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1. Introduction
The majority of the world energy consumption is derived

from fossil fuels. The conversion reactions required for
retrieving energy from carbon resources result in the produc-
tion of green house gases and subsequent global warming
effects. Furthermore, the United States (U.S.) consumption
of petroleum vastly exceeds its production, with the majority
of the petroleum being consumed in the transportation sector.
The severe environmental impacts of a petroleum-based
society coupled with increasing dependency on foreign fuels
dictates that alternative renewable energy resources be
developed and implemented. The U.S. Department of
Energy’s (DOE’s) Office of Energy Efficiency and Renew-
able Energy1,2 and the Office of Basic Energy Sciences3 are
currently promoting the need both to rely on solar energy
and also to implement efficient methods for electrical energy
storage. However, significant scientific advancement is still
required for the practical and safe deployment of both of
these technologies. A detailed discussion of the benefits of
transitioning to a solar-powered energy economy as well as
the technical hurdles faced for the development of electrical
energy storage systems, with a focus on vehicle technologies,
is provided here. Many next-generation photovoltaic (PV)
and electrical energy storage devices, such as Li-ion batteries
and electrochemical capacitors, will be advanced as a result
of new developments in nanotechnology. Carbon nanotubes
(CNTs) have been widely studied since their discovery in
1991.4 CNTs have highly unique electronic, mechanical,

catalytic, adsorption, and transport properties, making them
interesting for a variety of applications.5-13 This review
focuses on how both carbon multiwall nanotubes (MWNTs)
and single-wall nanotubes (SWNTs) may be employed to
improve upon state-of-the art photoconversion and electrical
energy storage technologies.

1.1. Energy Needs and Opportunities
In 2005 the entire world power consumption was ap-

proximately 13 terrawatts (TW), the equivalent of 87 billion
barrels of oil. Also the U.S. represented only 4.6% of the
world’s population yet annually consumed ∼25% of the
world’s energy resources and was therefore the largest single
energy consumer.14 Over 80% of the world energy utilized
is derived from fossil fuel resources.15 Figure 1 displays a* Corresponding author. E-mail: anne.dillon@nrel.gov.
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pie chart breakdown of the 2005 world energy consumption.
Note that 7% of the world energy use was derived from
nuclear power. Nuclear power is desirable as long as the
isotope uranium 235 (U235) is employed.16 However, a less
than twenty year supply of U235, which may be recovered at
a reasonable cost, is available. It will then be necessary to
employ breeder reactors. Unfortunately, the byproduct of this
reaction is the very hazardous element, plutonium, P239 (U238

f P239).16 (The generation of plutonium, of course, requires
a tremendous safety infrastructure and also dictates a need
for moral leadership.) Note also in Figure 1 that 10% of the
world energy consumption is derived from biomass. How-
ever, this is not nearly representative of what could be
accomplished.17 Finally, 2% of the energy consumption relies
on hydroelectric sources and a mere 1% of the energy
consumed is obtained from alternate renewable resources.
A blowup of this tiny 1% fraction shows that both solar

energy in the form of photovoltaics and wind power are
drastically underemployed (Figure 1). These, of course,
represent two renewable resources, of which there is an
essentially infinite supply. For example, in Figure 2 the land
area required to provide 100% of U.S. energy needs from
PV is depicted by green squares in the American map. The
inset in Figure 2 provides a color code showing the percent
of each state’s area that would be required to allow for the
U.S. to operate using only PV power. In the worst cases,
only 5-9% of the land area of any given state would be
required for the state to be PV-powered. Also, in most cases,
less than 1% of the state’s land area is needed.

However, because PV is an intermittent energy source, it
will also be necessary to implement electrical energy storage
technologies so that PV can provide electricity at a significant
scale. Analysis studies of the necessary electrical energy
storage technologies that need to be developed to implement

Figure 1. Breakdown of the 2005 world energy consumption, with the total energy consumed being ∼13 TW and roughly the equivalent
of 87 billion barrels of oil. (Reprinted with permission from ref 15. Copyright 2005 Materials Research Society.)

Figure 2. Land area required to provide 100% of U.S. energy needs from PV depicted by green squares. Solar electric footprint and color
code are in the inset. (Courtesy Dr. James Ohi, NREL.)
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sustainable renewable energy resources are currently being
performed.18-20 For example, Denholm et al. explored the
possibility of PV providing up to 50% of the energy required
in Texas.18 Figure 3 provides an example of a simulated PV
supply with electricity demand in Texas during June.18 In
this case the simulated PV system is providing 10% of the
region’s energy demands. Note that even during the summer,
in Texas, the peak demand for energy and the ability to
provide PV energy when needed are somewhat out of phase,
dictating a need for storage. The need for storage in the
winter, of course, becomes even more important.18 Several
utility-scale energy-storage systems are currently being
deployed, including pumped hydrostorage and compressed
air energy storage. However, there are geographical con-
straints to utilize these simple technologies effectively.19

Batteries are more scalable in size and do not depend on
availability of water or air storage.21,22 Furthermore, improved
Li-ion batteries will enable the development of improved
hybrid electric or plug-in hybrid electric vehicles (HEVs and
PHEVs).23 PHEVs can also be considered as electrical energy
storage units if the PHEVs are “plugged-in” and charged
during the day using PV power. In a subsequent section, the
role carbon nanotubes may play in improving next-generation
Li-ion batteries and electrochemical capacitors, for improved
electric vehicles, is discussed.

1.2. Carbon Single-Wall Nanotube Background
Single-wall carbon nanotubes were first synthesized by the

coevaporation of a cobalt catalyst and graphite in an electric
arc.24,25 Every SWNT can be considered to be a unique
molecule, with different physical properties, depending on
its (n,m) indices, where the chiral vector Cbnm, whose
magnitude denotes the nanotube circumference, is given by
Cbnm ) nab1 + mab2, in which (ab1,ab2), are the unit vectors of
the 2D graphene lattice. From the chiral vector Cbnm, the
nanotube diameter (dt) and the chiral angle (q) can be written
as

Figure 4 illustrates how an SWNT may be indexed by
two unique integers (n,m).26 A graphene sheet segment with
indexed lattice points is depicted. Nanotubes designated (n,m)
are obtained by rolling the sheet from (0,0) to (n,m) along a
roll-up vector, Cbnm. The chiral angle, q, is measured between
the roll-up vector and the (0,m) zigzag axis. At present, there

is no simple way to grow a unique (n,m) SWNT sample or
to separate an aliquot of one type of an (n,m) nanotube from
an ensemble of SWNTs containing a distribution of diameters
and chiralities. Although obtaining a single aliquot of one
(n,m) nanotube is not necessary to improve photoconversion
and energy storage processes, it is still necessary to obtain
nanotubes that are free of non-nanotube carbon impurities
and metal catalyst particles (employed to make SWNTs). In
some cases, it is also necessary to obtain SWNTs that are
primarily metallic or semiconducting. Purification and sepa-
ration techniques are continuously evolving and are discussed
in more detail below.

In the early arc-generated nanotube material, the SWNT
fibers typically consisted of 7-14 bundled SWNTs, with the
individual tubes being 1.0-1.5 nm in diameter. The early
arc-generated materials also contained relatively low weight
percent densities of SWNTs. An improvement in the nano-
tube yield was observed by changing the metal catalysts
employed in the arc-technique.27 Figure 5a displays a
transmission electron microscope (TEM) image of a typical
arc SWNT material generated with an iron catalyst.28 Note
that the nanotube bundles are relatively small (containing
∼3-5 nanotubes). Single wall carbon nanotubes were later
produced at much higher yield by the method of laser
vaporization.29 Crystalline ropes micrometers in length
containing 10-100 s of individual SWNTs were easily
obtained.30 Figure 5b shows a typical TEM image of crude
laser-generated material produced with an Alexandrite laser
operating at ∼45 W/cm2, with Co and Ni at 0.6 at % each
and an external furnace temperature of 1200 °C.31 Note the
large, very long bundles of SWNTs present in Figure 5b.
Although there is a high density of SWNTs (30-40 wt %),
non-nanotube carbon impurities, as well as metal catalyst
particles, are still clearly visible in the TEM image. Laser-
generated single-wall carbon nanotubes typically have low
defect concentrations,32 making them easier to purify, since
they are not as likely to be destroyed by the acids generally
employed to remove metal catalyst particles. For example,
SWNT material initially generated with a Nd:YAG laser33

operating at 23 W/cm2, with Co/Ni catalysts at 0.6 at %,
was reported to be purified via refluxing in 15% H2O2 for
3 h at 100 °C to remove the non-nanotube carbon. The metal
catalyst particles were then removed by sonication in an HCl/
water mixture.33 In a similar report, laser-genrated SWNTs
were purified with dilute HNO3 to remove the metal catalyst
particles and then burned in air at 550 °C to remove the
non-nanotube carbon.34 However, the laser technique is often
considered to be too expensive to be industrially scalable.

Consequently, numerous research groups have turned to
the development of chemical vapor deposition (CVD) as a
potentially low-cost scalable technique for the production
of SWNTs. In 1996, SWNT growth employing chemical
vapor deposition on a supported catalyst was demonstrated
as a promising route to nanotube production.35 Multiple
reports quickly followed, further establishing CVD as a
viable large-scale production process.36-45 Typically, CVD
materials contain more metal and often smaller and shorter
SWNT bundles than those produced in the laser processes.
Figure 5c shows a TEM image of commercially available
CVD material produced by a high pressure carbon monoxide
(HiPCO) process.42 CVD production of isolated nanotubes
has been achieved on oxidized silicon substrates using an
iron catalyst.46 Additionally, isolated SWNTs have been
generated in the gas phase by the technique of hot wire

Figure 3. Example of PV supply with electricity demand in Texas
during June. The simulated PV is supplying 10% of the energy
demand. (Courtesy Dr. Paul Denholm, NREL.)

dt ) a(n2 + nm + m2)1/2/Π in which a ) 0.246 nm and

q ) tan-1 √3m/(2n + m)7

6858 Chemical Reviews, 2010, Vol. 110, No. 11 Dillon



chemical vapor deposition (HWCVD).13,47 Figure 5d shows
high-resolution TEM images of isolated SWNTs produced
by this HWCVD process. For comparison, a high resolution
TEM image of a bundle of purified laser-generated SWNTs
is also provided in Figure 5e.9 A multistep process for the
purification of HiPCO CVD-generated nanotubes was re-
ported in 2001.48 Recently, K. E. Hurst reported a simple
“laser cleaning” method than can be employed to purify a
host of CNT materials.49

As mentioned previously, for some photoconversion and
energy storage applications, it is necessary to obtain SWNT
materials that are comprised of predominantly metallic or
semiconducting nanotubes. Metallic (M) tubes require the
condition (n - m) ) 3z to be satisfied, where z is an integer,
while semiconducting (S) tubes require the condition (n -
m) ) 3z ( 1. Several experimental methods have been used
to produce M/S separations, including chemical affinity
methods,50 DNA-based chromatography methods,51,52 and
dielectrophoresis.53 Recently, a simple centrifugation process
was demonstrated to obtain efficient separation of metallic
and semiconducting tubes.54 Also in 2009, Tanake et al.
reported a novel method to separate metallic and semicon-
ducting single-wall carbon nanotubes with high purities using
an agarose gel. When a SWNT/sodium dodecyl sulfate
dispersion was applied to a column containing agarose gel
beads, semiconducting SWNTs were trapped by the beads,
while metallic SWNTs passed through the column. Futher-
more, the semiconducting SWNTs, adsorbed to the beads,
were eluted with sodium deoxycholate solution, and the
column could then be used for repeated separation.55 The
separation efficiency can be easily characterized using
Raman5 and absorbance56 measurements. These advance-
ments have allowed for the incorporation of M or S phase
pure SWNTs into many technologies such as photovoltaic
devices, Li-ion batteries, and ultracapacitors.

1.3. Carbon Multiwall Nanotube Background
Multiwall carbon nanotubes were discovered by Iijima in

1991 while vaporizing carbon in an electric arc4 and were

Figure 5. TEM images of bulk SWNT materials showing (a)
typical arc-material generated with a Co/Ni catalyst mixture. (b)
Alexandrite laser-generated crude material produced with ∼45
W/cm2 and a Co/Ni catalyst mixture at 1200 °C. (c) commercially
available CVD material produced by the HiPCO process. (d)
Isolated SWNTs produced by a continuous HWCVD process
where ferrocene is employed to supply the metal catalyst. (e)
Bundle of purified laser-generated SWNTs. (Reprinted with
permission from ref 5. Copyright 2004 American Scientific
Publishers.)

Figure 4. Illustration of how a SWNT may be indexed by two unique integers (n,m). (Reprinted with permission from ref 26. Copyright
1992 Elsevier Ltd.)
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then produced at higher yield by increasing the pressure of
the helium gas atmosphere.57 Carbon MWNTs typically have
inner diameters of ∼3-20 nm and are then surrounded by
concentric graphene sheets with an interstitial spacing
between the sheets of ∼3.4 Å. The number of concentric
graphene sheets can range from 2 to ∼100. When there are
only two concentric layers, the MWNTs are then referred to
as double-walled nanotubes (DWNTs). High resolution TEM
images of MWNTs are provided in Figure 6.58 In Figure 6a
the high-resolution TEM image clearly shows that the
distance between layers of the MWNTs measures ∼3.4 Å.
Figure 6b depicts a MWNT with ∼20 concentric shells.
Carbon multiwall nanotubes have electronic properties
similar to those of graphite and are thus semimetals. They
are promising for multiple applications including strong
composite materials, field emission displays, adsorbents for
gas separation or storage,59-66 as well as PV and electrical
energy storage devices that are reviewed in the subsequent
sections.

Similar to SWNTs, a continuous low-cost production
method producing MWNTs that are easily purified is required
for MWNTs to be incorporated in emerging technologies.
In 199767 and 1998,68 ferrocene was utilized as a gas-phase
catalyst in a CVD process for continuous MWNT formation
from methane at 1150 °C. However, the 1997 study reported
materials containing more amorphous carbon than arc-
generated MWNTs, presumably due to a lower synthesis
temperature than that achieved in the arc process.67 In the
1998 study, the outer layers of the tubes were not graphitic,68

making them more difficult to purify. Later, ferrocene and
ethylene were employed in CVD of MWNTs between 650
and 950 °C.69 Again, carbon impurities were observed at
high-density. The authors concluded that further work was
necessary to improve the nanotube microstructure and yield.69

High-purity aligned, graphitic MWNTs were synthesized via

decomposition of a ferrocene-xylene mixture at ∼675 °C.
However, although the catalyst was supplied in the gas-phase,
nucleation of tube growth occurred only for iron species
deposited on a quartz substrate, resulting in a surface growth
mechanism and limiting yields to available surface area.70

Chemical vapor deposition techniques employing benzene
pyrolosis71 and the decomposition of ethylene72 and acety-
lene73 on supported metal catalysts have been demonstrated
as viable large-scale production methods. MWNTs have also
been grown on supported metal particles or films via
CVD,74-78 plasma-enhanced CVD,79-89 hot-wire chemical
vapor deposition,90,91 and plasma-enhanced HWCVD
methods.92,93 One HWCVD report employed evaporation of
the Fe-Cr filament to supply a gas-phase catalyst, resulting
in MWNTs with a high density of structural defects and
significant carbon impurities.94 Although more research was
deemed necessary, this method had potential for large-scale
production, since it was not substrate dependent. In 2003,
the first continuous high-density MWNT formation of
graphitic MWNTs with minimal non-nanotube carbon im-
purites was demonstrated with HWCVD employing methane
as the carbon source and ferrocene as a gas-phase catalyst.58

The metal catalyst impurities were simply removed via
refluxing in dilute HNO3.58

2. Nanotubes for Improved Photovoltaic Devices
The highly unique physical properties of carbon nanotubes

have been demonstrated for optoelectronic95 and photonic
applications including photovoltaic devices.96-98 For ex-
ample, nanotubes have been matched with an inorganic layer
to create heterojunction solar cells. Carbon nanotubes have
also been employed in PV devices to improve both exciton
generation and transport of photoexcited carriers. In many
instances, nanotubes have been demonstrated as either
electron donors or acceptors in novel organic photovoltaic
(OPV) technologies. Finally, very thin transparent films of
nanotubes have been explored as transparent conducting
contact layers for a variety of PV or other optoelectronic
devices. A detailed overview of these research efforts is
provided below.

2.1. Heterojunctions and Mechanistic
Characterization

There has been a significant body of work devoted to the
creation of heterojunction solar cells that contain a nanotube
layer as well as an inorganic layer. For example, in 2006
poly(3-hexylthiophene)/n-Si heterojunction solar cells were
studied with and without incorporation of double walled
carbon nanotubes in the polymer. The authors reported the
power conversion efficiency, open circuit voltage (Voc), short-
circuit current density (Jsc), and fill factor to be 0.026%, 0.446
V, 0.3398 mA/cm2, and 0.17, respectively, for a nonopti-
mized cell containing DWNTs, where reference cells without
nanotubes showed inferior performance.99 In a more promis-
ing example, various CNTs were coupled with ZnP8-, and
the photocurrent response to visible light was examined.100

Figure 7 illustrates the individual steps that take place in
the reported CNT/pyrene+/ZnP8- photoconversion process.
The optimized hybrid approach resulted in monochromatic
power-conversion efficiencies of up to 10.7% for a MWNT/
pyrene+/ZnP8- stack.100

In 2007 photoelectrochemical solar cells were constructed
with “stacked-cup” carbon nanotubes on optically transparent

Figure 6. TEM images of MWNTs (a) showing that the distance
between layers of the MWNTs measures ∼0.34 nm and (b)
depicting an MWNT with ∼15 concentric shells. (Reprinted with
permission from ref 58. Copyright 2003 American Chemical
Society.)
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electrodes (SnO2). For an optimized film, a maximum
incident photon to photocurrent efficiency of 19% was
attained with the power conversion efficiency determined to
be 0.11%.101 Also in 2007, the occurrence of photoinduced
electron transfer in donor-acceptor self-assembled zinc
naphthalocyanine (ZnNc) or zinc porphyrin (ZnP) single-
wall carbon nanotube hybrids was demonstrated.102 Nano-
second transient absorption spectra revealed that the photo-
excitation of the ZnNc or ZnP moiety resulted in one-electron
oxidation of the donor unit with a simultaneous one-electron
reduction of the SWNT.102

In 2008 a mini-arc plasma method was demonstrated to
produce silicon nanocrystals at atmospheric pressure directly
from solid silicon precursors.103 The product silicon nano-
crystals were then assembled on the external surface of
MWNTs to form hybrid nanostructures. The absorption
properties of both the silicon nanocrystals and the Si-MWNT
hybrid structures were then characterized. Quantum confine-
ment effects were observed, suggesting that both the silicon
nanocrystals and the hybrid Si-MWNT nanostructures are
promising for optoelectronic applications.103 Finally, solar
cells, based on high-density p-n heterojunctions between
single wall carbon nanotubes and an n-type silicon wafer,
were demonstrated.104 Chemical modification of the SWNT
coating with thionyl chloride was found to significantly
increase the photoconversion efficiency by more than 45%,
via adjustment of the Fermi level and a corresponding
increase in the carrier concentration and mobility. (Electron-
hole pairs were optically excited in the numerous hetero-
junctions formed between thionyl chloride-treated SWNTs
and the n-type silicon substrate, and then they were trans-
ported through SWNTs, holes, and n-type Si, electrons,
respectively.)104

2.2. Exciton Generation and Transport
Carbon nanotubes have also been demonstrated to improve

light harvesting capabilities,(exciton generation) and/or to
facilitate charge transport in a variety of photoconversion
processes. For example in a seminal 2006 paper T. Hasobe
et al. reported the construction of photochemical solar cells
from assemblies of SWNTs and protonated porphyrin on
nanostructured SnO2 electrodes.105 The organized assemblies
were shown to be photoactive, absorbing strongly at visible
wavelengths with an incident photon to photocurrent ef-
ficiency of 13%. Femtosecond pump-probe spectroscopy
confirmed the decay of the excited porphyrin upon electron

injection into SWNTs. The SWNTs were shown both to
promote photoinduced charge separation and to facilitate
charge transport.105 Shortly thereafter, functionalized carbon
nanotubes were demonstrated as support architectures to
anchor semiconductor ZnO nanoparticles.106 Upon excitation
with UV light, charge separation was induced in the ZnO
particles and electrons were injected with a rate constant of
1 × 108 s-1. Both emission spectroscopy and photoelectro-
chemical measurements confirmed that the conducting carbon
nanotube scaffolds facilitated charge collection and charge
transport in the nanotube-ZnO composite film. Figure 8
displays a schematic representation of (a) photoinduced
charge injection from an excited semiconductor particle into
an SWNT and (b) the SWNT as a conducting scaffold to
transport photogenerated charge carriers in the photoelec-
trochemical cell.106

Also in an OPV device, MWNTs were demonstrated as
both exciton dissociation sites as well as hopping centers
for hole transport.107 Similarly, charge transfer between
SWNTs and attached CdSe quantum dots was reported.108

Later in 2008 an in situ growth deposition process for ZnO
quantum dots on the surface of MWNTs was realized via a
mild solution-processing method. The MWNT/ZnO quantum
dots exhibited improved photoinduced charge separation and
transport of carriers to the collection electrode.109 The charge
transfer efficiency was significantly increased by more than
90% due to the conjugation of ZnO quantum dots with the
MWNTs (confirmed by photoluminescence measurements).
The power conversion efficiency for this MWNT/ZnO
quantum dot system was measured to be above 1%.109

In 2007 J. Wei et al. reported a very interesting DWNT
solar cell110 where the double-walled carbon nanotubes served
both as photogeneration sites and as the charge carrier
collection/transport layer. The solar cell consisted of a
semitransparent thin film of nanotubes that were coated on
an n-type crystalline silicon substrate to create a high-density
p-n heterojunction between the nanotubes and the n-type
Si, allowing for electron (Si) and hole (DWNT) pair
formation. The initially reported measurements revealed a
power conversion efficiency of >1%. The devices were
distinct from previously reported organic solar cells where
conjugated polymers were employed to generate the excitonic
states.110 Figure 9 displays a schematic illustration of the
fabrication process employed to make the aforementioned
DWNT/n-type Si solar cell. The as-grown DWNT films were
suspended in a water solution, and a conformal coating of
the DWNTs on a patterned Si substrate was achieved.110

In 2008 a three-dimensional solar cell structure was
constructed by depositing a cadmium telluride thin film on
carbon nanotube towers.111 The nanotube towers acted as
both a scaffold and an electrical interconnect. Furthermore,
reflection of photons between the towers was reported to
increase the absorption efficiency.111 In 2009 enhanced
photoconductivity was reported for aligned SWNT films.112

Finally, SWNTs were reported to serve both as photoge-
neration sites and as charge carriers in an SWNT/n-type Si
heterojunction solar cell.113 The previously reported chemical
modification method of the SWNTs by thionyl chloride104

was shown to increase the conversion efficiency by more
than 50% compared to the unmodified SWNTs. A power
conversion efficiency of above 4% for the SOCl2-treated
SWNT cell was observed.113

Figure 7. Schematic illustration of photocurrent generation in ITO-
electrodes covered with a single CNT/pyrene+/ZnP8- stack. (Re-
printed with permission from ref 100. Copyright 2006 Wiley-VCH
Verlag GmbH & Co. KGaA.)
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2.3. Organic Photovoltaic Devices
The demand for organic photovoltaic technologies is

rapidly increasing because the devices are made from
abundant elements and are also flexible and light, providing
for facile installation. Thus, OPV technologies may be
especially useful for large-area applications. Organic solar
cells are generally comprised of organic molecules114,115 and
conjugated polymers116,117 and internal donor-acceptor
polymer networks.118 There is also a need for improving the
efficiency of OPV cells. In 2007 the National Renewable
Energy Laboratory (NREL) certified that Plextronics Inc. has
an OPV technology that has achieved a world-record
efficiency of 5.4%.119 However, many OPV devices that are
still under investigation have an efficiency of ∼2.5%.120 (The
standard single-junction silicon devices are approaching
the theoretical limiting efficiency of 31%.121) Recently, the
unique properties of carbon nanotubes have been probed in
order to demonstrate CNTs as potential candidates for
improving OPV devices. In a variety of cells, carbon
nanotubes have been employed as either electron acceptors
or donors.

For example, in 2003, Kymakis et al. studied SWNTs as
electron acceptors in OPV devices with the donor (polymer)
consisting of poly(3-octylthiophene) (P3OT).122 In this report,
the open circuit voltage of the device was found to be 0.75
V, which is larger than the theoretical limit calculated with

a metal-insulator-metal model. The high Voc was found to
be weakly dependent on the negative electrode work function.
The results therefore suggested that the metal negative
electrode formed an ohmic contact to an SWNT percolation
path.122 Also, low concentrations of MWNTs (∼1 wt %) were
uniformly distributed within the donor layer of a hetero-
junction organic solar cell and were shown to reduce the
cell series resistance without compromising cell shunt
resistance, resulting in an increase in the cell fill factor of
50-60%.123

An extensive and thorough article in 2006 reported124 a
fabrication method to utilize either SWNTs or MWNTs to
improve OPV devices. Solutions with regioregular poly(3-
hexylthiophene) (P3HT) and a fullerene derivative, 1-(3-
methoxycarbonyl)propyl-1-phenyl[6,6]C60 (PCBM), were
prepared with a spin-coating technique that enabled precise
control of the ratio of carbon nanotubes to the P3HT/PCBM
mixture and to allow for homogeneous dispersion of the
CNTs throughout the matrix. It was then possible to examine
the short circuit current with specific concentrations of CNTs.
For example, Figure 10 shows the evolution of Jsc as a
function of the SWNT concentration in the P3HT/PCBM
(1:1) active layer for as-made cells and after thermal post-
treatment at 80 °C for 5 min. The authors reported that the
best OPV device was fabricated with a P3HT/PCBM (1:1)
mixture with 0.1 wt % MWNTs. This optimized cell had a

Figure 8. Schematic representation of (a) photoinduced charge injection from an excited semiconductor particle into a SWNT and (b)
SWNTs as a conducting scaffold to transport photogenerated charge carriers in a photoelectrochemical cell. (Reprinted with permission
from ref 106. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.)

Figure 9. Schematic illustration of the fabrication process employed to make a DWNT/n-type Si solar cell. (Reprinted with permission
from ref 110. Copyright 2007 American Chemical Society.)
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Voc of 0.57 V, a Jsc of 9.3 mA cm-2, and a fill factor of
0.384, which lead to a conversion efficiency of 2.0%.124

In a later report, a covalent modification of SWNTs with
thiophene groups located at the edges and at defects was
demonstrated to modify the interaction with the polymer
matrix and allow for uniform SWNT dispersion.125 Also, a
novel immobilized fullerene-single-wall carbon nanotube
(C60-SWNT) complex was synthesized via a microwave
induced functionalization approach. As compared to a control
device with only C60, the addition of SWNTs resulted in an
improvement of both Jsc and the fill factor.126 Additionally,
a uniform distribution of MWNTs in polymer matrixes was
achieved by the addition of functional groups and electro-
static attachment of polyelectrolyte poly(dimethyldially-
lamine) chloride to the nanotube surface.127 In 2008 it was
clearly demonstrated that energy transfer occurs between
semiconducting organic polymers and SWNTs when the
polymer is photoexcited, by monitoring the near-IR lumi-
nescence intensity from the nanotubes as a function of
excitation wavelength.128 Finally, very recently, Fanchini et
al. reported the fabrication of organic solar cells utilizing
SWNT thin films as the hole conducting electrodes. The
authors concluded that, in addition to the transparency and
sheet resistance (of the nanotube conducting layer that is
discussed in detail below), factors such as the optical
anisotropy of the SWNT networks must be considered prior
to incorporation in optical devices.129

2.4. Transparent Conducting Contact Layers
Most PV devices require a transparent conducting contact

layer, and the material that is typically employed is indium
tin oxide (ITO). Superior performance satisfying the metrics
of both high transparency and high conductivity for the ITO
layer was demonstrated decades ago.130 However, with the
increasing demand for PV-power, it is necessary to develop
transparent conducting contacts that perform as well as ITO
but do not rely on the utilization of a high-cost element such
as indium. Figure 11 displays the relative atomic abundance
of elements in the earth’s crust.131 In general, the material
cost is directly proportional to the elemental abundance.

Thus, for large-scale applications, only elements appearing
in the green or light green shaded area should be employed
(Figure 11).

There has also been a considerable body of work to
demonstrate that thin films of carbon SWNTs could replace
ITO in many PV devices. In a seminal paper by Z. Wu et
al.,132 a simple vacuum filtration process was demonstrated
for the fabrication of ultrathin, transparent, optically homo-
geneous, electrically conducting films of pure single-walled
carbon nanotubes. In addition, the transfer of those films to
various substrates was also performed. With equivalent sheet
resistance to ITO, the films exhibited optical transmittance
comparable to that of commercial ITO in the visible spectrum
but far superior transmittance in the 2- to 5-µm infrared
spectral band.132 Shortly thereafter, strong transparent MWNT
sheets were synthesized with a simple method, allowing for
facile incorporation into a variety of devices.133 These same
MWNT sheets were then demonstrated in an OPV device
that had an overall efficiency of ∼2%.134,135

In 2004 the group of George Gruner performed a detailed
study of ultrathin, uniform single-walled carbon nanotube
networks of varying densities fabricated for application as
thin film transparent conducting networks. Measurements of
the sheet conductance as a function of nanotube network
(NTN) density showed 2D percolation behavior.136 The
nanotube films were fabricated by the vacuum filtration
method, and it was demonstrated that, by changing the
amount of the filtered nanotube solution, the films could be
created such that the networks allowed for 2D percolation.
Figure 12 displays scanning electron microscope (SEM)
images of the nanotube networks on alumina substrates.
Figure 12 a shows the NTN resulting from filtering 7 mL of
a nanotube solution. The network is near the percolation
threshold and has few or no percolative paths through the
sample. For the film in Figure 12 b, 10 mL of SWNT solution
was filtered and the NTN network was then above the
percolation threshold, having several parallel pathways,
allowing conduction across the film. For a film resulting from
400 mL of solution, the NTN became several layers thick
(Figure 12 c).136 In 2006 Gruner then wrote an applications
review article for SWNT films as transparent conducting
contacts for a variety of applications including “smart
windows”137-140 and organic solar cells.141

Also in 2006 a group at the National Renewable Energy
Laboratory reported two viable organic excitonic solar cell
structures where the conventional ITO hole-collecting elec-
trode was replaced by a thin single-wall carbon nanotube
layer.142 Furthermore, in 2006 a Stanford group collaborating
with Gruner reported an organic solar cell with an efficiency
of ∼2.5% while using SWNTs as the transparent electrode.143

Figure 13 shows the wavelength dependence of the optical
transparency of the 30-nm-thick SWNT network in this cell
with 200 Ω/square sheet resistance in the visible and infrared
region. The spectrum for ITO, for which a peak in the
transparency is observed at 550 nm is also provided. The
nanotube network retains high transparency toward the near
IR part of the electromagnetic spectrum.143 In 2007 another
NREL group reported single-wall carbon nanotube networks
as a transparent back contact in CdTe solar cells.144 The
structure of the CdTe device with the NTN contact is
provided in Figure 14.144 Finally, the replacement of trans-
parent conductive oxides by SWNTs in Cu(In,Ga)Se2-based
solar cells was also demonstrated at NREL in 2007.145

Figure 10. Evolution of Jsc as a function of SWNT concentration
in a P3HT/PCBM (1:1) active layer for as-made cells and after
thermal post-treatment at 80 °C for 5 min. (Reprinted with
permission from ref 124. Copyright 2007 Wiley-VCH Verlag
GmbH & Co. KGaA.)
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Shortly thereafter, two reports demonstrated new methods
for making highly uniform improved nanotube contact layers.
For example, conductive coatings were made by layer-by-
layer (LBL) assembly of SWNTs. These films had electrical
conductivities of 102 to ∼103 S/m at room temperature, with

the nanotube loading as low as ∼10%. This thus indicated
an efficient utilization of SWNT percolation pathways.146 In
2009, polymer-assisted direct deposition was demonstrated
for uniform carbon nanotube networks for high performance
transparent electrodes.147 In this report, the addition of small
amounts of a conjugated polymer to nanotube dispersions

Figure 11. Schematic illustration of elemental abundance in the earth’s crust. The elements in the dark green area are highly abundant and
may be used for most large-scale applications with the elements in the light green area also generally being cost-effective for large-scale
applications. The highly expensive and precious metals are highlighted in cream. (Reprinted from ref 131. USGS 2002.)

Figure 12. SEM images of NTNs resulting from (a) filtering 7 mL of a nanotube solution; (b) 10 mL of the NTN network then above the
percolation threshold, having several parallel pathways, allowing conduction across the film, and (c) 400 mL of solution where the NTN
became several layers thick. (Reprinted with permission from ref 136. Copyright 2004 American Chemical Society.)

Figure 13. Transparency of a 30-nm-thick nanotube contact layer
compared with the transparency of ITO on glass. (Reprinted with
permission from ref 143. Copyright 2006 American Institute of
Physics.)

Figure 14. Structure of the NREL CdTe device with the NTN
contact. (Courtesy Dr. Teresa M. Barnes, NREL.)
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enabled straightforward fabrication of uniform NTNs by spin-
coating. The technique also allowed for simultaneous tuning
of parameters such as bundle size and density, enabling the
nanotube content to be minimized. These NTNs had sheet
resistances competitive with those of the other reported
carbon nanotube based transparent electrodes.147 Also, a
nanocomposite transparent film comprised of graphene and
SWNTs was demonstrated to have a sheet resistance of 240
Ω/square with 86% transmittance.148 Finally, in 2009, R. C.
Tenent et al. reported a simple spray deposition process for
depositing SWNT transparent contacts with a sheet resistance
of 60 Ω/square.149 The spray deposition processing could
be employed in roll-to-roll manufacturing technologies for
the fabrication of large-area devices.149

3. Nanotubes for Electrical Energy Storage
Devices

Improvements in both batteries and electrochemical ca-
pacitors will enable the next-generation of electric vehicles
and could also impact stationary electrical energy storage.
Electrochemical capacitors have unusually high energy
densities when compared to common capacitors as well as
very high specific short duration peak power (i.e., rapid
energy delivery). Batteries have significantly higher energy
densities than electrochemical capacitors with lower short
duration peak power. For example, Li-ion batteries have speci-
fic energy densities of hundreds of (W h)/kg with electro-
chemical capacitors having specific energy densities ranging
from several to tens of (W h)/kg. However, the short duration
peak power of an electrochemical capacitor exceeds 1000
W/kg, which is an order of magnitude better than that of
typical Li-ion batteries. Carbon nanotubes may be employed
to improve both of these technologies, as reviewed in detail
below. In general, the utilization of carbon nanotubes for
electrical energy storage remains the subject of relatively
fundamental research. However, carbon MWNTs may be
produced at a level of ∼400 tons/year commercially and
subsequently employed as additives to stabilize Li-ion battery
electrodes.150

3.1. Li-Ion Batteries
Lithium-ion batteries are the current power sources of

choice for portable electronics, offering high energy density
and longer lifespan than comparable technologies.23,151,152

Furthermore, Li-ion technologies have sufficient specific
energy and power densities to meet the U.S. DOE targets
for hybrid electric vehicles and plug-in hybrid electric
vehicles for up to a 40-mile battery range.153 However,
significant improvements in durability, especially at high rate,
for inexpensive, safe, and nontoxic electrode materials, are
still warranted before Li-ion batteries are employed for large-
scale application in the transportation sector. Increasing the
specific capacities of electrode materials will also enable an
extended battery range for PHEVs.149 There are several recent
reviews of battery materials that have been the focus of
ongoing research efforts.21,151,154 Here the potential for carbon
nanotubes to improve state-of-the-art Li-ion batteries for
possible deployment in next-generation electric vehicles is
discussed in detail.

In general, carbon nanotubes are employed to improve Li-
ion anodes, as the commercially employed anode is typically
graphite (with some similar properties to CNTs). The specific
capacity of graphite in most commercial batteries is ∼350

(mA h)/g (gravimetric) and ∼770 (mA h)/cm3 (volumetric).
Graphite is very durable, showing little capacity fade over
hundreds of charge/discharge cycles, and it operates at a
potential of ∼0.1 V versus Li+/Li. However, recent efforts
for hybrid electric vehicle applications have been focused
on new anode materials with slightly more positive insertion
voltages with respect to Li+/Li to minimize any risks of high-
surface-area Li plating while charging at high rates, a major
safety concern.155 In hybrid electric vehicles, batteries are
cycled with ∼10% charge/discharge from the point where
the cell is at 50% capacity.156 Thus, the ideal negative
electrode for forthcoming vehicular applications may have
a charge/discharge potential of ∼0.5 V vs Li+/Li when it is
approximately one-half charged. Consequently, transition
metal oxides157-160 that operate at higher potential than that
of graphite are under consideration for next generation anode
technologies.

In a detailed study in 2003, nanocomposites of MWNTs
with Sb and SnSb particles were prepared by chemical
reduction of SnCl2 and SbCl precursors in the presence of
MWNTs.161 The MWNT-metal composites were then
demonstrated as active anode materials for Li-ion batteries,
showing improved cycling capability compared to unsup-
ported Sb and Sn-Sb particles and also higher reversible
specific capacities than MWNTs alone. The reversible
capacities were as high as 462 (mA h)/g for MWNT/36 wt
% Sb and 518 (mA h)/g for MWNT/56 wt % SnSb. After
30 cycles, the capacity was 62.1% of the initial capacity for
the former and 67.2% of the initial capacity for the later. In
comparison, Sb and SnSb could only retain 17.7 and 23.5%,
respectively, of their initial capacities in the same number
of cycles. The improvement in cycling durability was
attributed to the nanodimension of the metal particles and
the MWNTs relieving mechanical stress induced by volume
changes that occur upon Li+ insertion and extraction.161 Also
in 2003, a carbon nanotube coated Cr-doped Si anode was
shown to have superior cycling performance than the
uncoated Cr-doped Si.162 In the optimized electrode, the
anode had a capacity of ∼1500 (mA h)/g that was sustained
for ten cycles. Shortly thereafter, SWNT/Nafion composites
were prepared with a simple chemical dispersion technique
and then shown to be promising for electrochemical applica-
tions.163

In a very creative report, published in 2007, the design
and fabrication of flexible MWNT-cellulose-room tem-
perature ionic liquid (RTIL) nanocomposite sheets, that could
be employed as flexible, Li-ion batteries, ultracapacitors, and/
or hybrids of the two, was demonstrated.164 Figure 15 is a
schematic representation of the design fabrication of the
nanocomposite paper units for both the ultracapacitor and
battery. In Figure 15 a), it is shown that the ultracapacitor
and battery are assembled by using nanocomposite film units.
The nanocomposite unit comprises both RTIL and MWNTs
embedded inside a cellulose paper. A thin layer of cellulose
then covers the top of the MWNT array. Ti/Au thin films
were then deposited on the exposed MWNTs to provide a
current collector. In the battery, a thin lithium metal electrode
served as the counter electrode. Figure 15b displays photo-
graphs of the nanocomposites, and part c displays a cross-
sectional SEM image of the nanocomposite paper showing
MWNTs protruding from the cellulose-RTIL thin films,
with a schematic also displaying the partial exposure of
MWNTs from the flexible device.164
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In 2009 the Li-ion storage properties of SWNT pea pods
containing one of three organic molecules (9,10-dichloro-
anthracene, �-carotene, coronene) were measured.165 (CNT
pea pods are nanotubes with encapsulated C60 molecules
discovered by D. L. Luzzi, VOM in 1998166). It was found
that the reversible Li-ion capacity of the SWNT pea pods
significantly increased as a result of the inclusion of the
organic molecules. Unfortunately, the new anode material
was not demonstrated as a useful candidate for Li-ion
batteries because of a high initial irreversible capacity (>900
(mA h)/g).165 Also in 2009, in an unusual example, MWNT
arrays coated with MnO2 were demonstrated as a potential
new cathode material for Li-ion batteries.167

Finally, in a seminal report by C. Ban et al., an improved
anode technology was demonstrated by combining Fe3O4

nanorods as the active material for lithium storage and carbon
SWNTs as the conductive additive. The SWNTs improved
both mechanical integrity and electrical conductivity as well
as enabled a high volumetric energy density to be achieved.
The highest reversible capacity was obtained using only 5
wt % SWNTs. The reversible capacity of the anode when
coupled with a lithium metal electrode reached 1000 (mA
h)/g at rate C (one charge/discharge in one hour), which was
sustained over 100 cycles with a volumetric capacity of
∼2000 (mA h)/cm.168 Furthermore, a high rate capability and
a stable capacity of 800 (mA h)/g at 5C (one charge/discharge
in 12 min) and a stable capacity of ∼600 (mA h)/g at 10C
(one charge/discharge in 6 min) were demonstrated. Scanning
electron microscopy revealed that the Fe3O4 nanorods were
uniformly suspended in the conductive matrix of SWNTs,
allowing for the improved rate capability and durability of
the high volume expansion iron oxide structures. Figure 16

displays (a) an SEM image of the Fe3O4 nanorod/SWNT
electrode. Note, the Fe3O4 nanorods, with an average width
of 100 nm, are dispersed with a regular pore structure. In
Figure 16b a color enhanced cross-sectional image also
shows that small bundles of SWNTs are interlaced with the
Fe3O4 nanorods and that the Fe3O4 nanorods are uniformly
suspended in the SWNT conductive matrix.168

3.2. Electrochemical Capacitors
Electrochemical capacitors store significantly less energy

than batteries but are capable of very rapid charge and
discharge, making them promising for both stationary and
automotive applications. Depending on the charge storage
mechanism, they are classified into two types: electric
double-layer capacitors based on carbon electrodes that house
electrostatic charge, and pseodocapacitors that employ a
material such as a metal oxide that undergoes Faradaic redox
reactions to enable the charge storage. Since this review is
focused on CNTs, the discussion will be limited to double-
layer carbon electrochemical capacitors unless pseudoca-
pacitance is induced by functionalization of the nanotubes
themselves (rather than via direct incorporation of other
pseudocapacitance materials).

In 2000,169 the electrochemical capacitance behavior of
MWNT electrodes was extensively explored as well as
correlated with the microtexture and elemental composition
of the materials. It was shown that the presence of mesopores
due to the central canal allowed for easy accessibility of ions
to the electrode/electrolyte interface and charging the electri-
cal double layer. Pseudofaradaic reactions were detected upon
oxidation of the MWNTs and varying the surface functional-

Figure 15. Schematic representation of the fabrication of the nanocomposite paper units for supercapacitor and battery. (a) The supercapacitor
and battery assembled by using nanocomposite film units. The nanocomposite unit comprises RTIL and MWNTs embedded inside cellulose
paper. A thin extra layer of cellulose covers the top of the MWNT array. The Ti/Au thin film deposited on the exposed MWNT acts as a
current collector. In the battery, a thin Li electrode is added to the nanocomposite. (b) Photographs of the nanocomposite units demonstrating
mechanical flexibility. Flat sheet (top), partially rolled sheet (middle), and completely rolled up sheet inside a capillary (bottom) are shown
and (c) cross-sectional SEM image of the nanocomposite paper showing MWNTs protruding from the cellulose-RTIL thin films. (Scale
bar, 2 µm.) The schematic displays the partial exposure of MWNTs. (Reprinted with permission from ref 152. Copyright 2007 National
Academy of Sciences.)
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ity. The values of specific capacitance varied from 4 to 135
F/g, depending on the MWNT synthesis parameters and
subsequent post-treatments, with the higher value only
achieved when Faradaic reactions were observed.169 Shortly
thereafter, arc-generated SWNTs were reported to display a
maximum specific capacitance of 180 F/g, a large power
density of 20 kW/kg, and an energy density of 6.5 (W h)/
kg. A heat treatment at 1000 °C was required to increase
the capacitance and reduce the SWNT-electrode resistance.
The increased capacitance was attributed to an increase in
specific surface area of the SWNTs.170

Significantly later in 2005, an elegant method for spinning
solid and hollow carbon nanotube fibers was reported.171 The
technique could be applied to either MWNTs or SWNTs.
The SWNT fibers were shown to have a high electrochemical
capacitance of ∼100 F/g. Shortly thereafter in 2006, MWNT
thin films were fabricated from an electrophoretic deposition
technique. The thin films were demonstrated as electro-
chemical capacitors. Importantly, the thin films enabled very
high rate capability to be achieved.172 However, again heat
treatment and functionalization suggested that Faradic reac-
tions also contributed to the high capacitance and a specific
power density of 20 kW/kg. In an additional study, by
incorporating carbon MWNTs with activated carbon based
electrodes for electrochemical capacitors, it was shown that
the resistance of the electrodes could be decreased.173 The
optimized composite contained 15 wt % of carbon MWNTs
laminated on an aluminum current collector. This composi-

tion in a two electrode 4 cm2 cell had a specific capacitance
of 88 F/g with a sheet resistance of only 600 mΩ cm2.

In another seminal 2006 publication, a simple method to
fabricate densely packed and aligned single-wall carbon
nanotubes was demonstrated.174 Aligned forests of SWNTs
were initially grown with water assisted CVD.175 However,
the forests had a typical mass density of only 0.03 g cm-3,
with an average diameter of ∼2.8 nm and a very significant
fraction of empty space (∼97%).176 By “dropping” various
liquids, including both water and organic solvents, on the
forests, it was possible to make the as-grown SWNT forests
significantly denser. This packing was speculated to occur
in two steps: liquid immersion and subsequent evaporation.
In the first step, the tubes were drawn together through liquid
capillary forces. Then upon evaporation, van der Waals
forces caused the tubes to further agglomerate and form a
rigid single body, as depicted in Figure 17a, where a 1 × 1
cm2 as-grown SWNT forest was contacted with a drop of
water in the middle and allowed to dry (schematic repre-
sentation shown in Figure 17b. The liquid-induced collapse
resulted in a 4.5-fold decrease in the two lateral dimensions
but no detectable change in the height, producing an ≈20-
fold increase in mass density (Figure 17c). Furthermore, the
forest densification action proceeded without damaging the
tubes, as demonstrated by the almost identical Raman spectra
in Figure 1d before and after the liquid initiated collapse.
Additional characterization also revealed that the SWNTs
are densely packed. Scanning electron microscope images
of the initial forest (Figure 17e) and collapsed forest (Figure
17f) surfaces (side-view) revealed a marked increase in the
nanotube density following collapse. In fact, atomic force
microscopy imaging revealed a smooth and highly uniform
surface without significant gaps in the microstructure (Figure
1g). The double layer electrochemical capacitance of the
dense SWNT forests was found to be 80 F/g for a three
electrode cell.174

In 2007, tubes-in-tube MWNTs consisting of outer nano-
tubes with an average diameter of 50 nm and inner nanotubes
with diameters in the range 3-10 nm were shown to have
an average capacitance of 203 F/g. The very high capacitance
was again achieved by both electrostatic attraction in the
double layer and a Faradic reaction caused by the existence
of OH functional groups on the MWNTs.177 In 2008,
MWNTs were grown on or “grafted to” activated carbon
fibers that were employed as an electrode for electric double
layer capacitors.178 The nanotubes were grown by first
employing sputter deposition to deposit Ni catalyst particles
on the carbon fiber surface and subsequent CVD deposition.
A capacitor cell assembled with the MWNT-grafted fibers
showed higher electron and electrolyte-ion conductivities
relative to a cell assembled with only the bare carbon fibers.
Furthermore, the MWNT containing electrodes maintained
a significantly higher capacitance when the discharge current
density was increased from 1 to 150 mA/cm.2 The same
group also reported that grafted MWNTs could enhance the
power capability of carbon cloths when tested as electric
double layer capacitors.179 The carbon cloth was a simple
commercially available polyacrylonitrile-based activated
carbon, purchased from Taiwan Carbon Technology Co.
Again, a decrease in capacitance loss was observed for the
MWNT-grafted cloth for a current density as high as 150
mA/cm.2

Figure 16. SEM micrographs of the nano Fe3O4 electrode: (a)
surface and (b) cross section with colorization for effect. (Reprinted
with permission from ref 168. Copyright 2010 Wiley-VCH Verlag
GmbH & Co. KGaA.)

Nanotubes for Photoconversion and Energy Storage Chemical Reviews, 2010, Vol. 110, No. 11 6867



4. Conclusions and Future Directions
The highly unique physical properties of carbon nanotubes

have been demonstrated for a variety of photovoltaic devices
as well as improved Li-ion batteries and electrochemical
capacitors. For example, nanotubes have been matched with
an inorganic layer to create heterojunction solar cells. An
optimized hybrid approach resulted in monochromatic power-
conversion efficiencies of up to 10.7% for a MWNT/pyrene+/
ZnP8- stack.100 Carbon nanotubes have also been employed
in PV devices to improve both exciton generation as well as
transport of photoexcited carriers. T. Hasobe et al. reported
the construction of photochemical solar cells from assemblies
of SWNTs and protonated porphyrin on nanostructured SnO2

electrodes.105 The organized assemblies were shown to be
photoactive, absorbing strongly at visible wavelengths with
an incident photon to photocurrent efficiency of 13%. The
power conversion efficiency for this MWNT/ZnO quantum
dot system was measured to be above 1%.109 In many
instances nanotubes have been demonstrated as either
electron donors or acceptors in novel organic photovoltaic
technologies. In 2007, an OPV device was fabricated with a
P3HT/PCBM (1:1) mixture with 0.1 wt % MWNTs. This
optimized cell had a Voc of 0.57 V, an Jsc of 9.3 mA cm-2,
and a fill factor of 0.384, which lead to a conversion
efficiency of 2.0%.124 Finally, very thin transparent films of
nanotubes have been explored as transparent conducting

Figure 17. Liquid-induced collapse of SWNT forests: (a) SEM image of SWNT-forest structural collapse from a single drop of water. (b)
Schematic diagram of the collapse of the aligned low-density as-grown forest to the highly densely packed SWNT solid. (c) Overlaid
images illustrating a decrease in lateral dimensions before (gray) and after (black) collapse. The double-ended arrow indicates the tube
alignment direction, and the scale bar is 1 cm. (d) Raman spectra for the as-grown forest (blue) and SWNT collapsed forest (red). SEM
images of the as-grown forest (e) and the collapsed forest (f). (g) Atomic force microscope image of collapsed surface. (Reprinted with
permission from ref 174. Copyright 2006 Nature Materials.)
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contact layers for a variety of PV or other optoelectronic
devices. In 2009, R. C. Tenent et al. reported a simple spray
deposition process for depositing SWNT transparent contacts
with a sheet resistance of 60 Ω/square.149 The spray
deposition processing could be employed in roll-to-roll
manufacturing technologies for the fabrication of large-area
devices.149 Finally, SWNTs were employed to demonstrate
a potential new anode for Li-ion batteries for vehicular
applications. The reversible capacity of the anode when
coupled with a lithium metal electrode reached 1000 (mA
h)/g at rate C (one charge/discharge in one hour) that was
sustained over 100 cycles with a volumetric capacity of
∼2000 (mA h)/cm.168 A very dense SWNT forest has also
been elegantly demonstrated for electrochemical capacitor
applications.174

Thus, it is apparent that CNTs are promising candidates
for both PV and electrical energy storage technologies. It is
also clear that utilizing nanotubes in either of these technolo-
gies is a relatively new endeavor, indicating that future
research efforts will be abundant. It is, however, especially
important to consider that the fabrication of crystalline
graphitic MWNTs that are easily purified has been demon-
strated with cost-effective methods that are commercially
scalable. In contrast, the fabrication of crystalline graphitic
SWNTs that are easily purified is generally only achieved
when the nanotubes are fabricated with laser vaporization.
The applications presented here for SWNTs that are the
closest to commercialization are most likely represented by
the possible employment of SWNTs as transparent conduct-
ing contacts for PV or other devices as well as the utilization
of SWNTs as a conductive additive in Li-ion battery
applications. It is noted that, in this article, the highest quality
transparent conducting contact149 as well as the most impres-
sive demonstration of SWNTs as a conductive additive in
Li-ion batteries168 was achieved with laser-generated SWNTs.
It thus seems that efforts to make laser vaporization an
industrially scalable technique and/or the demonstration of
improved CVD technologies are needed.

Recently, countries including France, Germany, and Japan
have devoted national efforts to scale the production of laser
vaporization-SWNTs to manufacturing levels. Typical diode-
pumped industrial lasers, routinely used in factories, for laser
welding and cutting can continuously supply 4.5 kW of laser
output and run around the clock. A simple linear scaling
implies rates of ∼100 g/h. The most inexpensive carbon
sources may be used, so estimating an initial cost of $500K
for the laser, an annual operating cost of $50K, and a power
efficiency of 10% yields nonlabor costs of approximately
$16/h or $160/kg. While current laser vaporization technolo-
gies utilize solid carbon targets, heat losses due to thermal
conduction decrease the vaporization rates significantly. The
use of powders as targets could solve this problem. Moreover,
the powder vaporization approach could greatly enhance the
efficiency of the process and cut laser SWNT production
costs more. Literature values indicate 20 g/100 W/h vapor-
ization of micrometer-sized powders with theoretical limits
of 100 g/100 W/h.180 These rates suggest that an industrial
laser with a powder feedstock could cut laser-generated
SWNTs to a cost of ∼$3.20 per kilogram. These simple
calculations therefore imply that the U.S. should fund the
scale-up of laser-generated SWNTs at a significant level.

Other forms of nanographitic carbons may also prove
promising in the development of next-generation renewable
energy devices. For example, graphene, which consists of a

single sheet of graphite, has been touted as an especially
promising form of carbon for device engineering applica-
tions.181 There is also already a significant volume of
literature devoted to graphene and other forms of carbon
including graphitic nanofibers that suggest that CNTs are
not the only promising nanostructures for both photocon-
version and electrical energy storage applications. This work,
however, remains outside the scope of the current review.

5. Abbreviations
CNTs carbon nanotubes
C rate one charge/discharge in one hour
CVD chemical vapor deposition
DOE Department of Energy
DWNTs double-wall nanotubes
HEVs hybrid electric vehicles
HiPCO high-pressure carbon monoxide
Jsc short circuit current density
ITO indium tin oxide
M metallic
MWNTs multiwall nanotubes
NREL National Renewable Energy Laboratory
NTN nanotube network
OPV organic photovoltaic
P3HT regioregularpoly(3-hexylthiophene)
PCBM fullerene derivative 1-(3-methoxycarbonyl pro-

pyl-1-phenyl[6,6]C61

PHEVs plug-in hybrid electric vehicles
PV photovoltaics
RTIL room temperature ionic liquid
S semiconducting
SEM scanning electron microscope
SWNTs single-wall nanotubes
VOM vision in own mind
Voc open circuit voltage
TEM transmission electron microscope
TCO transparent conducting oxide
U.S. United States
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