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 It is estimated that the world will need to double its 
energy supply by 2050. Nanotechnology has opened 
up new frontiers in materials science and engineering 
to meet this challenge by creating new materials, 
particularly carbon nanomaterials, for effi cient energy 
conversion and storage. Comparing to conventional 
energy materials, carbon nanomaterials possess unique 
size-/surface-dependent (e.g., morphological, electrical, 
optical, and mechanical) properties useful for enhancing 
the energy-conversion and storage performances. 
During the past 25 years or so, therefore, considerable 
efforts have been made to utilize the unique properties 
of carbon nanomaterials, including fullerenes, carbon 
nanotubes, and graphene, as energy materials, and 
tremendous progress has been achieved in developing 
high-performance energy conversion (e.g. ,  solar cells and 
fuel cells) and storage (e.g. ,  supercapacitors and batteries) 
devices. This article reviews progress in the research and 
development of carbon nanomaterials during the past 
twenty years or so for advanced energy conversion and 
storage, along with some discussions on challenges and 
perspectives in this exciting fi eld. 
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     Figure  1 .     Carbon materials: a) graphite, b) diamond, c) buckminsterfullerene C 60 , d) single-
walled carbon nanotube, and e) graphene.  
  1. Introduction 

 The importance of developing new types 

of energy is evident from the fact that 

the global energy consumption has been 

accelerating at an alarming rate due to 

the rapid economic expansion worldwide, 

increase in world population, and ever-

increasing human reliance on energy-

based appliances. It was estimated that 

the world will need to double its energy 

supply by 2050. [  1  ]  To this end, advanced 

technologies for both energy conversion 

(e.g. ,  solar cells and fuel cells) and storage 

(e.g. ,  supercapacitors and batteries) are 

being extensively studied around the 

world. Nanotechnology has opened up 

new frontiers in materials science and 

engineering to meet this challenge. [  2–4  ]  

In particular, carbon nanomaterials and 

nano technologies have been demonstrated 

to be an enabling technology for creating 

high-performance energy-conversion and 

storage devices. [  5–7  ]  
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 Like all other devices, performances of the energy-related 

devices depend strongly on the properties of the materials they 

employ. Recent development in materials science, particularly 

carbon nanomaterials, has facilitated the research and devel-

opment of energy technologies. Comparing to conventional 

energy materials, carbon nanomaterials possess some unusual 

size-/surface-dependent (e.g., morphological, electrical, optical, 

and mechanical) properties useful in enhancing energy-

 conversion and storage performance. [  8–11  ]  Specifi cally, consid-

erable efforts have been made to utilize the unique properties 

of fullerenes, carbon nanotubes (CNTs), and graphene as 

energy materials, and tremendous progress has been achieved 

in developing carbon nanomaterials for high-performance 

energy-conversion and storage devices. This article reviews 

progress in the research and development of carbon nano-

materials during the past twenty years or so for advanced 

energy conversion (i.e., solar cells and fuel cells) and storage 

(i.e., supercapacitors and batteries), along with some discus-

sion on the challenges and perspectives in this exciting fi eld.   

 2. Carbon Nanomaterials 

 Carbon has long been known to exist in three forms, namely, 

amorphous carbon, graphite, and diamond ( Figure    1  ). [  12  ]  

Depending on how the carbon atoms are arranged, their 

properties vary. For example, graphite is soft and black and 

the stable, common form of carbon with strong covalent 

bonding in the carbon plane and the much weaker van der 

Waals interactions in the transverse direction between the 

layers (Figure  1 a). Diamond is hard and transparent with 

each carbon atom bound to four other carbon atoms in a reg-

ular lattice (Figure  1 b).  

 It is the Nobel Prize-winning discovery of buckminster-

fullerene C 60  (Figure  1 c) [  13  ]  that has created an entirely new 
www.small-journal.com © 2012 Wiley-VCH Ve
branch of carbon chemistry. [  14,15  ]  The subsequent discovery 

of CNTs by Iijima [  16  ]  opened up a new era in materials sci-

ence and nanotechnology. [  5  ,  17  ]  These elongated nanotubes 

consist of carbon hexagons arranged in a concentric manner 

with both ends often capped by fullerenelike structures con-

taining pentagons (Figure  1 d). Graphene is the most recent 

addition to members of the carbon family (Figure  1 e). [  18  ]  As 

the building blocks for CNTs and other carbon nanomate-

rials, graphene, the 2D single-atom-thick carbon nanosheets, 

has emerged as a new class of promising materials attractive 

for a wide range of potential applications, [  8–11  ,  19,20  ]  including 

energy conversion and storage.  

 2.1. Fullerene C 60 , PC 61 BM, and PC 71 BM 

 In 1985, Kroto et al. [  13  ]  discovered that buckminsterfullerene 

C 60  has a soccer ball-like structure, with a diameter of 
rlag GmbH & Co. KGaA, Weinheim small 2012, 
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7.1 Å and an approximately 10 Å centre-to-centre distance 

between neighbouring molecules in a single crystal, [  21  ]  con-

sisting of 12 pentagons and 20 hexagons facing symmetrically 

(Figure  1 c). This discovery opened up an entirely new branch 

of chemistry. [  14,15  ,  22,23  ]  However, it was not until Kratschmer 

and Huffman [  24  ]  reported a simple way to produce macro-

scopic amounts of fullerenes in 1990 that scientists could 

fi nally study physicochemical properties of the C 60  carbon 

clusters with all of the conventional spectroscopic methods 

and use fullerenes as useful reagents in synthetic chemistry. 

Subsequently, other spherical fullerenes (collectively known 

as buckyballs) were synthesized with a different number of 

hexagonal faces. Due to their unusual molecular structures, 

fullerenes and their derivatives have been quickly shown to 

possess fascinating photonic, electronic, superconducting, 

magnetic, and biomedical properties. [  21  ,  25  ]  Based on these 

fi ndings, a wide range of applications have been proposed for 

fullerenes and their derivatives. [  26,27  ]  

 In view of the scope defi ned in the introductory section, 

only the energy-related applications are discussed in this 

article. In this context, the photoinduced charge transfer 

of fullerenes discovered by Sariciftci et al. [  28  ]  in 1992 is of 

importance for the development of polymeric photovoltaic 

cells, which can be used to store light energy as electron 

relays for producing electricity. The photovoltaic effect 

involves the generation of electrons and holes in a semicon-

ducting device under illumination, and subsequent charge 

collection at opposite electrodes. The fi rst polymer solar cell 

was based on the photoinduced ultrafast electron transfer 

between a conjugated polymer, poly[2-(2 ′ -ethylhexyloxy)-

5-methoxy-1,4-phenylenevinylene] (MEH–PPV,  Figure    2  a) 

donor and C 60  acceptor in a double-layered structure. [  28,29  ]  

Later, a soluble C 60  derivative, 6,6-phenyl-C61-butyric 

acid methyl ester (PC 61 BM, Figure  2 b) or its C 70  counter-

part (PC 71 BM, Figure  2 c), was used to replace C 60  as the 

acceptor, which can be blended with conjugated polymer 

donors to form the so-called bulk-heterojunction polymer 

solar cells (vide infra). [  30  ]  Compared to PC 61 BM, PC 71 BM 

possesses a stronger visible absorption, useful for solar-cell 

applications.    

 2.2. Carbon Nanotubes 

 Using transmission electron microscope (TEM) to examine 

carbon samples generated by an arc-discharge method sim-

ilar to that used for the fullerene synthesis, Iijima found 

the needlelike tubes now popularly known as carbon nano-

tubes. [  16  ]  The discovery of CNTs opened up a new era in 

material science and nanotechnology. Since Iijima’s report on 

these microtubules of graphitic carbon in 1991, CNTs have 

attracted considerable attention as a new member of carbon 

family with novel electronic, optoelectronic, and electro-

chemical properties. 

 At the molecular level, CNTs can be viewed as a graphene 

sheet rolled up into a nanoscale tube form to produce a 

single-walled carbon nanotube (SWNT,  Figure    3  ). There 

may be additional graphene coaxial tubes around the SWNT 

core to form a multiwalled carbon nanotube (MWNT). [  5,6  ,  16  ]  
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
DOI: 10.1002/smll.201101594
These elongated nanotubes usually have a diameter in the 

range from few angstroms to tens of nanometers and a length 

of several micrometers up to centimeters with both ends of 

the tubes often capped by fullerenelike structures containing 

pentagons.  
3www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  2 .     Molecular structures of a) MEH–PPV, b) PC 61 BM, and c) PC 71 BM.  
 Depending on their diameter and helicity of the arrange-

ment of carbon atoms in the walls, CNTs can exhibit semi-

conducting or metallic behavior [  5,6  ]  with an electrical 

conductivity as high as 5000 S cm  − 1 . [  31  ]  The highly conduc-

tive nature of the CNTs ensures their high charge transport 

capability. SWNTs have a higher theoretical specifi c surface 

area of 1315 m 2  g  − 1  than that of MWNTs with the later being 

dependent on the diameter of the tubes and the number of 

the graphene walls. [  32  ]  

 At the macroscopic level, CNTs can be produced, either 

in aligned and non-aligned forms. [  33  ]  They can be synthesized 

by a wide range of methods including, for example, carbon 

arc-discharge, [  34  ]  pyrolysis of hydrocarbons, [  5,6  ,  33  ]  pulsed laser 

vaporization, [  35,36  ]  pyrolysis of carbon monoxide, [  5  ,  37  ]  chem-

ical vapor deposition (CVD), [  5,6  ,  38,39  ]  and plasma-enhanced 

CVD. [  40  ]  Although unaligned CNTs are good enough for 

many materials applications, aligned or patterned CNTs 

are highly desirable for most device-related applications, 

including various energy-related devices to be described in 

this article. 

 Various growth and fabrication methods have been devel-

oped to produce vertically aligned MWNTs (VA–MWNTs), 

in a patterned or nonpatterned form, on a large variety of 

substrates. [  41–49  ]   Figure    4  a,b show scanning electron micro-

scope (SEM) images for some of the VA–MWNT micropat-

terns reported previously. [  41  ,  48  ]  Although the formation of 
www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA

     Figure  3 .     Schematic representation of the carbon nanotube formation by rolling up a 2D 
graphene sheet of lattice vectors  a1  and  a2 , the roll-up chiral vector  C h    =   na 1    +   ma 2  , and the 
chiral angle   θ   between  C h   and  a 1  . When the graphene sheet is rolled up to form the cylindrical 
part of the nanotube, the chiral vector forms the circumference of nanotube’s circular cross-
section with its ends meeting each other. The chiral vector ( n , m ) defi nes the tube helicity. If 
 n–m  ≠  3q  ( n ,  m , and  q  are integers), the SWNT is semiconducting; if  n–m  =  3q , the SWNT is 
metallic. Reproduced with permission.  [38]   
aligned/micropatterned MWNTs has been 

known for some years, the syntheses of 

vertically aligned SWNTs (VA–SWNTs) 

have only recently been reported, [  40  ,  50–54  ]  

as exemplifi ed in Figure  4 c. Multicompo-

nent micropatterns of VA–MWNTs inter-

posed with nanoparticles, self-assembled 

unaligned CNTs, or VA–SWNTs have also 

been produced [  55–58  ]  (Figure  4 d). [  43  ]   

 For unaligned CNTs, a reasonably 

high surface area ( ≈ 400 m 2  g  − 1 ) has been 

obtained for a CNT “paper” electrode. [  59  ]  

Due to the entanglement of tubes, CNTs 
have a porosity in the mesopore range ( ≈ 2–50 nm). [  59,60  ]  

The high surface area and unique mesoporosity of CNTs 

make them highly electrochemically accessible to the elec-

trolyte. Apart from the good electrical conductivity and 

porosity, CNTs also possess a high thermal conductivity 

(6000 W mK  − 1 ), high thermal stability (stable up to 2800  ° C 

in vacuum), and good mechanical properties (tensile strength 

45 billion Pascals). [  61  ]  These interesting properties make 

CNTs very attractive for a variety of potential applications 

in, for example, sensors, [  62  ]  hydrogen-storage systems, [  63  ]  pie-

zoelectric and thermoelectric energy-harvesting devices, [  64,65  ]  

organic photovoltaic cells, [  66  ]  fuel cells, [  67,68  ]  batteries, [  69  ]  and 

supercapacitors. [  70  ]  Furthermore, the aligned structure of 

VA–CNTs could offer opportunities to develop simple, but 

versatile, approaches for chemical modifi cation of CNTs, 

even in an asymmetrical manner, [  71,72  ]  whilst largely retaining 

their structural integrity. [  73  ]    

 2.3. Graphene 

 Graphene, the one-atom-thick planar sheets of sp 2 -bonded 

carbon atoms that are densely packed in a honeycomb crystal 

lattice, is a recent addition to the carbon family. [  18  ]  Graphene 

was fi rst discovered in 2004 by Andre Geim and Konstantin 

Novoselov, who obtained graphene sheets by using cohesive 
,

tape to repeatedly split graphite crystals 

into increasingly thinner pieces until indi-

vidual atomic planes were reached. [  18  ]  This 

discovery was recognized by Nobel Prize 

in Physics for 2010 and led to an explosion 

of interest in graphene. [  74–80  ]  

 As the mother of all graphitic forms, 

graphene is a building block for carbon 

materials of all other dimensionalities, 

such as 0D buckyballs, 1D nanotubes, and 

3D graphite. Having many similarities to 

CNTs in structure and property, including 

its high aspect ratio (the ratio of lateral 

size to thickness), large surface area, rich 

electronic states, and good mechanical 

properties, graphene is an attractive can-

didate for potential uses in many areas 

where the CNTs have been exploited. [  81  ]  

Superior to CNTs, however, the one 

atomically thick graphene sheets with a 
 Weinheim small 2012, 
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     Figure  4 .     SEM images of VA–MWNT micropatterns prepared by a) pyrolysis of iron phthalocyanine onto a photopatterned substrate, [  48  ]  and 
b) simultaneous growth onto patterned silica surface with different tilt angles; [  41  ]  c) VA–SWNT forests prepared by the water-assisted growth 
method, [  50  ]  and d) (left panel) schematic representation of the growth procedure for an interposed VA–SWNT/VA–MWNT multicomponent pattern 
with its top view (right top, scale bar: 50  μ m) and cross-sectional view (right bottom, scale bar: 50  μ m). [  40  ]  Reproduced with permission. [  43  ]  
Copyright 2008, Materials Research Society.  
2D planar geometry will further facilitate electron transport, 

and hence the more effective electrode materials.  Table    1   

lists some properties of graphene in comparison with those 

of CNTs. Owing to their superb properties as well as large 

surface area, graphene nanosheets (GNs) with a 2D carbon 

nanostructure have been studied as a new class of promising 

materials attractive for potential applications in sensors, actu-

ators, solar cells, fi eld-emission devices, fi eld-effect transistors, 

supercapacitors, and batteries. [  74–81  ]   

 Apart from the Scotch tape drawing method, [  18  ]  epi-

taxial growth of graphene on silicon carbide (SiC) has been 
© 2012 Wiley-VCH Verlag Gm

   Table  1.     Some properties of graphene in comparison with those of 
CNTs. [  5,6  ,  82  ]  

Properties Graphene CNTs

Fracture strength (GPa)  ≈ 124 (Modulus:  ≈ 1100 GPa) 45

Density (g cm  − 3 )  > 1 1.33

Thermal conductivity (W m  − 1  K  − 1 )  ≈ 5000 3000

Electrical Conductivity (S cm  − 1 ) 10 6 5000

Charge mobility (cm 2  V  − 1  s  − 1 ) 200 000 100 000

Specifi c surface area (m 2  g  − 1 ) 2630 400 (for nano-

tube “paper”)

small 2012, 
DOI: 10.1002/smll.201101594
reported by heating SiC to high temperatures ( > 1100  ° C) to 

reduce it into graphene. [  83  ]  Using standard lithographic tech-

niques, researchers have produced hundreds of (high fre-

quency) transistors on a single chip by patterning epitaxial 

graphene on SiC. [  84  ]  Another method of obtaining graphene 

is by CVD of hydrocarbons on a metal or metal-coated 

substrate. [  85,86  ]  Of particular interest, high-quality sheets of 

few layer graphene have been synthesized via CVD on thin 

Ni fi lms, which can be transferred to various substrates for 

potential applications. [  87–89  ]  By replacing the Ni substrate with 

a Cu foil, it was found that the CVD growth process at a low 

pressure automatically stops after the formation of a single 

graphene layer, [  88  ,  90  ]  though multilayer graphene may form in 

atmospheric pressure. [  91  ]  Recently, CVD methods have also 

been used to turn sucrose, among other substances such as 

Plexiglas, quickly and easily into graphene onto a Cu or Ni 

substrate at 800  ° C under low pressure of argon and hydrogen 

gas for about 10 min only. [  92  ]  More recently, Choucair et al. [  93  ]  

reported a process for producing gram quantities of graphene 

through the reduction of ethanol by sodium metal, followed 

by pyrolysis of the ethoxide product and washing with water 

to remove sodium salts. Large-scale production of graphene 

sheets has also been achieved by exfoliation of graphite via 

acid oxidation (e.g., nitric acid (p K a  =  –1.5)/sulfuric acid 

(p K a  =  –3.0) mixture) into dispersible graphite oxide (GO), 
5www.small-journal.combH & Co. KGaA, Weinheim
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followed by reduction of GO (e.g., by hydrazine, NaBH 4 ) and 

annealing in argon/hydrogen to yield graphene sheets. [  94,95  ]  

 Due to possible structural damages caused by solution 

chemical reactions, quality of graphene produced by graphite 

oxide reduction is lower compared to graphene produced by 

the Scotch tape drawing, epitaxial grown on SiC or CVD on 

metal substrates. However, solution methods have been used 

for the production of high-quality graphene ribbons through 

cutting to open nanotubes [  96  ]  in the presence of potassium 

permanganate and sulfuric acid. [  97  ]  In a similar but inde-

pendent work, graphene nanoribbons were produced by 

plasma etching of nanotubes partly embedded in a polymer 

fi lm. [  98  ]  

 The availability of large-scale solution-processable 

graphene nanosheets allowed the formation of graphene-

based functional fi lms through various solution processing 

methods, including fi ltration, [  99  ]  solution-casting, [  100  ]  

electrophoretic deposition, [  101  ]  and Langmuir–Blodgett 

deposition. [  102  ]    

 2.4. Nitrogen-Doped Carbon Nanomaterials 

  2.4.1. Nitrogen-Doped Carbon Nanotubes 

 The introduction of surface heteroatoms (e.g., nitrogen) 

into carbon nanomaterials could cause electron modulation 

to provide desirable electronic structures for many poten-

tial applications of practical signifi cance. [  103  ]  In particular, 

nitrogen-doping of CNTs has been studied for some years 

with attempts to modulate the nanotube electronic and other 

properties. [  104,105  ]  N-doped CNTs can be prepared either by 

in-situ doping during the nanocarbon synthesis or through 

post-treatment (i.e., post-doping) of preformed CNTs with 

nitrogen-containing precursors (e.g., NH 3 ). [  106–110  ]  Post-

doping of carbon nanotubes often leads to surface function-

alization only without altering their bulk properties. [  107–110  ]  

In contrast, the in-situ doping can incorporate nitrogen 

atoms into the entire CNT structure homogeneously. Various 

N-doped CNTs have been synthesized by arc-discharge, laser 
6 www.small-journal.com © 2012 Wiley-VCH V

     Figure  5 .     Functionalization of pristine graphite (P-graphite) with 4-am
4-aminobenzoyl groups and subsequent heat treatment to prepare nitr
Copyright 2011, American Chemical Society.  
ablation, or CVD, either in aligned or nonaligned forms with 

or without template, via in-situ doping [  111–114  ]  in the pres-

ence of appropriate nitrogen containing precursors [  115–119  ]  

for a wide range of applications, [  118  ,  120  ]  including their use as 

metal-free catalysts for oxygen reduction reaction (ORR) at 

the cathode in fuel cells (see Section 3.2.2). [  105  ,  116  ,  121  ]    

 2.4.2. Nitrogen-Doped Graphene 

 Although CNTs and their N-doped counterparts have been 

synthesized and studied for some years, the large-scale prepa-

ration of graphene sheets by CVD is only the recent develop-

ment. [  87  ,  122  ]  Attempts have recently been made to introduce 

heteroatoms (e.g., nitrogen) into nitrogen-doped graphene 

(N-graphene) sheets. [  89  ,  123  ]  By a modifi ed CVD process, [  87  ]  Qu 

and co-workers [  89  ]  have prepared N-graphene fi lms using a 

nitrogen-containing reaction gas mixture (NH 3 :CH 4 :H 2 :Ar  =  

10:50:65:200 standard cubic centimeters per minute) and a 

Ni-coated SiO 2 /Si substrate. The resultant N-graphene fi lm 

can be readily etched off from the substrate by dissolving the 

residual Ni catalyst layer in an aqueous solution of HCl, [  89  ,  122  ]  

allowing the freestanding N-graphene sheets to be trans-

ferred onto substrates suitable for subsequent investigation. 

Just like CVD-synthesized all-carbon graphene (C-graphene) 

fi lms, [  87  ]  the N-graphene fi lm thus produced is fl exible and 

transparent, consisting of only one or a few layers of the 

graphitic sheets. The resultant N-graphene was demonstrated 

to act as a metal-free electrode with a much better electrocat-

alytic activity, long-term operation stability, and tolerance to 

crossover or CO-poisoning effect than platinum for oxygen 

reduction via a four-electron pathway in alkaline fuel cells 

(Section 3.2.2). 

 On the other hand, Baek and co-workers [  124  ]  have also 

developed a scalable synthetic method for producing high-

quality N-graphene fi lms via solution processing and sub-

sequent heat-treatment of edge-selectively functionalized 

graphite (EFG,  Figure    5  ). The desired EFG was prepared 

from the reaction between 4-aminobenzoic acid and the 

‘pristine’ graphite (P-graphite) to afford 4-aminobenzoyl-

 functionalized graphite. [  124  ]  The EFG thus produced is 
erlag GmbH & Co. KGaA, Weinheim

inobenzoic acid to produce edge-functionalized graphite (EFG) with 
ogen-doped graphene (N-graphene). Reproduced with permission. [  125  ]  

small 2012, 
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readily dispersible in  N -methyl-2-pyrrolidone (NMP). Solu-

tion-casting and subsequent heat-treatment can lead to the 

formation of large-area N-graphene fi lm. The 4-aminoben-

zoyl moieties (4 –H 2 N–Ph–CO–) at the edges of EFG can 

act as the in-situ feedstock for carbon and nitrogen sources 

for simultaneous ‘C-welding’ and ‘N-doping’ (Figure  5 ). The 

resultant N-graphene has been demonstrated to be attractive 

metal-free catalysts for ORR in fuel cells (vide infra). [  125  ]   

 Edge-selective functionalization has many advantages 

over the commonly used nitric acid/sulfuric acid mixture for 

the synthesis of GO. [  126,127  ]  One of the salient features is that 

the reaction medium, polyphosphoric acid (PPA)/P 2 O 5 , does 

not oxidize graphite but selectively functionalize the sp 2  C–H 

defects at the edges of graphite (Figure  5 ), [  124,125  ]  leading to 

minimal carbon basal plane damage.     

 3. Carbon Nanomaterials for Energy 
Conversion 

 Carbon nanomaterials, including fullerenes, nanotubes and 

graphene as well as their N-doped derivatives, have been 

studied for a wide range of applications in energy conversion 

systems, such as solar cells and fuel cells. Here, we present an 

in-depth review of the broad scope of carbon nanomaterials 

and nanotechnology for cutting-age research and develop-

ment in the fi eld of energy conversion.  

 3.1. Polymer Solar Cells 

  3.1.1. Polymer Solar Cells Containing Fullerenes 

 The global energy consumption has been accelerating at 

an alarming rate. This, together with the limited supply of 

today’s main energy sources (i.e., oil, coal, uranium) and 

their detrimental long-term effects on the environment, has 

made it more important than ever to develop renewable 

energy sources. The sun does provide us with renewable 

energy sources, which neither run out nor have any signifi -

cant harmful environmental effect. Ever since the French 

scientist Alexandre-Edmond Becquerel discovered the 

photo voltaic effect in 1839, [  128  ]  scientists and engineers have 

devoted considerable effort to realize the dream that human 

beings can one day convert the energy of sunlight directly 

into electricity by the photovoltaic effect to meet our daily 

energy needs. [  129–131  ]  After more than 170 years, however, 

this dream still has yet to be realized. Nevertheless, tremen-

dous success has been made since the development of the 

fi rst single-junction inorganic (Si) solar cell at Bell Labora-

tories in 1954. [  132  ]  Although a power-conversion effi ciency up 

to 35% has now been achieved for inorganic (III–V semicon-

ductor) multijunction solar cells in a lab scale, [  133  ]  the wide-

spread use of the conventional silicon-based photovoltaic 

devices is still limited due to the diffi culties in modifying 

the band gap of Si crystals and the high cost associated with 

the elaborate fabrication processes involving elevated tem-

perature and high vacuum. [  134,135  ]  These inorganic solar cells 

are still too expensive to compete with conventional grid 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
DOI: 10.1002/smll.201101594
electricity. [  136  ]  Thus, alternative approaches using organic 

materials, including organic dyes [  137–140  ]  and conjugated 

polymeric semiconductors, [  66  ,  141  ]  have received considerable 

attention in the search for novel photovoltaic cells because 

of their potential benefi ts over the inorganic materials, 

including low cost, lightweight, fl exibility, and versatility for 

fabrication (especially over a large area). [  142  ]  In this regard, 

the photoinduced charge transfer of fullerenes is of impor-

tance for the development of polymeric photovoltaic cells, 

which can be used to store light energy as electron relays for 

producing electricity. 

 The photovoltaic effect involves the generation of elec-

trons and holes in a semiconducting device under illumina-

tion, and subsequent charge collection at opposite electrodes. 

Inorganic semiconductors, such as amorphous silicon, gallium 

arsenide, and sulfi de salts, have been widely used in conven-

tional photovoltaic cells, in which free electrons and holes 

were produced directly upon photon absorption. [  143  ]  Unlike 

their inorganic counterparts, however, photon absorption 

by conjugated polymers at room temperature often creates 

bound electron hole pairs (i.e., excitons). Charge collection, 

therefore, requires dissociation of the excitons, a process 

which is known to be favorable at the interface between sem-

iconducting materials with different ionization potentials or 

electron affi nities. [  144  ]  

 The observation of photovoltaic effects arising 

from the photo-induced charge transfer at the interface 

between conjugated polymers as donors and C 60  fi lm as 

an acceptor [  28,29  ,  145,146  ]  suggests interesting opportunities 

for improving energy-conversion effi ciencies of photo-

voltaic cells based on conjugated polymers. [  147,148  ]  Indeed, 

increased quantum yields have been obtained by the 

addition of C 60  to form heterojunctions with conjugated 

polymers, such as PPV, MEH–PPV, [  29  ,  145  ,  149,150  ]  poly(3-

alkylthiophene) (P(3TA)) [  151  ]  and platinum–polyyne. [  152  ]  In 

these conjugated polymer–C 60  systems, excitons generated 

in either layer diffuse towards the interface between the 

layers. Although the photoinduced charge transfer between 

the excited conducting polymer donor and a C 60  acceptor 

can occur very rapidly on a subpicosecond timescale, [  153  ]  

with a quantum effi ciency of close to unity for charge sepa-

ration from donor to acceptor, [  154  ]  the conversion effi ciency 

of a bilayer heterojunction device is still limited [  29  ,  145  ,  154  ]  

by several other factors. Firstly, since the effi cient charge 

separation occurs only at the heterojunction interface, the 

overall conversion effi ciency is diminished by the limited 

effective interfacial area available in the layer structure. 

Secondly, because the exciton diffusion range is typically 

at least a factor of 10 smaller than the optical absorption 

depth, [  144  ]  the photoexcitations produced far from the 

interface recombine before diffusing to the heterojunc-

tion. Miscibility between the electron acceptor and donor 

at the interface, either caused by a cosolvent effect or post-

 fabrication diffusion, also creates problems in a bilayer 

device. Finally, the conversion effi ciency is also limited by 

the carrier collection effi ciency. 

 In order to overcome the above-mentioned defi cien-

cies associated with polymer solar cells based on a bilayer 

heterojunction, interpenetrating networks consisting of two 
7www.small-journal.combH & Co. KGaA, Weinheim
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     Figure  6 .     Schematic illustrations of a) charge transfer between C 60  derivatives and 
MEH–PPV; b) the interpenetrating conjugated polymer-C 60  (donor–acceptor) network and the 
photovoltaic cell. Reproduced with permission. [  30  ]  Copyright 1995, American Association for 
the Advancement of Science.  
semiconducting polymers have been developed as ideal 

photovoltaic materials for a high-effi ciency photovoltaic 

conversion ( Figure    6  ). [  30,142  ]  The interpenetrating network 

structure provides the spatially distributed interfaces nec-

essary for both an effi cient photogeneration and a facile 

collection of the electrons and holes. [  30  ,  154,155  ]  As a conse-

quence, signifi cantly improved conversion effi ciencies up to 

ca. 8% have been reported recently for photovoltaic cells 

based on interpenetrating network composites consisting 

of conjugated polymer and C 60  derivatives. [  30  ,  156  ]  The effi -

ciency of polymer solar cells can be further improved by 

thermal annealing. [  156–159  ]  Although [6,6]-phenyl-C61-

 butyric acid methyl ester (PC 61 BM) has been widely used 

as the acceptor in polymer solar cells, other fullerene deriv-

atives, including PC 71 BM or PC 84 BM with a broader vis-

ible absorption and PCBM bisadducts or multiadducts with 

a higher lowest unoccupied molecular orbital (LUMO) 

energy level and better solubility, were used occasionally to 

further improve the power-conversion effi ciency of poly mer 

solar cells. [  160  ]     
www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA,
 3.1.2. Polymer Solar Cells Containing 
Carbon Nanotubes 

 Tremendous progress has been achieved 

with materials and device fabrication 

methods for preparing the dispersed het-

erojunction organic solar cells during 

the past decade or so. Recently, more 

advanced nanoarchitecturing of the blends 

have been studied to further improve the 

performance of the dispersed heterojunc-

tion organic photovoltaic devices. To this 

end, considerable attention has been paid 

to disperse heterojunctions fabricated 

from polymer/CNT composite systems. 

 In a dispersed heterojunction organic 

solar cell, free charges usually percolate 

through the device as drift and diffusion 

currents. As an extended form of C 60 , CNT 

is expected to provide higher electron 

mobility with a lower percolation threshold. 

In fact, certain CNTs are known as an 

extremely electron-conductive semicon-

ductor as fi eld-effect electron mobility up to 

77000 cm 2  V  − 1  s  − 1  has been reported. [  161  ]  In 

contrast, electron mobilities of PCBM, cal-

culated from time-of-fl ight experiments and 

the analyses of fi eld-effect transistors, ranged 

between 10  − 6  and 10  − 1  cm 2  V  − 1  s  − 1 . [  162,163  ]  

The higher carrier mobility allows thicker 

devices to harvest more photons without 

sacrifi cing internal quantum effi ciency. 

Typical thickness of the organic solar cell is 

in the order of 100 nm, which is limited by 

optical absorption and diffusion current at 

a given carrier mobility. [  141  ,  164  ]  

 On the other hand, recombination 

becomes competitive if the device becomes 

too thick. A simplifi ed model demon-
strated that composites with better transport properties 

(higher carrier mobilities) allowed making thicker devices to 

absorb more photons while the charge recombination loss can 

be minimized through the fast charge diffusion/collection. [  141  ]  

Thus, replacing PCBM with electron affi nity materials of a 

higher-electron mobility, like CNTs, is considered to be prom-

ising route to improve the organic solar-cell performance. 

 The fi rst rectifying heterojunction between MWNTs 

and a commercially available soluble derivative of PPV was 

reported by Romero et al. [  165  ]  in 1996. The junction was made 

by fi ltering a solution of MEH–PPV onto a mat of CNTs. 

Their results showed that the nonlinear current injection was 

enhanced by a local fi eld created at the interface between the 

two materials upon exposure of the junction to light. Curran 

et al. [  166  ]  have also prepared a composite junction by mixing 

poly( m -phenylenevinylene- co -2,5-dioctoxy- p -phenylene-

vinylene) and MWNTs in toluene, followed by solution 

casting. It was found that the good wetting between the sur-

face of MWNTs and polymer improved the photoconduc-

tivity, photo luminescence, and electroluminescence. [  167,168  ]  
 Weinheim small 2012, 
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     Figure  7 .     A) A typical device architecture of the P3HT/SWNT photovoltaic cell. B) a)  I–V  characteristics of an ITO/P3OT/Al device in dark (lower 
curve) and under illumination (upper curve); B) the same data for an ITO/P3OT–SWNT/Al device. Reproduced with permission. [  169  ]  Copyright 2002, 
American Institue of Physics.  
 The above work was quickly followed by other reports on 

the PV effect from polymer/CNT heterojunctions. [  168,169  ]  In 

particular, Kymakis and Amaratunga [  169  ]  have spin-cast com-

posite fi lms of poly(3-octylthiophene) (P3OT) and SWNTs 

on indium tin oxide (ITO)-coated quartz substrates. They 

found that diodes with the Al/P3OT–SWNT/ITO structure 

( Figure    7  A) showed photovoltaic behavior with an open cir-

cuit voltage of 0.7–0.9 V even at a low nanotube concentra-

tion ( < 1%). As shown in Figure  7 B, the short-circuit current 

is increased by two orders of magnitude compared with the 

pristine polymer device, with an increased fi ll factor from 0.3 

to 0.4 for the nanotube–polymer cell. The improved device 

performance has been attributed to the good electronic prop-

erties of CNTs and their large surface areas. CNTs can also 

provide good mechanical stability and high thermal conduc-

tivity. The addition of the dye molecules into polymer–CNT 

solar cells could further improve light absorption in the UV 

and red region, leading to an increase in the short-circuit cur-

rent ( I  sc ) by more than fi ve times.  

 The bulk heterojunction concept has been widely used for 

polymer photovoltaic cells. Due to its high interfacial contact 

area between the donor and acceptor, the bulk heterojunction 

is more effective compared with a bilayer device structure. As 

mentioned earlier, the overall energy conversion effi ciency of 

a bilayer device is diminished by the limited effective inter-

facial area available in the layer structure, and the photo-

excitations produced far from the interface recombine before 

diffusing to the bilayer heterojunction. However, a bilayered 

device structure could be more favorable with respect to the 

bulk heterojunction for effi cient charge transport since the 

separated charge carriers can easily transport to the opposite 

electrodes with a minimized recombination possibility. [  170–172  ]  

In this regard, Wang et al. [  172  ]  reported that a poly(3-

 hexylthiophene) (P3HT)/PCBM bilayer polymer solar cell with 

a concentration gradient showed an enhanced photocurrent 

density and power-conversion effi ciency compared to those 

of the bulk heterojunction photovoltaic cells under the same 

condition. On the other hand, the C 60  layer in bilayer devices 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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could provide an additional protection to the polymer layer 

from possible degradation caused by oxygen and humidity, 

thus improving the device stability. [  173  ]  More importantly, the 

bilayer structure allows the C 60  layer to prevent the polymer 

layer from direct contact with the cathode, reducing the 

recombination loss and eliminating any possible short circuit 

problem for polymer hybrid solar cells containing conducting 

additives (e.g. ,  CNTs). 

 Using a bilayer photovoltaic device, Kuila et al. [  174  ]  have 

recently investigated the charge transfer at the polymer–

CNT interface by grafting CH 2 OH-terminated regioregular 

P3HT onto carboxylic groups of acid-oxidized CNTs via 

esterifi cation reaction. The P3HT-attached CNTs (P3CNTs) 

are soluble in common organic solvents, facilitating an inti-

mate mixing with free P3HT chains for strong electronic 

interactions. The optical and electrochemical properties of 

the resultant nanocomposite were found to be different from 

the conventional composite, in which the pristine CNT and 

P3HT were physically mixed together (P3HT/CNT). Electro-

chemical measurements on the onset oxidation and reduction 

potentials of the P3CNT showed positive shifts by 0.06 and 

0.1 eV, respectively, with respect to the corresponding values 

of pure P3HT, indicating that P3CNT has lower highest occu-

pied molecular orbital (HOMO) and LUMO energy levels 

than those of pure P3HT. Bilayer photovoltaic devices with 

a thin fi lm of pure P3CNT as the electron-donor and C 60  as 

the electron-acceptor layer showed an increase in the power-

 conversion effi ciency by about 40% with respect to their 

counterpart based on pure P3HT. 

 Although CNTs have been used in both bilayer and bulk 

heterojunction polymer photovoltaic devices for enhanced 

charge separation and transport, [  175–179  ]  signifi cant improve-

ment in the overall device performance has not been achieved 

for such photovoltaic cells. Instead of randomly mixing a 

poly mer with nonaligned CNTs in a solution to cast into a 

fi lm, an ideal device structure for polymer/CNT dispersed 

heterojunction solar cell can be made by coating a polymer on 

a VA–CNT array. [  66  ]  In this case, VA–CNTs could provide a 
9www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  8 .     A) Synthetic procedure for chemical grafting of CH 2 OH-terminated P3HT chains onto graphene, which involves the SOCl 2  treatment of 
GO (Step 1) and the esterifi cation reaction between acyl chloride-functionalized GO and MeOH-terminated P3HT (Step 2). B) a) Schematic and 
b) energy-level diagram of an ITO/PEDOT:PSS/G–P3HT/C 60 /Al photovoltaic device. c) Current ( J )–voltage ( V ) characteristics of the photovoltaic 
devices using P3HT/C 60  or G–P3HT/C 60  as the active layer. Reproduced with permission. [  184  ]  Copyright 2010, American Chemical Society.  
facile route for charge collection while the well-defi ned large 

nanotube surface should allow for effi cient light harvesting 

and charge separation. Spacing between VA–CNTs needs to 

be controlled within the exciton diffusion length to minimize 

charge recombination after the exciton dissociation [  180  ]  at 

interfaces between the polymer and the VA–CNTs. The ver-

tical alignment also allows the constituent nanotube photo-

voltaic cells to be collectively addressed through a common 

substrate/electrode. We anticipate considerable technical 

challenges ahead but also believe much more developments 

will be made in a few years to advance the performance of 

organic solar cells based on VA–CNTs.   

 3.1.3. Polymer Solar Cells Containing Graphenes 

 Compared with CNTs, the one-atom thickness and 2D carbon 

network of graphene lead to a much higher specifi c sur-

face area (hence, a larger interface in a polymer matrix) 

and a reduced possibility for the short circuit through the 

photovoltaic active layer even in a bulk heterojunction 

device. [  181–185  ]  Along with the 0D fullerenes and 1D CNTs, the 

2D graphene nanosheets have also been explored as a new 

class of transport materials and/or acceptors in polymer solar 

cells (PSCs). [  181–185  ]  Of particular interest, Yu et al. [  184  ]  have 
www.small-journal.com © 2012 Wiley-VCH Ve
chemically grafted CH 2 OH-terminated regioregular P3HT 

onto carboxylic groups of graphene oxide (GO) via esteri-

fi cation reaction ( Figure    8  A). The resultant P3HT-grafted 

GO sheets (G–P3HT) were found to be soluble in common 

organic solvents, facilitating the structure/property characteri-

zation and device fabrication by solution processing. The cov-

alent linkage and strong electronic interaction between the 

P3HT and graphene moieties in G–P3HT were confi rmed by 

spectroscopic/electrochemical measurements, which played 

an important role in enhancing the device performance by 

improving the charge transport. A bilayer photovoltaic device 

based on the solution-cast G–P3HT/C 60  heterostructures 

showed a 200% increase of the power-conversion effi ciency 

(  η    =  0.61%) with respect to the P3HT/C 60  counterpart under 

AM 1.5 illumination (100 mW cm  − 2 ) (Figure  8 B). While the 

signifi cantly improved device performance can be attrib-

uted to the strong electronic interaction and good bandgap 

matching (Figure  8 Bb) between the chemically bonded P3HT 

and graphene, this work indicates that graphene can also be 

used as an effi cient hole transporting material in polymer 

solar cells.  

 In a separate study, Yu et al. [  186  ]  have also developed a 

simple lithiation reaction to covalently attach monosub-

stituted C 60  onto graphene nanosheets ( Figure    9  A). The 
rlag GmbH & Co. KGaA, Weinheim small 2012, 
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     Figure  9 .     A) Schematic representation of C 60 -grafted graphene for facilitating the electron transfer and transport in a polymer solar cell. 
B) a) Absorption spectra of the C 60 -G:P3HT (1:1 wt/wt) fi lm before and after annealing (130  ° C, 10 min) and the C 60 :P3HT (1:1 wt/wt) fi lm spin-
coated onto quartz plates. B) Schematic of a hybrid photovoltaic device with the C 60 -G:P3HT composite as the active layer. c)  J − V  curves of the 
photovoltaic devices with the C 60 –G:P3HT (1:1 wt/wt), the C 60 :P3HT (1:1 wt/wt), or the C 60 /G mixture (10 wt% G):P3HT (1:1 wt/wt) as the active 
layers after annealing treatment (130  ° C, 10 min). d) Energy-level diagram for the proposed photovoltaic device using the C 60 –G:P3HT composite as 
the active layer. Reproduced with permission. [  186  ]  Copyright 2011, American Chemical Society.  
resultant C 60 –grafted graphene (C 60 –graphene or C60–G) 

nanosheets were used as electron acceptors in P3HT-based 

bulk heterojunction solar cells to signifi cantly improve the 

electron transport, and hence the overall device performance 

(Figure  9 B).  

 On the other hand, Chen and co-workers [  181,182  ]  reported 

that the effi ciency of P3HT/P3OT-based photovoltaic cells 

was strongly enhanced after incorporation of functional-

ized graphene as an acceptor, indicating an effi cient charge 

transfer from the polymer donor to graphene acceptor. 

However, the device performance depended strongly on sev-

eral other factors, including the concentration of graphene, 

annealing time, and annealing temperature.   

 3.1.4. Graphene Quantum Dot Solar Cells 

 Recently, solar cells based on quantum dots (QD solar 

cells) have attracted a great deal of interest because of their 

potential in exceeding the Shockley–Queissar limit of 32% 

power-conversion effi ciency for Si solar cells and achieving 

size-tunable optical absorption and effi cient multiple carrier 

generation. [  187,188  ]  One of the major challenges in developing 

high-performance QD solar cells is to effectively separate 

photogenerated electron–hole pairs and to facilitate the elec-

tron transfer to the electrode. 

 Carbon nanomaterials of suitable band energies, such 

as fullerenes and SWNTs, have been used in QD solar cells 

as effi cient electron acceptors. [  6  ,  189–195  ]  However, even the 

highest incident photon-to-charge carrier generation effi -

ciency (IPCE  =  5% under light illumination of 100 mW cm  − 2 ) 

reported for most carbon-based QD solar cells, [  6  ,  189–195  ]  is still 

too low to meet the requirement for their commercialization. 

Recent development in nanomaterials and nanotechnology 

has opened up new frontiers in materials science and device 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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engineering to create novel carbon nanomaterials with tai-

lored bandgaps and new devices with desirable structures for 

enhancing the solar cell performance. [  6  ,  189–197  ]  

 In this regard, Guo et al. [  198  ]  have recently reported a 

signifi cant advance in the development of layered graphene/

quantum dots for highly effi cient solar cells. Instead of using 

1D, cylindrical CNTs to construct CdS QD solar cells [  192,193  ]  

with an inhomogeneous CdS distribution, these authors used 

the 2D, single-atom-thick graphene sheets to support CdS 

QDs. [  190,198  ]  Compared with CNTs for this particular appli-

cation, graphene sheets offer many competitive advantages, 

including their versatility for solution-based large-scale fab-

rication, good transparency, high charge mobility, large spe-

cifi c surface area, and low cost. [  76  ,  199  ]  By creating a novel 

layered nanofi lm of graphene/CdS QDs as the electrode 

( Figure    10  Aa) from all aqueous solutions through sequential 

electrophoretic and chemical deposition, Guo et al. [  198  ]  suc-

cessfully increased the IPCEs of the QD solar cell by more 

than a 3-fold up to 16% (Figure  10 Ab).  

 As demonstrated by Guo et al. [  198  ]  graphene showed a 

relatively good band energy match with CdS QD in respect 

to SWNTs (Figure  10 Ac) for an effective charge separation, 

and allowed for a uniform distribution of the QD nanoparti-

cles (vide infra) to maximize the solar absorption and charge 

collection. [  188  ]  Indeed, Figure  10 Ba clearly shows a conformal 

graphene layer on the ITO glass produced by the electro-

phoretic deposition. Subsequent chemical reduction of Cd 2 +   

from CdCl 2  in an aqueous solution of Na 2 S led to the forma-

tion of crystalline CdS QDs of  ≈ 5 nm in diameter, which are 

uniformly distributed over the predeposited graphene fi lm 

(Figure  10 Bb,c). The resulting ITO/graphene/CdS QD bilayer 

photovoltaic device exhibited an IPCE of 5%, a value which 

is much higher than the highest IPCE  =  0.45% reported for 

its ITO/SWNT/CdS QD counterpart. [  192,193  ]  
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     Figure  10 .     A) a) Schematic representation of the layered nanofi lm of graphene/CdS QDs on an ITO glass electrode. b) The IPCEs for different 
photoelectrodes. c) Energy-level diagrams. B) a) SEM image of the graphene layer electrophoretically deposited on an ITO-coated glass. b,c) TEM 
images of CdS QDs on the graphene layer under different magnifi cations. C) a) Cross-section SEM image of a layered fi lm of (graphene/CdS QD)n 
and the inset shows its thickness. b) The plot of the fi lm thickness ( μ m) against the number of (graphene/CdS QD) bilayers. c) IPCEs (recorded at 
400 nm) for the layered ITO/(graphene/CdS QD) n  against the photovoltaic active layer thickness. Reproduced with permission. [  198  ]   
 To further improve the device performance, Guo et al. [  198  ]  

prepared a multilayer (graphene/CdS QD) n  nanoassembly 

while largely retaining the intimate contact and large inter-

face between each of the adjacent graphene and CdS QD 

layers (Figure  10 Ca) by sequentially depositing the graphene 

and CdS QD layer on each other through the electrophoretic 

and chemical deposition, respectively. 

 The aforementioned innovative approach has not only 

signifi cantly increased the solar-absorption effi ciency by 

increasing the total fi lm thickness in a controllable fashion 
2 www.small-journal.com © 2012 Wiley-VCH V
(Figure  10 Cb), [  134  ,  196  ]  but has also offered potential for mini-

mizing the recombination loss of charge carriers by inde-

pendently tuning the thickness and morphology for each of 

the constituent layers. As a consequence, IPCEs up to 16% 

(Figure  10 Cc), 3-fold higher than the value (5%) of ITO/

graphene/CdS QD bilayer, was obtained in this study [  198  ]  and 

even higher effi ciencies could be achievable. The IPCEs of the 

multilayer graphene/CdS QD nanoassembly are much supe-

rior to that of other carbon based QD solar cells reported so 

far, for example, 0.45% for SWNT/CdS QD solar cell, [  192,193  ]  
erlag GmbH & Co. KGaA, Weinheim small 2012, 
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4.5% for fullerene/CdSe QD composite, [  190  ]  5% for stacked 

carbon nanocup/CdSe QD solar cell, [  190  ]  and 1.2% for SWNT/

pyrene/CdTe. [  195  ]  

 On the other hand, several researchers have used 

graphene fi lm and graphene quantum dots (GQDs) for var-

ious parts of QDs-based solar cells, including electron accep-

tors [  198  ]  and active light absorbers. [  200  ]  The conversion of two 

dimensional graphene sheets into zero dimensional GQDs 

seems to be a promising approach due to effi cient fabrication 

of nanodevice and fi ne tuning of band gap of graphene. In 

particular, Li et al. [  201  ]  reported the application of electro-

chemically synthesized GQDs with a uniform size of  ≈ 3–5 nm 

as electron acceptors in P3HT-based solar cells. The power-

conversion effi ciency of P3HT devices using newly developed 

GQDs as acceptors was greatly improved due to the effec-

tive charge separation and transport. Continued research in 

this important area could overcome some of the major hur-

dles that solar cells are facing in the race to the technological 

marketplace.   

 3.1.5. Dye-Sensitized Solar Cells Containing Carbon Nanotubes 

 Dye-sensitized solar cells (DSSCs) are a relatively new class 

of low-cost solar cells of great promise. [  202  ]  They are based 

on a semiconductor formed between a photosensitized anode 

and an electrolyte, a  photoelectrochemical  system. In a typical 

Grätzel DSSC, [  129  ]  a fl uorine-doped tin oxide coated glass 

plate (FTO glass) was used as the transparent anode, on 

which a highly porous thin layer of titanium dioxide (TiO 2 ) 

was deposited. After soaking the plate in a mixture of a 

photosensitive ruthenium-polypyridine dye and a solvent, a 

thin layer of the dye was deposited onto the TiO 2  surface. 

A conductive sheet (typically, Pt metal) covered with a thin 

layer of the iodide electrolyte was then used as the counter 

electrode and sealed together with the anode to prevent the 

electrolyte from leaking ( Figure    11  ). [  203  ]  In operation, sun-

light enters the cell through the transparent FTO glass to 

create an excited state of the dye on the surface of the TiO 2  

for injecting an electron directly into the conduction band of 

the TiO 2  (Figure  11 ). The injected electron then moves by a 

chemical diffusion gradient to the clear anode. Meanwhile, 

the dye molecule strips one electron from iodide in electro-

lyte by oxidizing it into triiodide. This reaction occurs quite 

quickly compared to the time that it takes for the injected 
© 2012 Wiley-VCH Verlag Gmb

     Figure  11 .     Schematic representation of the working principle for a 
DSSC.  
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electron to recombine with the oxidized dye molecule, mini-

mizing the recombination loss. The triiodide then recovers its 

missing electron from the external circuit by diffusing to the 

counter electrode.  

 In terms of the quantum effi ciency, DSSCs are extremely 

effi cient. This is because the large surface area and “depth” 

nanostructure of the highly porous thin layer of TiO 2  allow 

a photon to be effi ciently absorbed, and the dyes are very 

effective at converting them to electrons. Most of the small 

losses that do exist in DSSC’s include the conduction losses 

from the TiO 2  to the clear electrode, and the optical losses 

in the front electrode. As mentioned earlier, the rate for the 

injected electron to recombine back into the dye is quite 

slow compared to the rate that the dye regains an electron 

from the surrounding electrolyte. Recombination directly 

from the TiO 2  to the electrolyte is not possible, due to dif-

ferences in energy levels. Therefore, the simple electron–hole 

recombination that affects the effi ciency of traditional solar 

cells does not apply to DSSCs. These features (low losses and 

lack of recombination), together with the low production 

cost, make DSSCs extremely attractive as a replacement for 

other existing solar cell technologies in “low density” appli-

cations like rooftop solar collectors. Unlike most traditional 

solar cells, DSSCs are also able to work under cloudy skies 

and even in indoor environments to collect energy for small 

devices from the lights in the house. However, the currently 

achievable power-conversion effi ciency of about 12% for 

DSSCs [  204  ]  is still much lower than that of silicon solar cells. 

 To further increase the DSSC power-conversion effi ciency, 

it is essential to enhance the dye absorbance for effi cient solar 

absorption and to reduce the series resistance to facilitate the 

charge transport from the TiO 2  to anode. Since the dye mole-

cules are quite small, in order to capture a reasonable amount 

of the incoming light the layer of dye molecules needs to be 

made fairly thick. Further improvements in the performance 

of these solar cells are envisioned by using quantum dots for 

conversion of higher-energy (higher frequency) light into 

multiple electrons, dye molecules with much wider frequency 

response in the visible, red and IR regions, solid-state poly-

meric electrolytes and a methanofullerene blends, and doped 

TiO 2  to better match it with the electrolyte. [  205,206]     

 DSSCs with VA–CNTs, Graphene and/or Graphene 
Quantum Dots as Photovoltaic Active Materials : As men-

tioned above, nanostructured TiO 2  fi lms have been widely 

used in DSSCs as photoanode materials due to their rela-

tively low cost, easy fabrication and effi cient electron-

transport properties. So far, the device performance can be 

reached to ca.12% by using TiO 2 , 
[203]  further improvement is 

still required. [  207,208  ]  The charge loss during the transport of 

photogenerated electrons in photoanodes is a major problem 

of TiO 2  fi lm. To suppress this undesirable charge loss, several 

approaches were examined by considering the charge trans-

port properties. [  209,210  ]  The incorporation of carbon-based 

nanomaterials, such as CNTs and graphene, in the anode 

seems to be a very promising but challenging approach to 

improve device performance. However, the enhancement 

of device performance using the carbon nanotubes incor-

porated TiO 2  fi lm as a photoelectrode is limited, due to the 

insuffi cient contact between TiO 2  nanoparticles and rodlike 
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     Figure  12 .     a,c) 1D and b,d) 2D nanomaterial composite electrodes. In 2D nanomaterials 
composite electrodes (graphene), the TiO 2  particles can anchor in the graphene better, 
and photoinduced electrons can be captured and transferred by the graphene. With the 1D 
nanomaterials compositing, however, there are less intermolecular forces and connection 
between TiO 2  and the 1D nanomaterials; therefore, the transfer barrier is larger and the 
recombination is much easier to happen. Reproduced with permission. [  185  ]  Copyright 2010, 
American Chemical Society.  
1D carbon nanotubes. On the other hand, graphene, the 2D 

layered carbon structure, could have more advantages than 

CNTs because of its good electrical conductivity and better 

contact with TiO 2  nanoparticles. In this context, graphene 

composites with nanostructured TiO 2  have been used as 

photoanode materials in DSSCs. [  185  ,  211  ]  For instance, Yang 

et al. [  185  ]  obtained the drastic enhancement of the power-

conversion effi ciency ( ≈ 40% enhancement compared with 

standard TiO 2  electrode) and the short-circuit current density 

( ≈ 45%) by using graphene oxide modifi ed TiO 2  electrode. A 

lower recombination, a faster electron transport and a higher 

light scattering are the main reasons for this improvement. 

The expected differences between CNT and graphene modi-

fi ed TiO 2  electrodes are shown in  Figure    12  .  

 Sun et al. [  211  ]  also reported similar enhancement of the 

power-conversion effi ciency by using a composite photo-

anode with nafi on-modifi ed graphene and TiO 2 . The 

longer electron lifetime and effi cient dye adsorption in the 

graphene-modifi ed electrode resulted in this sharp improve-

ment ( ≈ 59% higher than the TiO 2  electrode). Recent 

studies, [  212,213  ]  including our own, [  212  ]  have demonstrated 

a very fast and strong photocurrent generation by TiO 2 -

coated VA–CNT arrays, indicating the possible use of the 

TiO 2 -coated VA–CNT arrays as the electrode in DSSCs. 

The use of the TiO 2 –coated nanotube array electrode could 

offer signifi cant advantages. Using electrophoresis for TiO 2  

coating and photoexicited electrons for metal nanoparticle 

deposition, for example, Yang et al. [  212  ]  have developed a 

facile yet versatile and effective method for the develop-

ment of aligned coaxial nanowires of CNTs sheathed with 

TiO 2 . These vertically aligned CNT–TiO 2  coaxial nanowires 

showed very fast photocurrent responses to a pulsed light 

beam (  λ    =  254 nm, 4 W) with a good repeatability. They 

should also be useful in DSSCs because the use of metallic 

VA–MWNTs as the scaffold can serve double-duty to not 

only provide a 3D matrix for the dye adsorption but also 

effectively reduce the series resistance for the aligned CNT 

DSSCs via a direct electron-transfer path from the dye-

coated TiO 2  to aligned CNTs. 
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 In view of possibilities for further 

improvements in the performance of 

DSSCs by using quantum dots for conver-

sion of higher-energy (higher frequency) 

light into multiple electrons and dye mole-

cules with much wider frequency response 

in the visible, red and IR regions (vide 

supra), Pan et al. [  200  ]  synthesized solution-

processable, black GQDs with uniform 

size through general solution chemistry 

and used them as sensitizers in DSSCs. 

As mentioned earlier, Li et al. [  201  ]  have 

also developed a facile electrochemical 

approach for large scale preparation of 

functional graphene quantum dots with 

unexpected luminescence and electron-

accepting properties. The unique features 

of those GQDs, including good solubility, 

well-defi ned structure, wide absorption 

spectrum and larger molar extinction coef-
fi cient, make them ideal to be used as sensitizers. Although 

the effi ciency of DSSCs using GQDs as a sensitizer is still low 

due to low adsorption of GQDs on TiO 2  electrode and the 

consequent poor charge injection, this approach opens new 

opportunities to synthesize GQDs with controlled optical 

and electrical properties for photovoltaic devices.  

 DSSCs with Graphene Sheets as Transparent (Flexible) 
Electrodes : In DSSCs, there are two electrodes called as a 

window electrode (anode) in which either ITO or fl uorine 

tin oxide (FTO) is generally used and counter electrode 

(cathode) in which gold, platinum and FTO are commonly 

used (Figure  11 ). Due to the above-mentioned advantages of 

graphene (e.g., high transparency, high conductivity), several 

researchers have published work about the replacement of 

those electrodes with graphene based materials. [  76  ,  99  ,  214–216  ]  

In particular, Wang et al. [  76  ]  investigated a graphene fi lm pre-

pared by reduced graphene oxide as a transparent electrode 

for DSSCs. Although this graphene fi lm showed high trans-

mittance over 80% and good conductivity around 727 S cm  − 1 , 

the overall power-conversion effi ciency of cells is still lower 

than that of FTO-based cell (0.26% for graphene fi lm vs. 

0.84% for FTO). Large-area graphene fi lms form solution-

casting of certain edge-functionalized graphite (EFG), 

followed by subsequent heat treatment, have also been 

demonstrated to show a sheet resistance as low as 60  Ω  sq  − 1 , 

potentially useful as transparent electrodes. [  125  ]  In addition 

to window electrode, the utilization of graphene-based mate-

rials as a counter electrode, which is an indispensible com-

ponent in DSSCs and involved the reduction of I 2  to I  −   after 

electron injection, has also been investigated, because the 

most commonly used platinum catalytic materials for counter 

electrode is very expensive. Shi et al. [  99  ,  214  ]  reported the uti-

lization of graphene-modifi ed FTO and polymer–graphene 

composite fi lm as a counter electrode. Both graphene-coated 

FTO and the graphene-composite fi lm showed better effi -

ciency in DSSCs compared with the bare FTO and con-

ducting polymer electrodes. However, the overall effi ciencies 

of cells using graphene containing cells were still lower than 

that of the standard cells using Pt-coated FTO and Pt as 
Weinheim small 2012, 
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   Table  2.     Classifi cation of fuel cells. [  217  ]  

Fuel cell type Electrolyte used Operating temperature Electrode reactions

Polymer electrolyte Polymer Membrane 60 – 140  ° C Anode: H 2   =  2H  +    +  2e  −  

Cathode: 1/2 O 2   +  2H  +    +  2e  −    =  H 2 O

Direct Methanol Polymer Membrane 30 – 80  ° C Anode: CH 3 OH  +  H 2 O  =  CO 2   +  6H  +    +  6e  −  

Cathode: 3/2 O 2   +  6H  +    +  6e  −    =  3H 2 O

Akaline Potassium Hydroxide 150 – 200  ° C Anode: H 2   +  2 OH  −    =  H 2 O  +  2e  −  

Cathode: 1/2 O 2   +  H 2 O  +  2e  −    =  2OH  −  

Phosphoric Acid Phosphoric Acid 180 – 200  ° C Anode: H 2   =  2H  +    +  2e  −  

Cathode: 1/2 O 2   +  2H  +    +  2e  −    =  H 2 O

Molten Carbonate Lithium/Potassium Carbonate 650  ° C Anode: H 2   +  CO 3  2 −    =  H 2 O  +  CO 2   +  2e  −  

Cathode: 1/2 O 2   +  CO 2   +  2e  −    =  CO 3  2 −  

Solid Oxide Yittria Stabilized Zirconia 1000  ° C Anode: H 2   +  O 2 −    =  H 2 O  +  2e  −  

Cathode: 1/2 O 2   +  2e  −    =  O 2 −  
electrodes. Recently, Lin et al. [  215  ]  synthesized boron-doped 

graphene and applied it in quantum dot DSSCs as a counter 

electrode. The boron-doped graphene electrode shows the 

highest effi ciency among the reduced graphene oxide and 

pristine graphene electrodes. This enhancement was caused 

by the higher electrical conductivity and high work function 

of the boron-doped graphene electrode.    

 3.2. Fuel Cells 

 Instead of burning fuel to create heat, fuel cells convert chem-

ical energy directly into electricity. Although many different 

types can be constructed depending on the nature of the 

electrolyte materials used ( Table 2   ), [  217  ]  they all work in the 

same principle. They all in principle are an electrochemical 

cell consisting of the anode, the electrolyte, and the cathode. 

By pumping, for example, hydrogen gas onto one electrode 

(the anode), hydrogen is split into its constituent electrons 

and protons ( Figure    13  ). [  218  ]  While the protons diffuse 

through the cell toward a second electrode (the cathode), the 
© 2012 Wiley-VCH Verlag Gmb

     Figure  13 .     Schematic representation of the working principle for a 
fuel cell.  
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electrons fl ow out of the anode to provide electrical power. 

Electrons and protons both end up at the cathode to com-

bine with oxygen to form water (Figure  13 ).   

 The oxygen reduction reaction (ORR) at cathode can 

proceed either through a four-electron process to directly 

combine oxygen with electrons and protons into water as the 

end product or a less effi cient two-step, two-electron pathway 

involving the formation of hydrogen peroxide ions as an 

intermediate. [  121  ]  The reduction would naturally happen very 

slowly without catalyst on the cathode to speed up the ORR, 

leading to insignifi cant production of electricity. Platinum 

nanoparticles have long been regarded as the best catalyst 

for the ORR, though the Pt-based electrode suffers from 

its susceptibility to time-dependent drift and CO deactiva-

tion. [  121  ]  Moreover, the high cost of the platinum catalysts has 

been shown to be the major “showstopper” to mass market 

fuel cells for commercial applications. Indeed, the large-

scale practical application of fuel cells has not been realized, 

though alkaline fuel cells with platinum as an ORR electro-

catalyst were developed for the Apollo lunar mission as early 

as the 1960s. 

 On the other hand, considerable research has been per-

formed to improve the performances of proton exchange 

membrane fuel cells (PEMFCs) since the invention of the 

fi rst PEMFC in the early 1960s by Willard Thomas Grubb 

and Lee Niedrach of General Electric. [  219  ]  Hydrogen and 

methanol are two frequently employed fuels in the so-called 

direct hydrogen PEMFCs and direct methanol PEMFCs (i.e., 

DMFCs), respectively. For hydrogen PEMFCs, the total cata-

lyst loading required for both the anode and cathode is about 

0.8 mg/cm 2 . [  220  ]  DOE estimates that this loading needs to 

be reduced by four times in order for hydrogen PEMFCs to 

be an alternative to internal combustion engines. [  221  ]  Along 

this line, Pt-alloys have been used in catalyzing methanol 

oxidation in DMFCs. [  222  ]  Specifi cally, Pt–Ru alloy is the 

most active binary anode catalyst able to eliminate CO poi-

soning problem for DMFCs. However, a high catalyst loading 

(2–8 mg cm  − 2 ) is required in order to achieve acceptable fuel 

cell performance. It has been suggested that, to make DMFCs 

commercially viable, the anode catalyst loadings must be 
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dropped to a level of  < 1.0 mg cm  − 2 . [  222  ]  Therefore, in order 

to reduce the precious-metal loading for PEMFC electrodes, 

catalytic activity of the catalysts needs to be enhanced. More-

over, in order to prolong the lifetimes for PEMFCs, durability 

of the catalyst electrodes needs to be improved too. All of 

these require the improved properties for the catalysts and 

the supporting materials of the catalysts.  

 3.2.1. Fuel Cells with Carbon Nanomaterials as the Catalyst 
Support 

 While carbon nanomaterials have been studied as new 

electron-acceptors for improving the energy conversion effi -

ciency of organic solar cells (Section 3.1), their initial use in 

fuel cells are mainly as catalyst supports for lowering the 

load of precious metals and enhancing the catalyst activity 

with prolonged catalyst durability. For instance, carbon 

blacks (e.g., Vulcan XC-72, Acetylene Black, Ketjen Black, 

etc.) are commonly used support materials for PEMFC cat-

alysts. Properties of these carbon supports, including their 

specifi c surface area, pore structure, electrical conductivity, 

mechanical strength, and corrosion resistance, determine 

the performances of the catalysts and thus the performance 

of PEMFCs. To develop high-performance PEMFCs, carbon 

supports of a large specifi c surface area is needed to ensure 

a high activity for the supported catalysts. [  223  ]  Vulcan XC-72, 

having a relatively high surface area (237 m 2  g  − 1 ) among all 

carbon black materials, [  222  ]  is the widely used catalyst sup-

port in current PEMFCs. In this regard, further perform-

ance improvement requires carbon supports with an even 

larger specifi c surface area. Besides, pore structures of the 

carbon support affect the catalytic activity of the catalysts. [  224  ]  

According to the IUPAC classifi cation (Section 4.1.1), [  225,226  ]  

there are three classes of pore sizes, i.e., micropores ( < 2 nm), 

mesopores ( ≈ 2–50 nm), and macropores ( > 50 nm). Upon the 

catalyst deposition, some catalyst nanoparticles may be sunk 

into the micropores of Vulcan XC-72. The catalysts inside 

the micropores have less or no electrochemical activity due 

to the poor reactant accessibility and the insuffi cient forma-

tion of triple-phase boundaries (gas–electrode–electrolyte). 

This explains why Vulcan XC-72, having a large ratio of 

micropores (up to 47%), [  225  ]  suffers from a low catalytic 

activity. [  226  ]  Consequently, relatively larger and more acces-

sible pores (i.e., mesopores) are desirable for a good carbon 

support. Furthermore, carbon supports of a high electrical 

conductivity are needed to ensure a high catalytic activity for 

the supported catalysts. The relatively high electrical conduc-

tivity (4.0 S cm  − 1 ) of Vulcan XC-72 among all carbon black 

materials has, once again, made it a predominant catalyst sup-

port material. [  227  ]  Finally, mechanical property and corrosion 

behavior of the carbon supports also affect the durability of 

the catalysts. [  228  ]  Carbon black is known to undergo electro-

chemical oxidation to produce surface oxides, and eventually 

to CO 2  at the cathode of a fuel cell. [  229  ]  As carbon is corroded 

away, precious metal nanoparticles will be lost from the 

electrode or aggregated to larger particles, resulting in the 

activity degradation of the catalysts. Therefore, mechanically 

strong and corrosion-resistant carbon supports are needed to 

improve the durability of the catalysts. In order to develop 
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high-performance catalyst electrodes with low precious 

metal loading, high catalytic activity and long durability for 

advanced PEMFCs, therefore, there is a need for new support 

materials with superior properties over the currently used 

carbon blacks. The high specifi c surface area, high mesopo-

rosity, high electrical conductivity, high mechanical strength, 

and high corrosion-resistance of CNTs make them a class of 

very promising catalyst support materials for PEMFCs (both 

hydrogen PEMFCs and DMFCs). [  65  ]  Compared to carbon 

blacks, the higher surface area of CNTs enables a highly 

dispersed and uniformly distributed deposition of catalyst 

nanoparticles while their higher mesoporosity prevents the 

catalyst deposition from sinking into micropores (as encoun-

tered with carbon blacks) [  226  ]  and facilitates the formation of 

triple-phase-boundaries. [  230  ]  These superior properties, along 

with their higher electrical conductivity, allow CNTs for sig-

nifi cantly improving the catalytic activity and electrochemical 

utilization for the CNT-supported catalysts. 

 For hydrogen PEMFCs, it has been demonstrated that 

a CNT supported Pt catalyst with 12 wt% Pt loading could 

give a 10% higher fuel cell voltage and twice power den-

sity than a carbon black supported catalyst with 29 wt% Pt 

loading. [  231  ]  Li et al. [  232  ]  reported that MWNT supported cat-

alysts exhibited better performance in DMFCs with respect 

to those supported by carbon black (XC-72) both in half cell 

and full cell testing. Their results showed a mass activity of 

14.7 mA mg  − 1  (Pt) for a Pt/MWNT catalyst at 0.7 V vs. the 

dynamic hydrogen electrode (DHE), much higher than that 

of 2.2 mA mg  − 1  (Pt) for a Pt/XC-72 catalyst. SWNT supported 

Pt electrodes were also reported to exhibit higher catalytic 

activities for both methanol oxidation and ORR than the 

unsupported Pt electrode. [  233  ]  The onset potential of methanol 

oxidation on the nanotube electrode was 200 mV lower than 

that of the unsupported Pt electrode (400 mV vs. the standard 

calomel electrode, SCE). The higher catalytic activity was 

thereby attributed to the larger surface area of CNT architec-

ture and the lower overpotential for methanol oxidation. 

 Furthermore, the high mechanical strength and superb 

corrosion-resistance of CNTs provide an excellent durability 

for the nanotube electrode. Wang et al. [  234  ]  compared the 

electrochemical surface oxidation of Vulcan XC-72 against 

MWNTs following potentiostatic treatments up to 168 hours 

under conditions simulating PEMFC cathode environment. 

Compared to Vulcan XC-72, MWNTs were found to be elec-

trochemically more stable with less surface oxide formation 

and 30% lower corrosion current. As a result of high corro-

sion resistance, CNTs showed lower loss in Pt surface area and 

ORR activity. After 168 h oxidation treatment, the size distri-

bution of Pt nanoparticle on Vulcan XC-72 became broader 

and the average particle size became larger ( Figure    14  a,b). In 

contrast, Pt particles on MWNTs barely showed any increase 

in size (Figure  14 c,d). The negligible aggregation of Pt nano-

particles on MWNTs indicates a high corrosion resistance 

and excellent mechanical strength for the CNT support. Thus, 

CNTs have been investigated as promising support materials 

to improve the catalyst durability for PEMFCs.  

 Comparing with the randomly oriented CNTs, aligned 

CNTs with a well-defi ned high surface area as well as good 

electrical and mechanical properties provide additional 
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     Figure  14 .     TEM images of a) Pt/Vulcan XC-72 before durability test, 
b) 30 wt% Pt/Vulcan XC-72 after durability test for 168 h, (c) Pt/
MWNTs before durability test, and d) 30 wt% Pt/MWNTs after durability 
test for 168 h. Inset of (d) shows a typical region. Reproduced with 
permission. [  234  ]  Copyright 2006, Elsevier.  
benefi ts for them to be used as supporting electrodes in fuel 

cells. Specifi cally, both Pt [  234  ]  and Pt-alloy [  235  ]  catalysts have 

been deposited on VA–CNTs for hydrogen PEMFC [  236  ]  

and DMFC [  237  ]  applications. Li et al. [  238  ]  developed a fi ltra-

tion method to prepare partially oriented CNT fi lms via 

self-assembly of CNTs precoated with Pt nanoparticles and 

used the resultant oriented Pt/CNT electrode (0.20 mg cm  − 2  

Pt, no PTFE) to test direct hydrogen PEMFCs. Higher fuel 

cell performance of this oriented Pt/CNT electrode than a 

non-oriented Pt/CNT electrode (0.20 mg cm  − 2  Pt, no PTFE) 

and a commercial Pt/carbon black electrode (0.25 mg cm  − 2  

Pt, 30% PTFE) was achieved, attributable to the improved Pt 

utilization and mass transport raised from the oriented CNT 

structures. Tang et al. [  236  ]  observed increased catalytic activity 

(decreased overpotential and increased current by 1.2 times) 

for methanol oxidation when comparing a Pt-aligned CNT 

catalyst with a Pt-random CNT catalyst. In order to solve the 

CO poisoning problem for DMFCs, Ahn et al. [  235  ]  deposited 

Pt–Ru binary catalysts on a 3D CNT array electrode pre-

pared by an anodic aluminum oxide template (Section 2.2). 

With the presence of Ru in the catalyst, the Pt–Ru/CNT 

array electrode effi ciently eliminated the CO poisoning. 

Comparing to a Pt–Ru thin-fi lm electrode, the Pt–Ru/CNT 

array electrode showed a 10-fold increase in current for 

methanol oxidation, indicating the improved catalytic activity 

induced by the aligned structures of the VA–CNTs. Rajesh 

et al. [  237  ]  studied Pt, Pt–Ru, Pt-WO 3  catalysts on VA–CNTs 

and achieved improved catalytic activity for these VA–CNT-

supported catalysts than those supported on Vulcan XC-72. 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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The Pt–WO 3 /CNT showed the highest activity and stability 

with a better CO tolerance than that of the Pt–WO 3  catalyst. 

 Surface chemistry of the support materials can also greatly 

affect the performance of the resultant catalysts as the inter-

action between the support and the catalyst can modify the 

electronic structure of catalyst metals, which in turn changes 

the catalytic activity [  239  ]  and durability of the catalysts. [  234  ,  240  ]  

Doping of carbon can effectively change the nanotube surface 

chemistry, and hence the conductivity and catalytic activity. 

For PEMFC applications, in particular, nitrogen-doped CNTs 

(NCNTs) have demonstrated promising potential either as 

the catalyst support materials or directly as the so-called 

metal-free catalysts (Section 3.2.2). [  105  ]  

 As new support materials, NCNTs improve the disper-

sion of catalyst nanoparticles on the CNT surface, resulting 

in an enhanced catalytic activity for the catalysts. N-doping 

can also strengthen the binding between the catalyst and the 

CNT surface to enhance durability for the catalysts. These 

have been demonstrated for both methanol oxidation and 

oxygen reduction. Vijayaraghavan et al. [  241  ]  obtained a high 

ORR catalytic activity with their Pt/NCNT catalysts, showing 

a mass-transport limited current density and mass activity of 

2.3 mA cm  − 2  and 0.05 mA g  − 1 , respectively. Viswanathan [  242  ]  

also studied Pt-alloy catalysts (Pt–Ru, Pt–WO 3 ) on NCNTs 

and achieved better activity and stability for methanol oxi-

dation than those on conventional CNTs. These authors sug-

gested that the anchoring sites (namely the hetero atoms) of 

NCNTs disperse the catalyst nanoparticles and prevent them 

from agglomeration, improving the activity and stability for 

the catalysts. 

 Like conventional CNTs, aligned structures are also pre-

ferred for NCNTs for fuel cell applications. For example, Maiy-

alagan et al. [  118  ]  reported the use of Pt nanoparticles supported 

by aligned NCNTs for methanol oxidation. They observed an 

enhanced catalytic activity and stability toward methanol oxi-

dation on Pt/NCNTs as compared with commercial E-TEK 

Pt/Vulcan by measuring the onset potential for methanol 

oxidation (0.22 V vs. 0.45 V, Ag/AgCl) and the forward peak 

current density in cyclic voltammogram (13.3 mA cm  − 2  vs. 

1.3 mA cm  − 2 ). These authors believed that NCNTs highly dis-

persed Pt nanoparticles and the nitrogen functional groups on 

the CNT surface intensifi ed the electron withdrawing effect 

against Pt. This resulted in decreased electron density of Pt so 

as to facilitate the oxidation of methanol.   

 3.2.2. Fuel Cells with Carbon Nanomaterials as Metal-Free 
Catalysts 

 Apart from the use of CNTs and NCNTs as catalyst supports 

described above, the research on exploring the use of carbon 

nanomaterials as metal-free catalysts in fuel cells is growing 

rapidly. Comparing to conventional CNTs, nitrogen-doped 

carbon nanomaterials have a unique property being able to 

catalyze ORR in the absence of any metal catalyst. [  68  ,  169  ]  The 

N-doped CNFs showed an over 100-fold increase in catalytic 

activity for H 2 O 2  decomposition in both neutral and alka-

line conditions, [  243  ]  but still less electroactive than the plat-

inum catalyst. Maldonado and Stevenson [  244  ]  demonstrated 

that N-doped carbon nanofi ber (CNF) electrodes, prepared 
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     Figure  15 .     a) SEM image of the  as-synthesized  VA–NCNTs prepared by pyrolysis of iron 
phthalocyannine (FePc) on a quartz substrate (Scale bars, 2  μ m). b) Digital photograph of the 
VA–NCNT array after having been transferred onto a polystyrene–nonaligned CNT conductive 
nanocomposite fi lm. c) Calculated charge density distribution for the NCNTs. (d) Schematic 
representations of possible adsorption modes of an oxygen molecule at the CCNTs (top) and 
NCNTs (bottom). e) The steady-state voltammograms for oxygen reduction in air saturated 
0.1  M  KOH at the Pt–C (curve 1), VA–CCNT (curve 2), and VA–NCNT (curve 3) electrodes. 
Reproduced with permission. [  121  ]  Copyright 2009, American Association for the Advancement 
of Science.  
by a fl oating catalyst CVD of ferrocene and either xylene 

or pyridine, exhibited electrocatalytic activities for ORR 

via a two-step two-electron pathway, and that the N-doped 

CNFs showed an over 100-fold increase in catalytic activity 

for H 2 O 2  decomposition in both neutral and alkaline condi-

tions, albeit still less electroactive than the platinum catalyst. 

A strong correlation between the ORR peak potential and 

the nitrogen doping level was also observed, [  244  ]  ORR peaks 

shifting about  + 30 mV per 1 atom% nitrogen incorporated. 

VA–CNTs formed by CVD of certain metal heterocyclic mol-

ecules (e.g., ferrocene/NH 3 ) have also been shown to exhibit 

some ORR catalytic activities, which was attributed to the 

presence of FeN 2 -C and/or FeN 4 -C active sites in the nano-

tube structure. [  245  ]  Along with the recent intensive research 

efforts in reducing or replacing Pt-based electrode in fuel 

cells, Gong et al. [  121  ]  have recently found that VA–NCNTs 

( Figure    15  a,b) could act as extremely effective metal-free 

ORR electrocatalysts even after a complete removal of the 

residual Fe catalyst by electrochemical purifi cation, demon-

strating that the ORR activity of VA–NCNTs is solely due to 

the nitrogen doping.  

 Quantum mechanics calculations indicate that carbon 

atoms adjacent to nitrogen dopants of the VA–NCNTs pos-

sess a substantially high positive charge density to counter-

balance the strong electron affi nity of the nitrogen atom 

(Figure  15 c). [  121  ]  The nitrogen-induced charge delocalization 

could change the electrochemical potential for ORR and the 
8 www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA,
chemisorption mode of O 2  from the usual 

end-on adsorption (Pauling model) at the 

conventional CNT surface to a side-on 

adsorption (Yeager model) at the NCNT 

surface (Figure  15 d). [  121  ,  246  ]  The parallel dia-

tomic adsorption could effectively weaken 

the O–O bonding to facilitate ORR at the 

NCNT electrodes. As such, doping CNT 

with nitrogen heteroatoms can effi ciently 

create the metal-free active sites for electro-

chemical reduction of O 2 . In alkaline elec-

trolytes, these metal-free VA–NCNTs were 

shown to catalyze a four-electron ORR 

process with a much higher catalytic activity 

(4.1 mA cm  − 2  vs. 1.1 mA cm  − 2 , Figure  15 e), 

lower overpotential, smaller crossover 

effect, and better long-term operation sta-

bility comparing to commercially available 

Pt/carbon black catalysts (C2-20, 20% plat-

inum on VulcanXC-72R; E-TEK). [  121  ,  244  ,  247  ]  

 The crossover test demonstrated that 

VA–NCNTs are highly tolerant to various 

commonly used fuel molecules, including 

hydrogen gas, glucose, methanol, and for-

maldehyde. [  121  ,  244  ]  Such high tolerance to 

fuel crossover effect of VA–NCNTs has 

been attributed to their much lower ORR 

potential than that required for oxidation 

of the fuel molecules. [  121  ,  244  ,  248,249  ]  More-

over, being nonmetallic, the VA–NCNTs 

were insensitive to CO poisoning. [  121  ,  244  ]  

These results indicate the excellent effec-
tiveness of VA–NCNTs as practically useful metal-free 

cathodic catalysts for ORR in fuel cells. 

 As a building block for carbon nanotubes, graphene is 

an attractive candidate for potential uses as the metal-free 

ORR catalyst. Indeed, N-graphene fi lms produced by CVD 

in the presence of ammonia have recently been demonstrated 

to show a superb ORR performance similar to that of VA–

NCNTs with the same nitrogen content in alkaline medium. [  89  ]  

The ease with which graphene materials and their N-doped 

derivatives can be produced by various low-cost large-scale 

methods, including the chemical vapor deposition, [  87–92  ]  

chemical reduction of graphite oxide, [  94,95  ,  250  ]  exfoliation of 

graphite, [  18  ,  251  ]  microwave plasma reaction, [  252  ]  and atmos-

pheric pressure graphitization of silicon carbide, [  253  ]  suggests 

considerable room for cost effective preparation of metal-free 

effi cient graphene-based catalysts for oxygen reduction. 

 As the CVD processes for producing the VA–NCNTs and 

N-graphene fi lms used in the aforementioned studies involve 

metal catalysts (e.g. ,  Fe, Ni), [  89  ,  121  ]  considerable care has been 

taken during the electrode preparation to completely remove 

the catalyst residue. In particular, the VA–NCNT electrode 

was purifi ed by electrochemical oxidation in a phosphate 

buffered solution (pH 6.8) at a potential of 1.7 V (vs. Ag/

AgCl) for 300 s at room temperature (25  ° C), followed by 

potential sweeping from 0.0 V to 1.4 V in 0.5  m  H 2 SO 4  

until a stable voltammogram free from any Fe redox signal 

was obtained. X-ray photoelectron spectroscopic (XPS) 
 Weinheim small 2012, 
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measurements on the electrochemically purifi ed VA–NCNTs 

confi rmed the removal of residual iron catalyst particles. [  121  ]  

In view of the detection limitation intrinsically associated 

with the electrochemical and XPS measurements, however, 

possible effects of metal contaminates on the observed superb 

ORR performance could still be a matter of controversy 

unless nitrogen-doped carbon nanomaterials with excellent 

ORR electrocatalytic activities can be produced by a metal-
© 2012 Wiley-VCH Verlag Gmb

     Figure  16 .     a) Preparation of NOMGAs as metal-free catalysts for the ORR. b
on GC electrodes at a rotation rate of 1600 rpm. c) Electrochemical activi
NOGMAs supported on GC electrodes in comparison with that of a comm

small 2012, 
DOI: 10.1002/smll.201101594
free preparation procedure. In this regard, it is important to 

note that Liu et al. [  254  ]  have reported the ORR electrocata-

lytic performance better than platinum for nitrogen-doped 

ordered mesoporous graphitic arrays (NOMGAs) prepared 

by a metal-free nanocasting technology using a nitrogen-

containing aromatic dyestuff,  N,N′ -bis(2,6-diisopropyphenyl)-

3,4,9,10-perylenetetracarboxylic diimide (PDI), as the carbon 

precursor ( Figure    16  a). Owing to the metal-free preparation 
19www.small-journal.comH & Co. KGaA, Weinheim

) RDE voltammograms of the series of PDI–NOGMAs and Pt–C supported 
ty given as the kinetic-limiting current density ( J K  ) at 0.35 V for the PDI–
ercial Pt–C electrode. Reproduced with permission. [  254  ]   
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     Figure  17 .     The bonding confi gurations for N in CNTs, a) pyridinelike N, b) pyrrole-type 
nitrogen, c) graphite like, d) Nitrile –C ≡ N, e) –NH 2 , f) pyridinic N-vacancy complex, g) pyridinic 
N 3 -vacancy, h) interstitial N. Reproduced with permission. [  116  ]  Copyright 2004, American 
Chemical Society.  
procedure, the reported electrocatalytic 

activity can be attributed exclusively to 

the incorporation of nitrogen in PDI–

NOMGAs (Figure  16 ). [  254  ]   

 Metal-free N-doped MWCNTs or 

ordered mesoporous carbons (OMCS) have 

also been produced through carbonization 

of a MWCNT-supported polyaniline (PANI) 

coating [  255  ]  or via NH 3  activation. [  256  ]  These 

metal-free N-doped nanocarbons have also 

been demonstrated to exhibit high ORR 

activities even in acidic electrolytes. Good 

ORR activities in the acidic media have 

also been observed for NCNTs produced 

by both metal catalyized and metal-free 

nanotube growth processes. [  257,258  ]  

 Although most recent studies on the 

N-doped carbon nanostructures focused 

on the ORR reaction in alkaline electro-

lytes, fuel cells that operate with acidic 

electrolytes, particularly PEMFC, could 

have a more signifi cant economic impact. 

Recently, Kundu et al. [  259  ]  have found 

that NCNTs prepared by pyrolysis of ace-

tonitrile could show a considerably higher 
and more stable ORR activity in 0.5 M H 2 SO 4  compared 

with their undoped counterparts. They pointed out that the 

incorporation of nitrogen functional groups within the carbon 

structure improved the oxidative stability of the NCNTs under 

ORR conditions even in the acidic medium. More recently, 

Wang et al. [  256  ]  demonstrated that nitrogen-doped OMCS via 

NH 3  activation can also act as alternative metal-free catalysts 

with a high ORR activity and better stability than Pt-based 

electrocatalysts in 0.05  m  H 2 SO 4 . On the other hand, Ozaki 

et al. [  260  ]  reported the ORR activity in 0.5  m  H 2 SO 4  from the 

shell-like nanocarbons produced by carbonization of furan 

resin in the presence of acetylacetonates and metal phthalo-

cyanines. These authors found that the high ORR activity was 

not resulted from metal species on the surface, which have 

been removed by acid washing. However, the catalytic per-

formance of these reported N-doped carbon nanomaterials in 

acidic medium still needs to be further improved to meet the 

requirement for practical applications. 

 Since nitrogen plays an essential role in the active sites 

for the nanocarbon ORR catalysts and at least three different 

forms (i.e. ,  pyrrolic, pyridinic, and graphitic) of the surface 

nitrogen atoms have been observed, it is important to under-

stand the infl uence of the nitrogen content and its chemical 

nature on the ORR performance. The proposed structural 

models for the bonding confi guration of nitrogen doping in 

CNTs are shown in  Figure    17  . There are three primary can-

didates: pyridine-like (Figure  17 a), pyrrolelike (Figure  17 b), 

and graphitic where N replaces a graphitic carbon atom 

(Figure  17 c). Other nitrogen-vacancy complexes containing 

pyridinic two-fold coordinated nitrogen atoms neighboring a 

carbon vacancy (V), such as NV, N 2 V, and N 3 V, [  116  ]  as shown 

in Figure  17 f,g, as well as nitrile –C≡N (Figure  17 d), primary 

amine (Figure  17 e) and ‘interstitial’ divalent nitrogen atoms 

(Figure  17 h) [  261  ]  are also possible.  
www.small-journal.com © 2012 Wiley-VCH Ve
 Using ethylenediamine (EDA–NCNT) and pyridine as 

different precursors, Chen et al. [  262  ]  produced NCNTs with 

varying nitrogen contents through a single-step CVD process. 

These authors found that NCNTs with higher nitrogen con-

tent and more defects exhibited better ORR performance in 

acidic electrolytes. [  262  ]  On the other hand, Kundu et al. [  259  ]  

prepared NCNTs via pyrolysis of acetonitrile over cobalt 

catalysts at different temperatures. The NCNTs prepared at 

550  ° C was found to possess a higher amount of pyridinic 

groups and a higher ORR electrocatalytic activity than its 

counterpart prepared at 750  ° C. However, recent studies 

suggest that more graphitic nitrogen atoms rather than the 

pyridinic ones are important for the ORR. [  89  ,  254  ]  There-

fore, the exact catalytic role for each of the nitrogen forms 

in nanocarbon ORR catalysts is still a matter of contro-

versy. [  89  ,  254  ,  259  ,  262  ]  In addition, it is a challenge to determine 

the exact locations of nitrogen atoms in the nanocarbon 

structures, chemical nature of the catalytic sites, and electro-

chemical kinetics of the N-doped nanocarbon electrodes. A 

combined experimental and theoretical approach would be 

essential. Computer simulation and calculation have proved 

to be a powerful technique in searching novel electrocata-

lysts and study the basic science behind the electrocatalysis. 

Thus, theoretical calculations should be employed in studying 

the N-doped nanocarbon catalysts. 

 In addition to the  intramolecular  charge-transfer that 

impart ORR electrocatalytic activities to NCNTs and 

N-graphene discussed above, Wang et al. [  263,264  ]  have recently 

demonstrated that certain polyelectrolyte (e.g., PDDA) func-

tionalized nitrogen-free CNTs, either in an aligned or nona-

ligned form, could also act as metal-free electrocatalysts for 

ORR through the  intermolecular  charge-transfer from the 

all-carbon CNTs to the adsorbed PDDA ( Figure    18  a). It is 

notable that the PDDA adsorbed vertically aligned CNT 
rlag GmbH & Co. KGaA, Weinheim small 2012, 
DOI: 10.1002/smll.201101594
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     Figure  18 .     a) Illustration of charge transfer process and oxygen reduction reaction on PDDA–CNT. b) The cyclic voltammetry curves for oxygen 
reduction in the O 2 -saturated 0.1  M  KOH solution. c) Linear sweep voltammetry curves of ORR in an O 2 -saturated 0.1  M  KOH solution at a scan rate 
of 10 mV s  − 1 . The rotation rate is 1600 rpm. Reproduced with permission. [  263  ]  Copyright 2011, American Chemical Society.  
electrode possesses remarkable electrocatalytic properties 

for ORR; similar to that of commercially available Pt/C elec-

trode (Figure  18 b,c).  

 This work clearly indicates that the important role of 

intermolecular charge-transfer to ORR for nitrogen-free 

CNTs can be applied to other carbon nanomaterials for the 

development of various other metal-free effi cient ORR cata-

lysts, including PDDA-adsorbed CNTs [  263  ]  and graphene, [  264  ]  

for fuel cell applications, even new catalytic materials for 

applications beyond fuel cells (e.g., metal-air batteries). The 

recent progresses discussed above proved to have a large 

impact on not only the commercialization of the fuel cell 

technology but also many other catalytic processes beyond 

fuel cells, and their repercussions are continuing. However, 

further study on the catalytic mechanism and kinetics is still 

needed in order to design and develop carbon-based cata-

lysts with a desirable activity and durability. The performance 

evaluation of these nanocarbon catalysts in actual fuel cells 

should also be performed.   

 3.2.3. Fuel Cells with Carbon Nanomaterials as Electrolytes/
Membranes 

 In recent years, apart from their major applications in the 

electrode (i.e., as catalyst supports and catalyst materials), 

CNTs have also been utilized to design new electrolyte 

materials for fuel cells. Specifi cally, Kannan et al. [  265  ]  incor-

porated SWNTs pre-functionalized with sulfonic acid groups 

(S-SWCNTs) into a Nafi on matrix. The acid content of the 

CNT connects the hydrophobic regions of the membrane, 

thus providing a network with enhanced proton mobility and 

improved mechanical stability for Nafi on membranes in H 2 /O 2  

fuel cells. By extension, Kannan et al. [  266  ]  have used sulfonic 

acid-functionalized MWNTs to manipulate the hydrophilic 

domain size of Nafi on to enhance the proton conductivity 

of Nafi on membranes. The nanotube-tailored Nafi on mem-

branes ameliorate the performance of H 2 /O 2  fuel cells as con-

fi rmed by a maximum power density of 380 mW cm  − 2 , higher 

than those of Nafi on 115 (250 mW cm  − 2 ) and recast Nafi on 

(230 mW cm  − 2 ) membranes. Thus, the use of CNTs either as 

an anchoring backbone for –SO 3 H groups to enhance proton 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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conductivity or as a blending agent to improve the mechanical 

characteristics of the Nafi on phase could be able to alleviate 

many critical problems associated with the use of commercial 

Nafi on membranes.     

 4. Carbon Nanotubes for Energy Storage 

 Supercapacitors and batteries are two important electro-

chemical energy storage devices that have been extensively 

developed for many applications. Improved energy storage 

capability, power delivery capability, and cycle life are highly 

desired for these devices to better satisfy the increasing per-

formance demands. CNTs and graphene have been explored 

as both electrode materials and electrode additives for devel-

oping high-performance supercapacitors and batteries.  

 4.1. Supercapacitors 

 Supercapacitors (a.k.a., electrochemical capacitors or ult-

racapacitors) are electrochemical energy storage devices that 

combine the high energy-storage capability of conventional 

batteries with the high power-delivery capability of conven-

tional capacitors. [  267,268  ]  The supercapacitor concept was fi rst 

described in a patent fi led by Becker in 1957 and the fi rst 

supercapacitor products were commercialized by Panasonic 

(Matsushita) in 1978 and NEC (Tokin) in 1980. [  269  ]  Being 

able to achieve higher power and longer cycle life than bat-

teries, supercapacitors have been developed to provide power 

pulses for a wide range of applications. In advanced electric 

transportation technologies, for example, supercapacitors are 

used as power assists for hybrid electric vehicles and plug-

in hybrids, where the supercapacitor is operated to provide 

peak power during acceleration and hill-climbing, and it can 

be recharged during regenerative braking. [  270  ]  

 Supercapacitors have been realized with three principal 

types of electrode materials, namely high-surface-area acti-

vated carbons, [  271  ]  transition metal oxides, [  272  ]  and electroac-

tive conjugated polymers. [  273  ]  Properties of electrode materials 

play an important role in determining the performances of 
21www.small-journal.comH & Co. KGaA, Weinheim
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the supercapacitors. Charge storage capability of these mate-

rials is usually evaluated by their capacitance. The maximum 

energy ( E  max ) and maximum power ( P  max ) of a supercapac-

itor are given by:

 Emax = (CU2)/ 2   (1)   

 Pmax =U2/ (4R)   (2)   

where  C  is capacitance,  U  is cell voltage, and  R  is total equiva-

lent series resistance (ESR) of the capacitor. [  268  ]  Overall per-

formance of the supercapacitor is determined by the physical 

properties of both the electrode and the electrolyte materials. 

Having the advantages of relatively low cost, commercial 

availability, and well-established electrode production tech-

nologies, high-surface-area activated carbons (specifi c sur-

face area:  ≈ 1000–2000 m 2  g  − 1 ) have been the major electrode 

materials for commercial supercapacitors. [  274  ]  Charge storage 

capability of these materials is usually evaluated by their 

capacitance, which is associated with the electrode/solution 

interface that varies with the type of carbon and its conditions 

of preparation (typically,  ≈ 20–50  μ F cm  − 2 ). [  268  ]  Taking a spe-

cifi c surface area of 1000 m 2  g  − 1  for carbon as an example, its 

ideal attainable capacitance would be  ≈ 200–500 F g  − 1 . How-

ever, the practically obtained values are of only a few tens of 

F g  − 1 . Poor accessibility of carbon surface to electrolyte (i.e., 

electrolyte accessibility) has been confi rmed to be the most 

important reason for the absence of proportionality between 

specifi c capacitance and surface area of these materials.  

 4.1.1. Supercapacitors with Activated Carbon Electrodes 

 As mentioned earlier, according to the IUPAC classifi cation, 

there are three classes of pore sizes: micropores ( < 2 nm), 

mesopores ( ≈ 2–50 nm), and macropores ( > 50 nm). [  268  ]  It is 

known that most of the surface area of activated carbons 

resides in the scale of micropores. [  275  ]  Pores of this scale are 

generally considered to be poorly or not at all accessible for 

electrolyte ions (especially for organic electrolytes) and thus 

are incapable of supporting an electrical double layer. In con-

trast, mesopores contribute the most to the capacitance in 

an electrical double-layer capacitor. [  276,278  ]  However, recent 

experimental and theoretical studies have demonstrated that 

charge storage in pores of 0.5–2 nm in size (smaller than the 

size of solvated electrolyte ions) increased with decreasing 

pore size due to the closer approach of the ion center to the 

electrode surface in the smaller pores. [  279–282  ]  Pores less than 

0.5 nm wide are too small for double layer formation. [  282  ]  Cur-

rently available activated carbon materials have high surface 

area but unfortunately low mesoporosity, resulting in their 

low electrolyte accessibility and thus limited capacitance. [  275  ]  

This translates to the limited energy density of the resultant 

supercapacitors. Moreover, along with their poor electrical 

conductivity, the low electrolyte accessibility of activated car-

bons produces a high internal resistance and hence a poor 

power density for the capacitors. [  280  ]  Consequently, currently 

available supercapacitors based on these activated carbon 

electrodes possess a limited energy density (4–5 Wh kg  − 1 ) and 

a limited power density (1–2 kW kg  − 1 ). [  274  ]  Therefore, new 

materials are needed to overcome the drawbacks of activated 
www.small-journal.com © 2012 Wiley-VCH V
carbon electrode materials in order to improve the perform-

ances for supercapacitors.   

 4.1.2. Supercapacitors with Carbon Nanotube Electrodes 

 Owning to their high electrical conductivity, high charge 

transport capability, high mesoporosity, and high electro-

lyte accessibility, CNTs are attractive electrode materials for 

developing high-performance supercapacitors. [  60  ,  70  ]  Research 

has been performaned to develop different types of CNT 

electrode materials and combine them with various electro-

lytes to improve the performance, safety, and lifetimes for 

supercapacitors. 

 Randomly entangled CNTs are the fi rst type of CNT 

materials that were studied for supercapacitor applications. 

Comparing with high-surface-area activated carbons, CNTs 

possess a moderate specifi c surface area. Nevertheless, higher 

capacitance has been reported for CNTs (e.g., 102 F g  − 1  for 

MWNTs [  59  ]  and 180 F g  − 1  for SWNTs [  283  ] ) in contrast to that 

of only tens of F g  − 1  for activated carbons. Based on the com-

monly realizable charge densities of 20–50  μ F cm  − 2  for elec-

trical double-layer capacitors, [  268  ]  An et al. [  275  ]  estimated the 

theoretical capacitance for their CNTs (specifi c surface area: 

357 m 2  g  − 1 ) to be 71–178 F g  − 1 , in good agreement with the 

observed values (180 F g  − 1 ) in the upper bound, indicating 

a perfect electrolyte accessibility for the CNTs. The unique 

mesoporosity induced by the tube entanglement is respon-

sible for the high electrolyte accessiblity, and hence high 

capacitances observed for the CNT electrodes. [  59  ,  271  ,  275  ]  

 Indeed, an supercapacitor fabricated from SWNT elec-

trodes and KOH electrolyte showed a promising power 

density of 20 kW kg  − 1  with a maximum energy density of 

 ≈ 10 Wh kg  − 1  (performance based on the mass of SWNTs). [  275  ]  

A power density of  > 8 kW kg  − 1  (with a maximum energy den-

sity of  ≈ 1 Wh kg  − 1 ) has been realized for a packaged super-

capacitor fabricated from MWNT electrodes and H 2 SO 4  

electrolyte. [  59  ]  These power densities are higher than those 

attainable by activated carbon-based commercial capaci-

tors, [  274  ]  but the energy densities still need to be improved. 

The equivalent series resistance (ESR), consisting of the 

resistance of the electrode itself, the resistance of the electro-

lyte within the porous layer of the electrode, and the contact 

resistance between the electrode and the current collector 

of the capacitor, was all very small. This, coupled with the 

excellent electrical conductivity, high mesoporosity, and high 

electrolyte accessibility of CNTs, led to the fast delivery of 

the stored charge and thus a very high power density for the 

capacitors. 

 In recent years, VA–CNTs have been demonstrated to be 

advantageous over their randomly entangled counterparts 

for supercapacitor applications. First, VA–CNTs are better-

structured materials for supercapacitors. Unlike the irreg-

ular pore structures of random CNTs, the vertically aligned 

structures and the well-defi ned tube spacing in a VA–CNT 

array ( Figure    19  a–c) provide a more electrolyte-accessible 

surface. [  70  ,  283  ]  The aligned structures should also provide 

improved charge storage/delivery properties as each of the 

constituent aligned tubes can be connected directly onto a 

common electrode to allow them to effectively participate 
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     Figure  19 .     a) SEM image of a plasma-etched, VA–CNT electrode (scale bar: 100  μ m). b) Higher magnifi cation view of the electrode (scale bar: 
100 nm). TEM images of the CNTs before (c) and after (d) plasma etching (scale bar: 20 nm). The multiwalled CNT array is highly aligned with the 
tube length of  ≈ 150  μ m and outer and inner diameters of approximately 10 and 5 nm, respectively. e) Schematic representation of a supercapacitor 
based on plasma-etched VA–MWNT electrodes and ionic liquid electrolyte. Reproduced with permission. [  70  ]  Copyright 2009, Elsevier.  
in the charge/discharge process. This indicates a combined 

charge capacity from all individual tubes of the VA–CNT 

electrode, and thus enhanced energy density for the capacitor. 

In turn, the stored energy can be delivered rapidly through 

each tube of the electrode, and hence an excellent power 

density for the capacitor .  Second, VA–CNTs possess a well-

defi ned surface area for each of the constituent tubes to be 

accessible to the electrolyte ions. Moreover, the top end-caps 

of VA–CNTs can be properly opened (Figure  19 d) under 

appropriate conditions (e.g., by plasma etching). [  284  ]  The end-

cap-opening then allows the electrolyte access to the inner 

cavity of the VA–CNTs, resulting in an enhanced overall sur-

face area (from both internal and external walls of tubes) for 

charge storage on the VA–CNTs (Figure  19 e). [  70  ,  285  ]  Conse-

quently, recent research has demonstrated the improved rate 

capability for VA–CNTs over random CNTs. [  286–290  ]  Specifi -

cally, a high capacitance has been obtained in 1  m  H 2 SO 4  for 

a VA–CNT array electrode (365 F g  − 1 ) prepared by template-

assisted CVD [  291  ]  and in ionic liquid electrolytes [  292  ]  and for 

an VA–CNT electrode (440 F g  − 1 ) prepared by a template-

free CVD approach. [  70  ,  293  ]     

 4.1.3. Supercapacitors with Graphene Electrodes 

 Although CNTs have been used for supercapacitance since 

the end of 1990’s, [  59  ,  294  ]  CNT-based capacitors do not exhibit 

satisfactory capacitance for the expected device perform-

ance. This is because of the high contact resistance between 

CNT-based electrode and current collector, ineffi cient inter-

action between CNT-based electrode and electrolyte, and the 

instability of double-layer. Due to its large surface area, high 

carrier transport mobility and excellent thermal/mechanical 

stability, graphene has recently been studied as an alterna-

tive carbon based electrode in supercapacitors. [  295  ]  Theo-
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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retically, the double-layer capacitance value of a graphene 

electrode can reach up to 550 F g  − 1 , the highest value of 

intrinsic capacitance among all carbon-based electrode. [  296,297  ]  

Using chemically modifi ed graphene oxide electrode, Stoller 

et al. [  298  ]  obtained the specifi c capacitance of 135 and 99 F 

g  − 1  in aqueous and organic electrolytes, respectively. By using 

simple microwave heating and propylene carbonate solution 

methods for exfoliation and reduction of graphene oxide, 

the same group has also obtained the capacitance values of 

191 and 120 F g  − 1 , respectively, for the reduced graphene 

oxides. [  299,300  ]  In addition to reduced graphene oxide, various 

graphene based materials, such as graphene oxide-metal 

oxide nanocomposites, [  301  ]  graphene–CNT hybrid fi lms, [  302  ]  

graphene–carbon black composites [  303  ]  and graphene– 

polymer nanocomposites, [  304  ]  have been used as electrodes in 

supercapacitors with high capacitances.   

 4.1.4. Supercapacitors with Carbon Nanotubes and/or 
Graphene Hybrid Electrodes 

 As can be seen from the above discussion, graphene 

nanosheets have emerged as a new class of promising mate-

rials attractive for potential applications in supercapacitors 

due to their unique electrical and mechanical properties as 

well as large surface area. Due to their strong pi–pi stacking, 

however, a large portion of the surface area associated with 

the individual graphene sheets in the graphene electrode 

is unaccessible. A particularly attractive option is to design 

and develop hybrid fi lms based on graphene sheets as elec-

trodes. [  305,306  ]  In this context, it is critical to tailor proper-

ties of the hybrid fi lms by controlling their composition and 

architecture at nano-/micrometer scale. Therefore, it is highly 

desirable to use 1D CNTs to physically separate 2D graphene 

nanosheets to preserve graphene’s high surface area. 
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     Figure  20 .     A) a) Illustration of positively charged PEI–GN and negatively charged MWNT fi lm deposition process on an appropriate substrate (e.g., 
silicon wafer, ITO glass). SEM images of b) the fi rst layer PEI–GN and c) the fi rst bilayer [PEI–GN/MWNT–COOH] 1  fi lm deposited on a silicon substrate. 
d,e) SEM images of the [PEI–GN/MWNT–COOH] 9  fi lm after the 9th deposition cycle under different magnifi cations. B) a) Cyclic voltammograms (CV) 
at the scan rate of 0.05 V s  − 1  in 1.0  M  H 2 SO 4  at room temperature obtained from heat-treated [PEI–GN/MWNT–COOH] n  fi lms with bilayer number  n   =  
3, 9, 15. b,c) CV and specifi c capacitance at the scan rates of 0.01, 0.02, 0.05, 0.08 and 0.1 V s  − 1  from [PEI–GN/MWN–COOH] 9  fi lm in 1.0  M  H 2 SO 4  
at room temperature (specifi c capacitance is derived at the potential of 0.1 V). (d) CV from [PEI–GN/MWNT–COOH] 9  fi lm at higher scan rate of 0.2, 
0.4, 0.8, 1 V s  − 1  in 1.0  M  H 2 SO 4  at room temperature. Reproduced with permission. [  302  ]  Copyright 2010, American Chemical Society.  
 The availability of solution-processable graphene 

oxides allowed the formation of graphene nanosheet (GN)-

based functional fi lms through various solution processing 

methods. [  99–102  ,  199  ,  258  ,  307  ]  In this regard, Yu and Dai [  302  ]  pre-

pared stable aqueous dispersions of polymer-modifi ed 

graphene sheets via in-situ reduction of exfoliated graphite 

oxides in the presence of cationic poly(ethyleneimine) 

(PEI). The resultant water-soluble PEI-modifi ed graphene 

nanosheets (PEI–GN) with abundant –NH 2  groups could 

be protonated (–NH 3  
 +  ) over a certain pH range (pH  =  2–9) 

after dissolving the PEI–GN into deionized (DI) water, [  107  ]  

which was then used for layer-by-layer sequential assembly 

with the negatively charged MWNT prepared by acid oxida-

tion (i.e., MWNT–COOH) [  308  ]  to form hybrid carbon fi lms 

( Figure    20  A). As can be seen in Figure  20 A, the self-assembly 

process has successfully led to the fabrication of a reasonably 

uniform fi lm with well-interconnected carbon-based hybrid 

materials. Thereafter, the substrate-supported self-assembled 

hybrid fi lm was heated at 150  ° C for 12 h in a vacuum oven, 

resulting in the formation of amide bonds between the PEI-

modifi ed graphene and carboxylic acids on the acid-oxidized 

MWNT surface. [  309  ]  The SEM images of the [PEI–GN/

MWNT–COOH] 9  multilayer fi lms after the 9th deposition 

cycle in Figure  20 Ad,e reveal a relatively dense and uniform 

network carbon nanostructure with well-defi ned nanoscale 

pores. It is anticipated that an extended conjugated network 

can be formed with nanotubes bridging between graphene 

sheets. Since both graphene and CNTs could have intrinsi-

cally high electrical conductivity and large surface area, the 

resultant network structures with well-defi ned porous could 
www.small-journal.com © 2012 Wiley-VCH V
serve as fast electronic and ionic conducting channels, pro-

viding ideal electrodes for energy storage devices, particu-

larly supercapacitors.   

Figure  20 B shows cyclic voltammograms (CVs) of the 

heat-treated [PEI–GN/MWNT–COOH] 9  fi lms on ITO glasses 

in 1.0  m  H 2 SO 4  solution at room temperature as a function of 

the bilayer number (Figure  20 B). [  302  ]  The coated ITO glass 

was used as the working electrode, an Ag/AgCl (3  m  KCl 

fi lled) electrode as the reference electrode, and a platinum 

wire as the counter electrode. CV studies were performed 

within the potential range of  − 0.4 to 0.6 V at scan rates of 

0.01–1 V s  − 1 . The measured voltammetry curves show a quite 

rectangular shape, attractive for capacitor applications. An 

average capacitance (120 F g  − 1 ) was obtained, which is con-

siderably higher than those of vertically-aligned, [  287  ]  and 

nonaligned CNT electrodes. [  271  ,  310  ]  It should be noted that 

the CVs are still rectangular in shape even at exceedingly 

high scan rates of  ≈ 0.8 and 1 V s  − 1 , indicating rapid charging 

and discharging with a low equivalent series resistance of the 

electrodes. [  311  ]  These results indicate the exciting potential 

for the use of this new class of hybrid carbon fi lms in high 

performance supercapacitors. 

 On the other hand, recent theoretical studies [  312–315  ]  have 

indicated that 3D pillared architectures, consisting of parallel 

graphene layers supported by VA–CNTs in between, possess 

desirable out-of-plane transport and mechanical properties 

while maintaining the excellent properties of their building 

blocks. Of particular interest, computer modeling has pre-

dicted that such a 3D pillared VA–CNT–graphene structure 

can be used for effi cient hydrogen storage after being doped 
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     Figure  21 .     A) Schematic picture of a 3D pillared VA–CNT–graphene 
nanostructure. B) A typical SEM image of the 3D pillared VA–CNT–
graphene architectures prepared by intercalated growth of VA–MWNTs 
into the thermally expanded HOPG. Reproduced with permission. [  316  ]  
Copyright 2011, American Chemical Society.  
with lithium cations. [  313  ]  Computer modeling studies carried 

out by Varshney and co-workers [  312  ]  indicate that thermal 

transport properties of the 3D pillared VA–CNT–graphene 

structure is governed by the minimum interpillar distance 

(MIPD) and the CNT pillar length (PL) ( Figure    21  A).  

 These inherently nanoporous 3D pillared VA–CNT–

graphene architectures with large surface areas should 

allow for tunable thermal, mechanical, and electrical prop-

erties useful in many potential applications, including 

advanced supercapacitors. In this context, Du et al. [  316  ]  have 

developed a rational strategy for creating the 3D pillared 

VA–CNT–graphene architectures by intercalated growth of 

VA–CNTs into thermally expanded highly ordered pyrolytic 

graphite (HOPG) (Figure  21 B). By controlling the fabrica-

tion process, the length of the VA–CNT pillars can be tuned. 

In conjunction with electrodeposition of nickel hydroxide 

to introduce the pseudo-capacitance, these 3D pillared VA–

CNT–graphene architectures with a controllable nanotube 

length were demonstrated to show a high specifi c capacitance 

and remarkable rate capability, signifi cantly outperformed 

many electrode materials currently used in the state-of-the-

art supercapacitors. 

 In addition, CNTs have also been employed to fabricate 

composite electrodes with activated carbons, conjugated pol-

ymers, or metal oxides, to improve the performances (espe-

cially energy density) for CNT supercapacitors. Comparing to 

activated carbons, CNTs have a relatively lower specifi c sur-

face area but with excellent conductive, charge transport, and 

electrolyte-accessible properties. It is then desirable to com-

bine activated carbons with CNTs to fabricate composites 

having the combined advantages from these two components. 

In this context, Portet et al. [  317  ]  have blended activated car-

bons, double-walled CNTs (DWNTs), and a polymer binder 

to synthesize CNT/activated carbon composites. Improved 

capacitive behavior (lower ESR, lower capacitance loss at 

high frequencies, and faster charge/discharge process) has 

been demonstrated for supercapacitors fabricated from these 

composite electrodes over those from conventional activated 

carbon electrodes. In a separate study, Liu et al. [  318  ]  mixed 

SWNTs with a polyacrylonitrile (PAN) dimethylformamide 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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solution to synthesize a SWNT/PAN composite fi lm, followed 

by CO 2  activation to convert this fi lm into a SWNT/activated 

carbon composite electrode. Capacitance of the composite 

electrode was found to be signifi cantly higher than that of a 

pure SWNT buckypaper electrode, which has been confi rmed 

to be due to the higher specifi c surface area of the composite 

electrode. This led to the signifi cantly improved power and 

energy densities for the SWNT/activated carbon composite 

electrode over those of the SWNT buckypaper electrode. 

 An appropriate balance between the surface area and 

the mesoporosity is believed to be the key to ensure the high 

performance of the composite electrodes. In this regard, Lu 

et al. [  319  ]  adopted and modifi ed a conventional slurry pro-

cedure to combine high-surface-area activated carbons, 

commercially available CNTs, and ionic liquids to fabricate 

AC/CNT/IL nanocomposite electrodes. Unlike the aggrega-

tion of carbon black particles usually observed in a conven-

tional activated carbon electrode, CNTs in the nanocomposite 

are well-distributed, providing a uniform conductive network 

for the electrode. Also, the combination of CNTs and acti-

vated carbons provided a good balance between the mesopo-

rosity and the surface area, and hence an enhanced capacitive 

behavior for the composite electrode. Furthermore, introduc-

tion of ionic liquids in the nanocomposite helped unbundle 

the nanotube bundles (due to the reduced van der Waals 

forces between CNTs [  320,321  ]  and hence further enhanced the 

distribution of CNT conductive network for the composite. 

Consequently, in an ionic liquid electrolyte, the AC/CNT/

IL nanocmposite electrode showed a signifi cantly improved 

capacitance (188 F g  − 1 ) over a conventional activated 

carbon electrode (90 F g  − 1 ) and a pure CNT paper electrode 

(20 F g  − 1 ). [  322  ]  Based on these nanocomposite electrodes and an 

ionic liquid electrolyte, these authors have further developed 

prototype supercapacitors with a high cell voltage (4 V) as 

well as superior energy and power densities (50 Wh kg  − 1  and 

22 kW kg  − 1  (in terms of the mass of the active electrode mate-

rial), respectively. Combining the high capacitive behavior of 

this nanocomposite electrode with the large electrochemical 

window of an ionic liquid electrolyte, therefore, the resultant 

supercapacitors [  319  ,  322  ]  showed the potential to signifi cantly 

outperform the current supercapacitor technology. [  274  ]  Thus, 

these studies provide a new approach in fabricating advanced 

supercapacitors with a high performance, inherently safe 

operation, and long lifetime. [  319  ,  322  ]  

 Faradaic reactions within the bulk of the materials, such 

as conjugated polymers and transition metal oxides, pro-

vide additional charge storage (i.e., pseudocapacitance). [  267  ]  

Recently, there is a research trend in combining the high 

energy-storage capability of the redox materials with the 

high-power-delivery capability of CNTs to fabricate com-

posites with improved capacitance and rate capability. Con-

jugated polymers possess the advantages of low cost, light 

weight, and good processability over transition metal oxides, 

and high energy-storage capability over high-surface-area 

activated carbons. Therefore, conjugated polymers have been 

combined with CNTs to fabricate nanocomposites electrodes 

with improved capacitance and rate capability. CNT/poly mer 

nanocomposites can be readily electrodeposited from 

a monomer-containing solution onto a CNT electrode or 
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from a CNT/monomer-containing solution onto a traditional 

conductive substrate. For instance, Jurewicz et al. [  323  ]  have 

electrochemically coated polypyrrole onto a MWNT bucky-

paper and demonstrated substantially increased capacitance 

for the resultant CNT/polypyrrole composites over the pris-

tine MWNT electrode (163 F g  − 1  vs. 50 F g  − 1 ). Gao et al. [  324  ]  

and Hughes et al. [  325  ]  have potentiostatically grown polypyr-

role onto aligned MWNTs to fabricate the nanocomposites. 

In both cases, the resulting polypyrrole layer was uniformly 

coated on the aligned nanotubes. The MWNT/polypyrrole 

composite showed a much larger capacitance (2.55 F cm  − 2  vs. 

0.62 F cm  − 2 ) and higher knee frequency than a pure polypyr-

role fi lm electrode. Hughes et al. [  326  ]  have electrochemically 

polymerized pyrrole monomer in a suspension of acid-oxi-

dized MWNTs. The negatively charged MWNTs acted both as 

a supporting electrolyte and as a dopant during the polymeri-

zation and deposition of polypyrrole on a graphite electrode. 

The resultant nanoporous 3D polypyrrole-coated MWNTs 

facilitated the electron and ion transfer relative to pure 

polypyrrole fi lms, leading to a higher capacitance (192 F g  − 1  

or 1.0 F cm  − 2 ) and a higher knee frequency for the com-

posites electrode. The CNT/polymer nanocomposites could 

also be prepared through a chemical oxidative polymeriza-

tion. For instance, Frackowiak et al. [  271  ]  deposited polypyr-

role on MWNTs using (NH 4 ) 2 S 2 O 8  as oxidant and achieved 

a higher capacitance (170 F g  − 1 ) for the resultant polypyr-

role/MWNT composites over pure nanotubes (ca. 80 F g  − 1 ) 

or pure polypyrrole (ca. 90 F g  − 1 ). An et al. [  327  ]  used FeCl 3  

as oxidant to polymerize polypyrrole on SWNTs. Due to the 

uniform polypyrrole coating on the porous and conductive 

support of SWNTs, the SWNT/polypyrrole nanocomposite 

electrode showed a much higher capacitance (265 F g  − 1 ) than 

either pure polypyrrole or pure SWNT electrodes. 

 Noble metal oxides, such as RuO 2  and IrO 2 , have been 

identifi ed as the promising electrode materials for superca-

pacitors due to their remarkable specifi c capacitance, good 

electrical conductivity, and high chemical stability. [  272  ]  How-

ever, the high cost and scarce source of these materials retard 

their commercial acceptance. Recent researches have been 

focused on cheap transition metal oxides. [  328  ]  Among them, 

vanadium oxide (V 2 O 5 ) and manganese oxide (MnO 2 ) are 

two important examples. Capacitive performance was dem-

onstrated to be signifi cantly improved by combining these 

metal oxides with CNTs as electrodes for supercapacitors. 

V 2 O 5  has the advantages of non-toxicity, low cost, and high 

theoretical capacity (590 mAh g  − 1 ), [  329  ]  but its disadvantages 

include the low electronic conductivity (10  − 6 –10  − 7  S cm  − 1 ) [  330  ]  

and slow Li  +   diffusion within the host matrix (diffusion 

coeffi cient:  ≈ 10  − 13  cm 2  s  − 1 ). [  331  ]  One effective approach 

to addressing these issues is to combine V 2 O 5  with CNTs to 

fabricate nanocomposites electrodes with a high-capacity 

and high-rate capability, which has been utilized for super-

capacitor and Li-ion battery (vide infra) applications. In par-

ticular, Kim et al. [  332  ]  have electrochemically deposited V 2 O 5  

thin fi lm onto a preformed CNT fi lm substrate to prepare 

the V 2 O 5 /CNT composite electrodes. With a thin V 2 O 5  fi lm 

coating ( ≈ 6 nm), the V 2 O 5 /CNT electrode showed a very high 

capacity of 680 mAh g  − 1  (based on the mass of V 2 O 5 ) at a 

current density of 5 A g  − 1 , and retained 67% of this capacity 
6 www.small-journal.com © 2012 Wiley-VCH V
even at a current density of as high as 100 A g  − 1 . The porous 

and electrolyte accessible structures of V 2 O 5  on a CNT sub-

strate, in contrast to the compact structures of a dense V 2 O 5  

fi lm on a conventional Pt electrode, are responsible for these 

improvements. MnO 2  is also a nontoxic, low-cost, and high-

capacity (theoretical: 616 mAh g  − 1 ) metal oxide. In order to 

improve its electrochemical utilization, capacity, and rate 

capability for energy storage applications, MnO 2  has also 

been combined with CNTs to fabricate nanocomposites. 

Different approaches (e.g., electrochemical deposition, [  333  ]  

thermal deposition, [  334  ]  and direct redox reaction deposi-

tion, [  335  ] ) have been investigated to synthesize the compos-

ites. For example, the resultant MnO 2  can be in-situ coated 

on the CNTs through the direct redox reaction between the 

CNTs and permanganate ions (MnO 4  
 −  ). Using this method, 

Ma et al. [  335  ]  have deposited birnessite-type MnO 2  on CNTs. 

The resultant MnO 2 /CNT nanocomposite showed a large 

capacitance of 250 F g  − 1  even at a large current density of 

1 A g  − 1 , indicating the excellent electrochemical utilization of 

the MnO 2  on the highly conductive and porous CNT support.    

 4.2. Lithium-Ion Batteries 

 Since their fi rst commercialization by Sony Corporation in 

1991, [  336  ]  lithium-ion (Li-ion) batteries have become the pre-

mier rechargeable battery. [  337  ]  Li-ion batteries offer signifi cant 

benefi ts over conventional rechargeable batteries, including 

the reduced weight and higher energy storage capability. 

They have been displacing Nickel Metal Hydride (NiMH) 

batteries in the consumer electronics market and have begun 

to displace NiMH or Nickel–Cadmium (NiCd) batteries in 

the power tool market. In recent years, Li-ion batteries are 

actively being developed for advanced transportation tech-

nologies (e.g., electric vehicles, hybrid electric vehicles, and 

plug-in hybrids). [  338  ]  To satisfy the rapidly increasing perform-

ance demanded for these applications, however, the currently 

available Li-ion batteries need to be improved. 

 A Li-ion battery consists of three essential components, 

namely the Li  +   intercalation anode and cathode as well 

as the electrolyte, in which Li  +   ion move from the cathode 

to the anode during charging, and back when discharging 

( Figure    22  ). [  339  ]  Properties of the electrodes play an impor-

tant role in determining not only the energy and power den-

sities but also the safety and cycle life of the batteries.   

 4.2.1. Lithium-Ion Batteries with Graphite Electrodes 

 Graphite has been the preferred anode material for Li-ion 

batteries due to its relatively high capacity, good cyclability, 

and low redox potential versus lithium metal. Intercalation/

deintercalation of Li  +   in and out of the graphite upon charge/

discharge forms the basis of graphite as the anode of the bat-

tery (Figure  22 ). The thermodynamic equilibrium saturation 

concentration of the graphite is LiC 6 , corresponding to a the-

oretical capacity of 372 mAh g  − 1 . To achieve higher energy 

density for advanced Li-ion batteries, new anode materials 

with higher capacity is needed. In addition, the graphite 

anode limits the recharge rates of Li-ion batteries. At rates 
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     Figure  22 .     Schematic representation of the working principle a Li-ion 
battery.  
higher than 1C, metallic lithium can be plated on the graphite 

causing a safety hazard. New anode materials that can be 

charged/discharged at higher rates are needed to solve this 

problem. [  340  ]  Besides, an optimal anode material for advanced 

Li-ion batteries should have a higher reversible capacity and 

higher charge/discharge rate than graphite. [  285  ]  

 Transition metal oxides are commonly used cathode 

materials for Li-ion batteries. [  341  ]  Having a redox potential 

of about 4 V (vs. Li/Li  +  ), these oxides are usually referred 

as 4 V cathode materials. Among them, lithium cobalt oxide 

(LiCoO 2 ) has been the most frequently used cathode mate-

rial in commercial Li-ion batteries. [  342  ]  However, cobalt-

based materials are toxic and expensive. They are sensitive 

to temperature and present a potential fi re hazard. Also, only 

50% of the theoretical capacity of LiCoO 2  could be practi-

cally achieved (i.e., 140 mAh g  − 1  vs. 274 mAh g  − 1 ). Research 

on nontoxic and low-cost cathode materials (e.g., manganese-, 

iron-, or vanadium-based) represents a trend in developing 

safe Li-ion batteries. Furthermore, to improve energy storage 

and delivery capabilities for advanced Li-ion batteries, new 

cathode materials having a higher specifi c capacity and higher 

rate capability are required.   

 4.2.2. Lithium-Ion Batteries with Carbon Nanotube Electrodes 

 Having a large specifi c-surface-area and facilitated ion dif-

fusion, nanostructured electrode materials have been exten-

sively studied for Li-ion batteries. [  331  ,  343,344  ]  Owning to their 

novel properties of high electrical conductivity, high charge 

transport capability, high specifi c surface area, high mes-

oporosity, and high electrolyte accessibility, CNTs are also 

attractive materials for Li-ion batteries. [  285  ,  345  ]  For anode 

applications, CNTs have been studied as host materials and 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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as conductive additives. CNTs are attractive host anode 

materials for Li  +   intercalation. There have been several 

reports on successful intercalation of Li  +   into both SWNTs 

and MWNTs. [  345–348  ]  

 It has been assumed that a large amount of Li  +   can be 

stored in the central core, the interlayer space (for MWNTs), 

or the empty space between the nanotubes when they are 

assembled in bundles. [  349  ]  Reversible Li  +   intercalation capaci-

ties of as high as 400 mAh g  − 1  for MWNTs [  350  ]  and 500 mAh 

g  − 1  for SWNTs [  349  ]  have been reported. Higher capacities of 

CNTs than that of graphite (372 mAh g  − 1 ) is believed to be 

due to the higher specifi c surface areas of CNTs. The capacity 

of CNTs can be further increased by opening or cutting the 

CNTs. Shimoda et al. [  351  ]  reported a reversible capacity of 

about 700 mAh g  − 1  for SWNTs that were etched by strong 

acids to open the tubes and reduce their length, while Gao 

et al. [  347  ]  achieved a reversible capacity of 1000 mAh g  − 1  for 

their SWNTs treated by ball milling. High rate characteris-

tics have also been demonstrated for CNT electrodes. For 

example, 60% of the full capacity could be retained when 

the charge/discharge rate was increased from 50 mA g  − 1  to 

500 mA g  − 1 .   

 4.2.3. Lithium-Ion Batteries with Vertically Aligned Carbon 
Nanotube Electrodes 

 However, CNT anodes suffer from two major problems. One 

of them is the irreversible capacity associated with the for-

mation of a passivating layer, the so-called solid electrolyte 

interphase (SEI) at the carbon surface, which is similar to the 

situation at a conventional graphite anode. [  352  ]  The other is 

the undesirable voltage hysteresis between charge and dis-

charge that is mainly related to the kinetics of the Li  +   interca-

lation/deintercalation reactions at the CNT anode. Attempts 

have been made to try to solve these problems, for example, 

by cutting the nanotubes to short segments to improve the 

charge transfer capability of the electrode. [  353  ]  With their 

improved properties mentioned earlier, VA–CNTs are 

attracting more and more attention as the new anode mate-

rials for Li-ion batteries. [  354  ]  

 Although CNTs and other negative electrode nanomate-

rials have been shown to exhibit similar or greater capacities 

compared to the graphite in commercial lithium-ion batteries 

(maximum theoretical capacity of 372 mAh g  − 1 ), they do 

not improve graphite's moderate rate capability. [  355  ]  Recent 

studies suggested that aligned CNTs could allow for better 

contact with the current collector and increased ion diffusity 

to signifi cantly improve bulk electron transport properties, 

thereby allowing for improved rate capabilities. [  287,288  ,  292  ,  356  ]  

Recently, Chen et al. [  357  ]  Pushparaj et al. [  358  ]  and Masarapu 

et al. [  359  ]  have incorporated aligned CNTs into lithium-ion 

battery electrodes. However, relatively low capacities were 

obtained at low discharge rates due possibly to poor electron 

transport resulting from a poor contact between the CNTs 

and their current collectors. In this context, Welna et al. [  69  ]  

investigated the electrochemical properties of VA–MWNTs 

produced by pyrolysis of FePc for lithium-ion battery nega-

tive electrodes. The VA–MWNTs are supported at their base 

by a thin nickel metal fi lm, which acts as a support to the 
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     Figure  23 .     A) SEM images of a VA–MWNT (a,b) and an nonaligned MWNT (c,d) electrode. TEM images of a VA–MWNT electrode, showing the loose 
graphene layers (e) and the graphene nanotube edges (f) within the internal nanotube structure. The distance between the graphene nanotube 
layers is 0.335 nm. B) Specifi c capacity as a function of cycle for VA–MWNT and nonaligned MWNT electrodes at similar discharge rates (a). Voltage 
profi le of cycles 2–34 for VA–MWNT (b) and nonaligned MWNT (c) electrodes. Reproduced with permission. [  69  ]  Copyright 2010, Elsevier.  
nanotubes, helping to maintain their alignment ( Figure    23  A). 

The nickel fi lm also acts as an excellent current collector due 

to the intimate contact with the VA–MWNTs. It was found 

that the alignment of the MWNTs in the direction of ion dif-

fusion in a battery cell signifi cantly increased the accessibility 

of the electrode interior to the electrolyte. The lithium-ion 

storage capacity and rate capability of the aligned nano-

tubes were shown to be signifi cantly improved compared to 

graphite and their non-aligned counterparts. These authors 

reported a substantially greater rate capability than any 

value previously reported for CNT electrodes, [  346  ,  358  ,  360–365  ]  

as exemplifi ed by Figure  23 B. The specifi c capacities of both 

the VA–MWNTs and the unaligned MWNTs as a function 

of cycle number are shown in Figure  23 Ba, while the voltage 

profi les for these cycles are shown in Figure  23 Bb,c. After the 
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irreversible capacity loss of the fi rst cycle ( Q  irr ), the revers-

ible capacity ( Q  rev ) of the VA–MWNTs decreased from 

980 mAh g  − 1  to a minimum near the tenth cycle, after which 

it increased slightly and stabilized near 750 mAh g  − 1 . On the 

other hand,  Q  rev  for the unaligned MWNTs continuously 

decreased from158 to 58 mAh g  − 1  by cyclying 35 times. The 

alignment of the nanotubes in the direction of ion diffusion 

could allow lithium-ions to more readily access the open nan-

otube ends and signifi cantly increased the  Q  rev  of the VA–

MWNTs compared to the nonaligned MWNTs.  

 The TEM images in Figure  23 Ae,f show that the internal 

core of the nanotubes contains irregular structural features, 

such as loose graphene layers (circles) and graphene nano-

tube edges (oval). These structural features can signifi cantly 

increase the effective surface area of the nanotubes and 
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provide more defect sites at which lithium-ions could be 

adsorbed to the surfaces of loosely bound graphene layers 

or to hydrogen-containing edge carbon sites. [  347  ,  366,367  ]  In 

addition, the intimate contact between each of the vertically 

aligned nanotubes and the nickel metal current collector pro-

vides a low resistance pathway, allowing for effective connec-

tivity throughout the electrode. The large specifi c capacity of 

the aligned CNTs and their ability to maintain moderate spe-

cifi c capacities at very high discharge rates make them attrac-

tive for high power lithium-ion batteries.    

 4.2.4. Lithium-Ion Batteries with Carbon Nanotube and/or 
Graphene Hybrid Electrodes 

 CNTs have also been demonstrated to be excellent conduc-

tive additives for Li-ion batteries. With their unique prop-

erties as described above, addition of CNTs in the graphite 

anode can effi ciently improve rate capability, cyclability, and 

safety of the resulting graphite/CNT composite electrodes. 

For example, the cyclic effi ciency of a graphite anode was 

maintained at almost 100% up to 50 cycles by adding 10 wt% 

of MWNTs. [  368  ]  Indeed, CNTs have been used as anode addi-

tives in commercial Li-ion batteries. More than 50% of cell 

phones and notebooks are already using batteries that con-

tain CNTs. 

 CNTs have also been explored as conductive additives for 

cathode applications, including in a large range of materials 

(e.g., LiCoO 2 , 
[  369  ]  LiFePO 4 , 

[  370  ]  MnO 2 , 
[  371  ]  V 2 O 5 . 

[  372,373  ] ). For 

example, introducing SWNTs as conductive additives into 

the V 2 O 5  aerogels, [  372  ]  the resulting V 2 O 5 /SWNT nanocom-

posite showed a high capacity with a high capacity retention. 

Moreover, CNTs have also been combined with acetylene 

blacks, the conductive additives of conventional Li-ion bat-

tery technology, to improve the performance for Li-ion bat-

tery cathode materials. [  374  ]  

 V 2 O 5  has been investigated as a potential cathode material 

to replace LiCoO 2  for rechargeable Li-ion batteries due to its 

ability to insert large amounts of lithium. [  375,376  ]  V 2 O 5  has a 

reversible Li  +   intercalation/deintercalation with the moles of 

Li  +   intercalated into per mole of V 2 O 5  up to four, [  329  ]  corre-

sponding to a very high theoretical capacity of 590 mAh g  − 1 . 

As mentioned earlier, however, the major disadvantages 

of V 2 O 5  are its intrinsically low electronic conductivity 

(10  − 6 –10  − 7  S cm  − 1 ) [  329  ]  and slow diffusion of Li  +   within the host 

matrix (diffusion coeffi cient:  ≈ 10  − 13  cm 2  s  − 1 ). [  331  ]  One effec-

tive approach to addressing these issues is to utilize V 2 O 5  as a 

thin fi lm to improve its electrochemical utilization capability, 

and thus the enhanced capacity and rate capability for V 2 O 5 . 

Indeed, a capacity of up to 408 mAh g  − 1  has been achieved 

for V 2 O 5  thin fi lms produced by CVD method. [  377  ]  Indeed, 

V 2 O 5  thin fi lms have been preferred as cathode for miniatur-

ized high energy/power density batteries to power microsys-

tems, such as microsensors, smart cards, implantable medical 

devices, and intelligent labels. [  378  ]  For large size applications 

(e.g., cell phones, laptops, and even transportation technolo-

gies), capacity of these thin fi lm batteries need to be further 

improved, indicating the need for a large loading of V 2 O 5  on 

the cathode. However, the loading (or thickness) of V 2 O 5  on 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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a planar substrate electrode is limited by its intrinsically low 

electronic conductivity [  330  ]  and slow Li  +   diffusion. [  331  ]  

 To exploit the high conductivity of the SWNTs for having 

them to provide electronic conduction without blocking 

electrolyte access to the V 2 O 5  active material, Sakamoto 

and Dunn [  372  ]  introduced SWNTs, having a similar morpho-

logical character and dimensional scale as the V 2 O 5  ribbons, 

as conductive additives into the V 2 O 5  aerogels to develop 

V 2 O 5 /SWNT nanocomposite cathodes. The resultant V 2 O 5 /

SWNT composite possesses a high pore volume that ensures 

electrolyte access throughout the electrode, while multiple 

point contact was established between the two phases at the 

nanometer level along the V 2 O 5  ribbons. This nanocomposite 

electrode showed a high specifi c capacity of 452 mAh g  − 1  and 

retained up to 65% of this capacity when the discharge rate 

is increased from 112 (0.2C) to 2800 mA g  − 1  (5C). Electroni-

cally conducting network developed from the SWNTs within 

the V 2 O 5 /SWNT nanocomposite is believed to be responsible 

for the observed high performance. 

 Achieving both high energy and high power densi-

ties for a same energy storage device has attracted con-

siderable attention in energy storage community. [  379,380  ]  

Supercapacitors have a higher power density but a lower 

energy density than a battery. It is then desirable to com-

bine the high-capacity-capability of batteries with the high-

rate-capability of supercapacitors to obtain a high-energy 

and high-power energy storage device. Along with the use of 

VA–CNTs and metal-oxide hybrid electrodes in supercapac-

itors (Section 4.1.4), VA–CNTs have also been used in Li-ion 

batteries either directly as electrode materials (Li  +   intercala-

tion anode), [  69  ,  354  ]  or as conductive substrates for the deposi-

tion of electroactive materials (e.g., conducting polymers [  326  ]  

and metal oxides [  290  ] ) to develop high-capacity and high-rate 

electrode materials. [  380  ]  Therefore, a variety of materials (e.g., 

conjugated polymers, [  326  ]  manganese oxide, [  290  ]  and vanadium 

oxide) [  381  ]  have been deposited onto VA–CNTs for cathode 

applications.  Figure    24   illustrates the obvious advantages of 

VA–CNTs, in contrast to traditional activated carbons, for 

this application.  

 Using VA–CNTs sheathed with and without a coaxial 

layer of vanadium oxide (V 2 O 5 ) as both cathode and anode, 

respectively, in conjugation with environmentally friendly 

ionic liquid electrolytes, Lu et al. [  382  ]  have recently developed 

high-performance Li-ion batteries with signifi cantly improved 

energy density, power density, safety, and lifetime attractive 

for various applications. Figure  24 A schematically shows that 

the VA–CNTs sheathed with and without a coaxial layer of 

vanadium oxide (V 2 O 5 ) were used as the cathode and anode, 

respectively, in a Li-ion battery. 

 It was found that the VA–CNT anode and the V 2 O 5 –

VA–CNT composite cathode showed a high capacity (600 

and 368 mAh g  − 1 , respectively) with a high rate capability 

in the ionic liquid electrolyte (i.e. ,   N -Ethyl- N , N -dimethyl-2-

methoxyethylammonium bis(trifl uormethylsulfonyl)imide, 

[EDMMEA][TFSI]), and that the resultant battery test cells 

showed an excellent energy density (297 Wh kg  − 1 ) and power 

density (12 kW kg  − 1 ) (estimated from active-material-based 

performances) to signifi cantly outperform the current state-

of-the-art Li-ion battery technology (i.e., energy density: 
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     Figure  24 .     A) a) Growth of VA–CNTs on a conductive substrate (as current collector). b) Direct use of VA–CNTs as the anode. c) Deposition of V 2 O 5  on 
VA–CNTs to synthesize V 2 O 5 –VA–CNT composite cathode. d) Assembly of the VA–CNT anode, the V 2 O 5 –VA–CNT cathode, a membrane separator, 
and an ionic liquid electrolyte to fabricate the battery. High capacity and high rate capability of the VA–CNT anode and the V 2 O 5 –VA–CNT cathode 
ensure a high energy density and a high power density, while superior safety-related properties of ionic liquid electrolytes ensure high safety and 
long lifetime for the battery thus prepared. B) a) Discharge curves of a VA–CNT/V 2 O 5 –VA–CNT battery recorded at the rates increasing from 0.25C 
to 2C as indicated by the arrow. The capacity is defi ned by the total active-material-mass of the anode and the cathode. Cut-off voltage: 1.2–3.7 V. 
b) Ragone plot of the VA–CNT/V 2 O 5 –VA–CNT battery. Performance of the battery is defi ned by the total active-material-mass of the VA–CNT anode 
and the V 2 O 5 –VA–CNT cathode. [  382  ]   
 ≈ 100–250 Wh kg  − 1  and power density:  ≈ 0.3–1.5 kW kg  − 1 , 

Figure  24 B) .  Furthermore, the use of ionic liquid electrolytes 

with superior safety-related properties ensured a high safety 

and long lifetime for the newly-developed batteries based 

on the VA–CNT electrodes and ionic liquid electrolytes. By 

so doing, the multiple drawbacks (e.g. ,  the energy storage, 

power delivery, safety, and lifetime) associated with the cur-

rent Li-ion batteries were addressed and solved simultane-

ously in a single battery system, opening up a new approach 

in developing high-performance Li-ion batteries. However, 

further research is still needed to investigate the scaling-up 

feasibility and the electrolyte compatibility of these new elec-

trode materials in order to fabricate high-energy and high-

power energy storage devices with a high safety and long 

lifetime. 

 Graphene, as a 2D carbon-based material, has been con-

sidered as promising electrode materials for Li-ion batteries 

due to its high electrical conductivity, large surface area and 

a good electrochemical stability. [  76  ,  383–385  ]  However, the spe-

cifi c capacity of graphene is relatively low because every six 

carbon atoms can hold only one lithium ion. [  386  ]  To overcome 

this major drawback, many other methods such as the forma-

tion of hybrid materials with metal oxide, [  387–389  ]  incorpora-

tion of chemical dopants, [  390  ]  and controlling the formation 

of layered structures, [  77  ]  have been developed. By the for-

mation of hybrid materials with metal oxide and graphene, 

the reversible cycling performance is greatly enhanced in 

comparison with that of the bare metal oxide electrode. For 

examples, Paek et al. [  391  ]  has prepared graphene nanosheets 
www.small-journal.com © 2012 Wiley-VCH V
decorated with SnO 2  nanoparticles. The SnO 2 /graphene elec-

trode exhibited a reversible capacity of 810 mAh g  − 1  and 

good reversible cycling performance. 

 The main purpose of developing composites with graphene 

and metal oxide for anode materials is to utilize both advan-

tages of graphene and metal oxide. Metal oxide anode has a 

main drawback, a huge volume changes during charge/dis-

charge process resulting in the cracking of electrode and poor 

reversibility, although it can possess larger lithium ion storage 

capacities. [  392  ]  In composites, graphene can act as not only a 

mechanical support layer to relieve the cracking but also a 

good conductive layer for electron and ion. [  393  ]  

 In addition to the formation of composite materials 

with metal oxide, the modifi cation of carbon nanomaterials 

(e.g., graphene) with chemical dopants such as boron, [  394  ]  

phosphorous, [  395  ]  and nitrogen, [  396  ]  has been investigated to 

improve the specifi c capacity of carbon materials. Recently, 

Leela et al. [  390  ]  reported that the N-doped graphene made by 

CVD method showed almost the double reversible discharge 

capacitance compared with that of pristine graphene. The 

large number of surface defects by N-doping and the intro-

duction of pyridinic N atom [  397  ]  are supposed to be the main 

reason for this enhancement.    

 5. Concluding Remarks 

 The world energy consumption, along with CO 2  emission, has 

been increasing exponentially over the past 50 years or so. 
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As we become more aware of “greenhouse gases” and their 

detrimental effects on our planet, it has become more impor-

tant than ever to develop clean and renewable energy sys-

tems (e.g., solar cells, fuel cells) and advanced energy storage 

devices (e.g., supercapacitors, batteries). Nanotechnology has 

opened up new frontiers in materials science and engineering 

to meet this challenge by offering unique enabling tech-

nology to create new materials/systems for energy generation 

and storage. Since the discovery of fullerene C 60  in 1985, var-

ious novel carbon nanomaterials and technologies have been 

developed that are deemed transformative to the future of 

energy. While carbon nanomaterials have been demonstrated 

to be useful for many general applications, they are particu-

larly attractive for advanced energy conversion and storage. 

 Just like C 60  has been widely used as an electron acceptor 

in polymer solar cells, controlled growth and functionalization 

of CNTs have opened up new frontiers for energy-relevant 

research. Carbon nanotubes, stood vertically from an elec-

trode, can be packed together very tightly, like stalks of corn 

in a cornfi eld. The exposed “tops” of these cylindrical nano-

tubes provide as much available surface area as traditional 

and nonaligned nanotubes (more overlapping and spaghetti-

like). Separation between these tubes allows for even more 

surface space, including the unobstructed cylinders “sides”. In 

a solar cell, this novel arrangement can increase surface area 

as much as a thousand fold. Greater solar absorption and 

charge collection can arise from this increase in surface area 

and unique alignment, leading to signifi cant improvements in 

effi ciency and power. Advanced polymer and dye-sensitized 

solar cells can be created by coating individual nanotubes 

within a vertically aligned array with a photosensitive dye and 

titanium dioxide layer. Although CNTs and graphene with 

a higher electron mobility and lower percolation threshold 

have been studied as an alternative to fullerenes or charge-

transport materials for polymer solar cells, the use of CNTs/

graphene in organic solar cells is still in their initial research 

stage. Continued research efforts in this embryonic fi eld could 

give birth to a fl ourishing area of photovoltaic technologies. 

 In addition to solar cells, nanotechnology has also made 

big impact on other energy conversion systems as exempli-

fi ed by the recent work on nanotube/graphene-based fuel 

cells. Instead of burning fuel to create heat, fuel cells convert 

chemical energy directly into electricity, making them one 

of the most effi cient and environmentally benign technolo-

gies to meet the demand for alternative energy sources. Fuel 

cells require a catalyst for the oxygen reduction reaction, 

the process that breaks the bonds of the oxygen molecules. 

Due to its effi ciency in catalyzing this process, platinum is 

considered the state-of-the-art fuel cell catalyst. However, 

its properties degrade over time and it is expensive: a bar-

rier to larger-scale production of fuel cells for commercial 

applications. Lowering precious-metal loading, enhancing 

catalyst activity, and prolonging catalyst durability remain 

the major challenges for fuel cells. Nitrogen-doped CNTs 

and graphene have been demonstrated to be promising 

materials to overcome these challenges. Comparing to tra-

ditional carbon black support materials, CNTs and graphene 

have a higher surface area, higher mesoporosity, higher elec-

trical conductivity, stronger mechanical strength and higher 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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corrosion-resistance. These superb properties enable CNTs 

and graphene to be the catalyst support with an excellent 

activity and durability. Comparing to random CNTs, VA–

CNTs ensured a better dispersion of catalysts with increased 

triple-phase boundaries and enhanced charge transport capa-

bility, further enhancing the catalytic activity of the catalysts. 

Comparing to pristine CNTs and graphene, nitrogen-doped 

CNTs and nitrogen-doped graphene improved the dispersion 

and strengthened the binding of catalysts on the CNT surface, 

further enhancing the catalytic activity and durability for the 

catalysts. Along with the intensive research efforts to fi nd a 

replacement for platinum electrochemical catalysts, it has 

been further demonstrated that carbon nanomaterials (e.g., 

CNT, graphene, porous carbon), with and without N-doping, 

can act as effective metal-free ORR catalysts through the 

intramolecular and intermolecular charge-transfer, respec-

tively. In addition, these new catalysts have been shown to be 

more electrochemically robust and mechanically stable than 

the platinum-based electrodes. This catalytic technology is 

having a large impact on the fuel-cell fi eld and energy com-

munity, suggesting considerable room for cost-effective prep-

aration of effi cient metal-free catalysts for oxygen reduction 

in fuel cells, and even new catalytic materials for applications 

beyond fuel cells. 

 Improved energy density and power density have been 

in high demands for supercapacitors for a long time. High 

electrical conductivity, high charge transport capability, high 

mesoporosity, and high electrolyte accessibility are intrinsic 

properties of CNTs that make them attractive for superca-

pacitors. Having appropriately balanced surface area and 

mesoporosity, CNTs showed improved capacitance and rate 

capability over the conventional activated carbon electrodes. 

With the well-defi ned tube alignment, intertube spacing, and 

end-cap opening, VA–CNTs provide a more electrolyte-

accessible surface, and thus improved capacitive behavior 

with respect to their random counterparts. Higher power 

densities have been demonstrated for CNT-based superca-

pacitors over the current supercapacitor technology. In order 

to further improve the energy density for CNT supercapac-

itors, CNTs have been combined with high-surface-area acti-

vated carbons, graphene nanosheets, conjugated polymers, 

or transition metal oxides to develop high-capacitance com-

posite electrodes or with ionic liquid electrolytes to develop 

high-voltage capacitors. 

 On the other hand, carbon nanomaterials have also been 

explored for battery applications to decrease harmful emis-

sions and reduce reliance on petroleum sources. Li-ion bat-

teries represent the current state-of-the-art of rechargeable 

battery technologies. Nevertheless, the performances of the 

current Li-ion batteries still need to be improved. CNTs, 

graphene, and their derivatives have been studied as new elec-

trode materials or electrode additives to address these issues. 

While CNTs are developed as new host anode materials, 

they are also employed as conductive additives combining 

with conventional graphite anode to improve rate perform-

ance, safety, and cyclability for Li-ion batteries. CNTs are also 

excellent conductive additives for cathode materials. Further-

more, combining CNTs with high-capacity metal oxides, the 

resultant cathode composites possess both a high capacity 
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and a high rate capability. Expanding this concept, there is 

a research trend in combining the high-capacity capability 

of batteries with the high-rate capability of supercapacitors 

to develop advanced high-energy and high-power energy-

storage devices. With their unique properties, VA–CNTs have 

been demonstrated to be the ideal base materials to realize 

this novel hybrid energy storage technology. 

 As can be seen from the above discussions, the use of 
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is an exciting research topic. Vast opportunities remain for 
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with controlled structures (e.g., VA–CNTs, 3D pillared CNT-

graphene architectures) would speed up the applications of 

carbon nanomaterials for advanced energy conversion and 

storage. Further development in this exciting fi eld will surely 

revolutionize the way in which future energy systems are 

developed.  
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