 1d).15

The areal density of sheets was 1.4 μg cm�2 and can be further

improved by liquid densification, and they showed high

conductivities up to103 S cm�1 along thedrawingdirection.16

The MWCNT sheets could be stabilized on various sub-

strates such as glass. Polymers were then directly incorpo-

rated to produce composite films through a solution or

melting process. Of course, monomers could also be intro-

duced first, followed by in situ polymerizations. The thick-

nesses of composite films were controlled by varying the

layer number of MWCNT sheets. A wide variety of polymers

such as polystyrene, poly(methyl methacrylate), poly(3-hex-

ylthiophene-2,5-diyl), and sulfonated poly(ether ether

FIGURE 1. Preparation of MWCNT sheets and fibers from spinnable arrays. (a, b) Schematic illustrations of the sheet and fiber, respectively. (c, d, e)
SEM images of array, sheet, and fiber, respectively. Adapted from ref 6.
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ketones) have been studied for composite films in which

MWCNTs remained highly aligned (Figure 2a).17 The com-

posite films were transparent based on the choice of specific

polymers, for example, the use of sulfonated poly(ether

ether ketones) produced a transmittance of∼86% for a film

thickness of 5 μm (Figure 2b). The conductivity achieved

200 S cm�1 along the MWCNT-aligned direction and in-

creased with increasing temperature, suggesting a semicon-

ducting behavior for the composite film (Figure 2c). In

addition, the composite films were flexible and strong.

On the other hand, the spinnable arrays were relatively

short, though ultratall arrays with heights of millimeters

had been easily synthesized. The mechanical and electrical

properties of composite films were closely related to the

length of MWCNTs, that is, longer MWCNTs had greatly

increased both strength and conductivity.18 To this end,

horizontally aligned MWCNT/polymer films had been re-

cently realized by the direct use of ultratall MWCNT arrays.

Polymers or monomers were first coated onto ultratall

MWCNT arrays, followed by slicing the composite array along

the MWCNT length.5,19 The composite films were also trans-

parent (e.g., transmittance of higher than 90% at thickness of

125 nm) and flexible with a higher conductivity of 103 S cm�1.

2.2. Preparation of Perpendicularly Aligned MWCNT/

Polymer Films. Although the conductivity along the MWCNT

length in horizontally alignedMWCNT/polymer films showed a

high value, it was relatively low in the perpendicular direction

due to high contact resistances among parallel MWCNTs, for

example, 101 S cm�1. However, a high perpendicular conduc-

tivity was critical to composite films for optoelectronic applica-

tions such as electrodes. An effective solution had been

proposed to align MWCNTs in the perpendicular direction in

composite films. The perpendicularly aligned MWCNTs may

also provide composite films with other promising applications,

for example, an ideal candidate for filtering membranes.20

Perpendicularly aligned MWCNT/polymer films could be

directly prepared by coating polymers onto MWCNT arrays,

and the film thicknesseswere determined by heights of bare

arrays. However, it was difficult to synthesize short arrays

with thicknesses of several micrometers or lower due to

rapid growth rates, for example, 60 μm/min. Even if short

arrays had been synthesized, the coating of polymer solu-

tions often destroyed the aligned structure of MWCNTs.21

Therefore, no perpendicularly aligned MWCNT composite

films could be obtained from short arrays. On the other

hand, thin or even ultrathin films are highly required for

optoelectronic applications.

Recently, a slicing method was introduced to prepare

perpendicularly aligned MWCNT/polymer thin films from

ultratall arrays. In a typical synthesis, the desired polymers

were incorporated into bare MWCNT arrays, followed by

cutting along the direction perpendicular to the MWCNT

FIGURE 2. Horizontally alignedMWCNT/polymer films. (a) Schematic illustration of the preparation. (b) Optical transmittances measured by UV�vis
spectrometer (5 μm in thickness). (c) Temperature dependence of the electrical conductivity. Adapted from ref 17.
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length (Figure 3a).22,23 The film thicknesses were controlled

from tens of nanometers to micrometers, while the number

densities of MWCNTs were tuned from 1010 to 1012 cm�2.

MWCNTs penetrated through the composite film with open

ends on both faces (Figure 3b). By appropriate choice of

polymers such as epoxy resin, the composite films were

transparent at thicknesses of less than 5 μm (Figure 3c). The

composite films were stable in both structure and property.

For instance, their electrical resistances remained almost

unchanged after bending for many cycles (Figures 3d�f).

The MWCNT number density played a critical role in the

preparation of such composite films, and the optimal density

was 1010�1012 cm�2. At lower densities, the MWCNT array

shrank during the coating process destroying the aligned

structure, while organic molecules could not effectively

infiltrate into the array at higher densities. In addition,

polymerswith comparable stiffness and toughness toMWCNTs

should be used, so MWCNTs would not be pulled out during

the slicing process. Some modifications such as the use of

liquid nitrogen andelectric current during the cutting process

also helped to produce uniform films. Currently, thin com-

posite films (thicknesses of hundreds of nanometers or

lower) are typically prepared at sizes of millimeters, while

thicker composite films can be made at centimeters or

larger. The composite film can be continuously produced

when the slicing process is designed automatically.

2.3. Preparation of Aligned MWCNT/Polymer Fibers.

Similar to MWCNT sheets, MWCNT fibers were first spun

from spinnable arrays (Figure 1b), which can be easily scaled

up to produce long MWCNT fibers of hundreds of meters.

The fiber diameters were varied between 2 and 40 μm by

tuning the widths of initial ribbons, and MWCNTs were

highly aligned (Figure 1e). MWCNT fibers showed a den-

sity of ∼0.54 g cm�3 with strengths up to 3.3 GPa and

conductivities of 103 S cm�1. Similar to MWCNT sheets, the

conductivity also increasedwith the increasing temperature,

FIGURE3. Perpendicularly alignedMWCNT/polymer films. (a) Schematic illustration to the preparation. (b) TEM image froma top view (inset, anopen
end of MWCNT). (c) A series of composite films on a blue ribbon-marked paper with thicknesses from 50 nm to 2 μm. (d) Schematic illustration of a
repeating change of filmmorphologies. (e) In-plane and (f) perpendicular resistivities of a composite film under bending according to panel d; F0 and
F correspond to electrical resistivities before and after bending. Adapted from ref 23.
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which indicated a semiconductive behavior of MWCNTs

fibers. Both strength and conductivity could be further in-

creased by optimizing the structure of individual MWCNTs

and post-fabrication treatments.24�26

Polymers were then physically attached onto or chemi-

cally connected to MWCNTs in the fibers to produce aligned

MWCNT/polymer composite fibers. However, because sizes

of voids amongMWCNTs typically ranged from10 to30nm,

polymer molecules with relatively large sizes could not

effectively infiltrate into them, and it was difficult to obtain

uniform composite fibers. To this end,monomerswithmuch

smaller sizes were often first incorporated into MWCNT

fibers followed by in situ polymerization.27 Figure 4 showed

an aligned MWCNT/poly(acrylic acid) fiber by introduction

of acrylic acid, followed by a radical polymerization. A uni-

form layer of poly(acrylic acid) was coated on MWCNTs,

whichmaintained the highly aligned structure. The compos-

ite fibers exhibited much improved strength and con-

ductivity compared with the direct use of polymers. Un-

expectedly, both strength and conductivity were also higher

than bare MWCNT fibers (Figure 4c,d), possibly because

polymer chains interconnected neighboring MWCNTs to

stabilize them and bundled MWCNTs more closely to de-

crease their contact resistances, respectively.

In summary, aligned MWCNT/polymer composite mate-

rials have been prepared from MWCNT arrays, sheets, and

fibers. Compared with the conventional approaches, highly

aligned MWCNT/polymer materials could be easily ob-

tained, the number density of MWCNTs could be tuned in a

wide range, and much longer MWCNTs were applicable. The

performance of MWCNT/polymer composites strongly depend

on the alignment, number density, and length of MWCNTs. For

instance, tensile strengths had been increased from 320 to

850MPawith the increasing length from300 to650μm.Similar

to the conventional approaches, it is also available to produce

composite materials at a large scale because the array, sheet,

and fiber could be continuously synthesized.

3. Novel Responsive Polymer Composites
Induced by Aligned MWCNTs
Based on the alignment of MWCNTs, functional polymers

could be further introduced to produce high-performance

FIGURE4. AlignedMWCNT/poly(acrylic acid) composite fibers. (a, b) SEM images before and after introduction of poly(acrylic acid). (c, d) Dependence
of tensile strength and conductivity ratio on cross-linking degree of polymer. σ0 and σc correspond to electrical conductivities of bare and composite
fibers, respectively. Adapted from ref 27.
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composite films and fibers. For instance, the synergetic

interactions between aligned MWCNTs and polymers with

conjugated side chains or backbones have been found to

create some new properties that were unavailable to any

individual component. Here two families of responsive

polymers, photodeformable azobenzene-containing liquid

crystalline polymer (ALCP) with conjugated side chain and

chromatic polydiacetylene (PDA) with conjugated back-

bone, are studied as a demonstration.
3.1. Photodeformable MWCNT/ALCP Composite Film.

Photodeformable ALCPs have been widely explored for

various applications such as light-driven soft actuators due

to a bending deformation derived from the reversible

trans�cis photoisomerization of azobenzene.28 To achieve high

sensitivity and high stability, it is important to efficiently orient

liquid-crystalline (LC) mesogens. Parallel micrometer-sized

grooves on polyimide by mechanical rubbing are used to

orient LC mesogens. However, there remain obvious chal-

lenges in thismethod, for example, production of broken debris

and structural damage during the fabrication and accumulation

of electrostatic charge during use. In addition, it is difficult to

effectively control the orientation direction of mesogens, which

determines the bending direction of the resulting ALCPs.

AlignedCNTswith parallel nanometer-sized groovesmay

represent a new and effective template to orient LC

mesogens.29 Aligned MWCNT sheets were shown as an

effective substrate to orient small LCmoleculeswith uniform

structures.30Herein, theMWCNTsheets are further shown to

effectively orient photodeformable ALCPs. MWCNT/ALCP

composite film was synthesized by injecting the mixture of

monomers and cross-linker (Figure 5a), which reacted to

produce ALCPs into MWCNT sheets through a melting

process.31 The ALCP mesogens were effectively oriented

along the MWCNT length without using any other aligning

layer (Figure 5b,c). The resulting composite film underwent

reversible bending and unbending toward the light under

alternate irradiations of UV and visible lights (Figure 5d). In

addition, the reversible deformation could be stably re-

peated for more than 100 cycles without obvious fatigue.
On the other hand, the orientation direction ofmesogens

could be further tuned by the fabrication process. The

mesogens would be oriented in the direction perpendicular

to theMWCNT length if the precursors were introduced by a

solution process.32 Therefore, the resulting MWCNT/ALCP

films bent away from the UV light. Although these results

could be effectively repeated and the interactions between

FIGURE 5. Aligned MWCNT/ALCP composite films. (a) Structures of two monomers and cross-linker. (b) Polarized optical micrographs. The white
arrows and dashed white line indicate the directions of optical axes of the two polarizers and the alignment of MWCNTs, respectively. (c) Polarized
absorption spectra. A ) and A^ are the absorbance measured with the light being polarized to be parallel and perpendicular to the MWCNT-aligned
direction, respectively. (d) Photographs of a composite filmduringonebendingandunbending cycle after alternate irradiationbyUVandvisible lights
at room temperature. Adapted from ref 31.
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MWCNT and ALCP were found to play a critical role on the

different orientation, more effort is still required to clearly

understand the mechanism and orientation process.

The introduction of aligned MWCNTs also provided the

ALCP composites with excellent properties such as high

strength up to ∼1 GPa and conductivity of 102�103 S/cm.

These properties had greatly improved the performance of

ALCP materials, for example, prevention of charge accumu-

lation, and enabled some unique applications, for example,

a new actuation material for deformable optoelectronic

devices such as electric switches.

3.2. Electrochromatic MWCNT/PDA Composite Fiber.

PDA changes color under various external stimuli such as

heating, pH, and mechanical rubbing and has been widely

explored as a material for chromatic sensors. This color

change, typically from blue to red, is caused by the con-

formation change of PDA backbone under external stimuli

(Figure 6a). However, the practical applications have been

largely hindered by their reversible chromatic transitions

under limited stimuli. As a result, significant effort has been

made to improve the reversibility and increase the scope of

stimuli.33�36 However, it remains difficult to realize electro-

chromatism due to a very low conductivity in PDA. MWCNT

fibers showed excellent electrical properties such as high

conductivities and may be incorporated with PDA to realize

the desired electrochromatism.

MWCNT/PDA composite fibers were prepared by dipping

bare MWCNT fibers into the solution of diacetylenic mono-

mers followed by topochemical polymerization under UV

light.24 Figure 6b showed SEM images of a MWCNT/PDA

fiber in which MWCNTs remained highly aligned and

PDA was uniformly distributed. As a result, the composite

fiber achieved a strength of 1.1 GPa and conductivity of

350 S cm�1. Interestingly, the composite fiber showed a

color change typically from blue to red upon pass of a direct

current (10�30 mA) and returned to blue after removal of

the current, and the chromatic transition could be rapidly

completed in a second (Figures 6c,d). The electrochromatic

mechanism had been elucidated on the basis of aligned

MWCNTs. To summarize, when an electric current was

passed through the composite fiber, the polar end groups

of the side chain in PDA would be induced to reorganize

FIGURE 6. Aligned MWCNT/PDA composite fibers. (a) Polymerization of a diacetylenic monomer and reversible chromatism of the resulting PDA
under stimulationderived froma reversible changeof effective conjugation lengths. (b) SEM imagesof a composite fiberwith differentmagnifications.
(c) Schematic illustration to the color change of composite fiber from blue to red when a direct current is passed through it. (d) Electrochromatism of a
composite fiber under a 10 mA direct current with on and off interval of 2 s. Adapted from ref 24.
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under the resulting electric fields among aligned MWCNTs,

which further induced the conformation change of PDA

backbones with a chromatic transition. Considering that

the composite fiber was flexible, strong, and conductive,

this electrochromatism could be particularly useful for

nondestructive evaluation and structure monitoring in a

broad spectrum of fields from aircraft to small electronic

facilities.

4. Dye-Sensitized Solar Cells Based onAligned
MWCNTs
The dye-sensitized solar cell (DSSC) has been widely studied

as an efficient photovoltaic device. It is typically composed

of a working electrode (e.g., TiO2 attached to dye), counter

electrode (e.g., Pt), and electrolyte (e.g., I�/I3
�), and the

working mechanism is summarized as follows: Photoelec-

trons are generated once the dye absorbs incident light and

are injected into TiO2 and transported to the counter elec-

trode through an external circuit. The dye cations are re-

duced to the ground state by I� ions with production of I3
�

ions, which reverted I� by accepting electrons from the

counter electrode. Although DSSCs have been demon-

strated to be very useful, there remain several challenges

to be overcome prior to practical applications. For instance,

Pt as the conventional counter electrode is limited in source

and produced under harsh conditions and becomes un-

stable during use. In addition, it is rigid, while flexible

electrodes are required in many fields. Therefore, new

electrode materials with easy fabrication, high flexibility,

and high stability are urgently needed. MWCNTs have been

widely investigated to replace Pt as counter electrodes to

catalyze the reduction of triiodide.37�39 However, the de-

gree of improvement is far fromexpected due to the random

dispersionofMWCNTswithmanyboundaries,whichgreatly

decreases the charge separation and transport. To this end,

the use of aligned MWCNT sheets or fibers provides an

effective solution, and both planar and wire-shaped DSSCs

had been developed with high performance.

4.1. Planar Devices Prepared from Aligned MWCNT

Sheets. MWCNT sheets without and with polymers had

been shown to be transparent, flexible, strong, and conduc-

tive, so they could be efficiently used as new counter

electrodes on both rigid and flexible substrates. The cell

structure based on an MWCNT sheet as the counter elec-

trode is schematically shown in Figure 7a. The resulting

DSSC typically exhibited an open-circuit photovoltage (VOC)

of 0.67V, short-circuit photocurrent density (JSC) of 10.80mA

cm�2, and fill factor (FF) of 0.57 (Figure 7b). The energy

conversion efficiency (η) is then calculated to be 4.18%. As

a comparison, the cell derived from the randomly dispersed

MWCNT film typically showedaVOC of 0.67V, JSC of 8.11mA

cm�2, and FF of 0.59 with η of 3.24%. Obviously, the η has

been greatly increased by the alignment of MWCNTs. Com-

pared with the Pt, the cell derived from the MWCNT sheet

showed the same VOC but decreased JSC and FF.16

To further increase the performance of DSSCs, MWCNT

sheets with longer MWCNTs had been prepared by peeling

off rows of MWCNTs from ultratall arrays.40 For the resulting

MWCNT sheet with thickness of 4 μm from an array with

height of 1.5 mm, the resulting cell typically showed VOC of

0.74V, JSC of 18.02mAcm�2, and FF of 0.67,which produced

an η of 9.00%. The cells showed better performances than

those derived from Pt andMWCNT sheet as counter electro-

des under the same condition. This phenomenon was

mainly explained by the fact that MWCNTs in the ultratall

array were more uniformly distributed with a higher degree

of alignment. Similar, both horizontally and perpendicularly

aligned MWCNT/polymer composite films could be also

used as counter electrodes for DSSCs, particularly, flexible

devices.16 Compared with a rigid DSSC, the flexible cell

showed a lower η of 2.77%, and more effort is required

to further increase the cell efficiency. To this end, the

FIGURE 7. MWCNT sheets as counter electrodes in planar DSSCs. (a) Schematic illustration of a DSSC. (b) Current�voltage characteristics of DSSCs
by using the randomly dispersed MWCNT film (blue line), aligned MWCNT sheet (red line), and Pt (black line) as counter electrodes under AM 1.5G
illumination. Adapted from ref 16.
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optimization of electrode structures and fabrication param-

eters had been previously shown to be effective.

4.2. Wire-Shaped Devices Prepared from Aligned

MWCNT Fibers. Compared with the conventional planar

structure, wire-shaped solar cells have recently attracted

increasing attentions due to the unique property of being

wearable, which is required for various applications such as

electronic textiles.41 Generally, metal wires (e.g., Cu, Pt, and

steel) and polymer fibers coatedwith a conductive layer (e.g.,

indium tin oxide) were used as electrodes in thewire-shaped

cell. However, metal wires are easily corrupted by solvents,

while the conductive layer on polymer fibers breaks during

use. In addition, both of them are relatively less flexible and

cannot be closely twinedduring the fabrication, so it remains

difficult to further increase the cell efficiency. To this end, the

aligned MWCNT fibers may represent an ideal candidate

because they are flexible, strong, and conductive with high

electrocatalytic activity.42

MWCNT fibers had been first proven effective as working

electrodes in DSSCs,43 and cis-diisothiocyanato-bis(2,20-
bipyridyl-4,40-dicarboxylato) ruthenium(II) bis(tetrabutyl-

ammonium) (generally called N719) was used as the dye.

Due to the three-dimensional hopping conduction, the

produced photoelectrons could be rapidly and efficiently

transported through the MWCNT/N719 composite fiber

(Figure 8a). The resulting DSSC showed VOC, JSC, and FF of

0.47 V, 10.3 mA cm�2, and 0.45, respectively (Figure 8b),

which produced η of 2.2%. However, the cell was not really

wire-shaped with Pt film as the counter electrode. A free-

standing and wire-shaped DSSC was recently realized by

twining two MWCNT fibers with one coated with TiO2

nanoparticles as working electrode and the other as counter

electrode (Figure 9a,b).44 The η achieved 2.94%. Due to the

unique wire structure, all photovoltaic parameters were

stable under different incident light angles and with increas-

ing cell lengths (Figure 9c,d). In addition, the output voltage

and current can be conveniently tuned by connection in

series or in parallel.

Because TiO2 nanoparticles with many boundaries had

decreased electron mobility, aligned TiO2 nanotubes had

FIGURE 8. MWCNT fibers as working electrodes in DSSCs. (a) Schematic
illustration to transportation of photoelectrons in an MWCNT/N719
fiber. The lime tube, red dot, and blue sphere correspond to MWCNT,
dye N719, and photoelectron, respectively. (b) J�V curve of a cell under
simulated 100 mW cm�2 illumination. Adapted from ref 43.

FIGURE 9. Wire-shaped DSSCs fabricated by twining two MWCNT fibers. (a) Schematic illustration. (b) SEM image for the middle part of a cell. (c, d)
Dependence of VOC, JSC, FF, and η on the incident light angle and cell length. Adapted from ref 44.
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been proposed and studied to enhance light harvesting,

electron collection, and ion diffusion at the TiO2�electrolyte

interface for a higher efficiency.45 Similarly, one Ti wire with

perpendicularly aligned TiO2 nanotubes grown on the outer

surface had been used as the working electrode, while a

bare MWCNT fiber was used as the counter electrode.46 The

two electrodes were twined to produce wire-shaped DSSCs

with a higher η of ∼4.6%.

Recently, all MWCNT fiber electrode-based wire-

shaped DSSCs had been also fabricated without the use

of TiO2. One MWCNT fiber coated with a thin layer of

poly(vinylidene fluoride) on the outer surface functioned

as the counter electrode, while another MWCNT fiber

absorbed with N719 was used as the working electrode.47

The cell typically showed VOC, JSC, and FF of 0.08 V, 3.4mA

cm�2, and 0.23, respectively, and the efficiency was lower

than 0.1%. Therefore, the use of TiO2 seemed critically

important for wire-shaped DSSCs based on MWCNT

fibers.

5. Conclusions and Perspectives
The alignment of MWCNTs has been proven effective

to extend their remarkable properties from nanoscale to

macroscopic scale, and the use of alignedMWCNT/polymer

composites for optoelectronic materials and devices have

been explored as a demonstration. Although much atten-

tion has been paid to the aligned MWCNT materials, it

remains difficult or even impossible to compare the avail-

able studies because they were generally not performed

quantitatively. For instance, the degree of alignment had not

been measured although some characterization methods

such as Raman and X-ray diffraction were shown to be

effective to calculate the degree of alignment. Therefore,

more efforts should be made to quantitatively study the

dependence of material properties (e.g., electrical, mechan-

ical, and optical properties) on the alignment degree of

MWCNTs and number density of MWCNT in the future.

Generally, a higher alignment of MWCNTs favors the im-

provement of properties, but there exist optimal number

densities of MWCNTs for optoelectronic applications. A high

number density increased the conductivity and strength,

while it decreases the load of active materials such as dyes,

which may decrease the efficiency of dye-sensitized solar

cells. The optimal density depends on the size of dye

molecules. According to previous studies, a number density

of 1010�1011 cm�2 in a MWCNT fiber was effective for the

conventional dye of N719 (conductivity of 102 S/cm for the

MWCNT fiber). In the case of aligned MWCNT/polymer

composites, polymers are typically physically attached onto

MWCNTs. More attention should be also paid to chemically

connecting polymers, particularly, functional polymers and

copolymers, to MWCNTs to further improve the structure

uniformity and properties.

The wire-shaped photovoltaic device appears as a

promising direction for the application of aligned

MWCNT fibers. In this case, the MWCNT fiber must be

flexible with conductivities higher than 102 S/cm and

strengths higher than 102 MPa. The higher the conduc-

tivity and strength are, the higher efficiency the resulting

photovoltaic wire shows. The MWCNT fibers should be

also smooth on the outer surface if they are used in

polymer solar cells. Otherwise, a short circuit will occur

in them. Besides the organic optoelectronic materials

and devices discussed in this Account, a wide variety of

other applications such as high-performance structure

materials and energy storage devices can be explored

from aligned MWCNTs. It was found that perpendicularly

aligned MWCNT/polymer composite films provided an

unusual high capacity for lithium ion batteries when they

were used as anodes.23
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