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1. Introduction

The tremendous challenges in energy and natural resources
are now widely recognized. According to recent studies,[1, 2] the
annual worldwide energy consumption is currently estimated
to be 4.131020 joules, or 13 trillion watts (13 terawatts (TW)).
Our energy is supplied from oil (35%), coal (23%), and natural
gas (21%), which gives a total of around 80% from fossil fuels.
Biomass makes up only 8% of the energy supply, nuclear
energy accounts for 6.5%, and hydropower has a 2% share.
The world population is predicted to reach 9 billion by 2050,
and with aggressive conservation and new technology devel-
opment the energy demand is predicted to double to 30 TW
by 2050 and triple to 46 TW by the end of the century. At the
same time, the oil production that is now the dominant
energy supply is predicted to peak over the next 10 to
30 years. Coal accounts for about 50% of the electricity gener-
ated in the United States,[3] and it is believed that there is an
abundant coal reserve to maintain the current consumption
level for more than 100 years, but the certainty of the coal re-
serve has been disputed in some recent studies.[4] Moreover,
new technologies need to be developed to capture the large
amount of CO2 produced by using coal which is currently al-
ready at 1.5 billion tons/year by the power plants in the United
States alone.[3]

The impact of human activities on the environment is also a
great concern. Within 200 years of industrialization, the level of
CO2 in the atmosphere has already increased from 280 ppm to
380 ppm. Industrial activities, mainly power generation from
coal, have increased the total mercury flux from 1600 tons/year
in the pre-industrial era to 5000 tons/year, of which 3000 tons
is deposited in land and 2000 tons is deposited in marine.[5]

The change in the climate and the aggressive measures to har-
ness existing and alternative energy such as hydropower in de-
veloping countries also cause unprecedented problems in pre-
serving the environment and natural resources. A study by the
National Research Council estimated that currently 1.1 billion
people are without access to safe drinking water and 2.2 bil-
lion people are without access to proper sanitation. In 2000
alone, 2.2 million deaths were attributed to water- and hy-
giene-related problems. By 2050, 4–7 billion people will face
water scarcity.

There is no single solution to the daunting challenges we
face concerning energy and environment. Significant progress

has been made in the development of renewable energy tech-
nologies such as solar cells, fuel cells, and biofuels.[6–11] Al-
though these alternative energy sources were marginalized in
the past, it is expected that new technology could make them
more practical and price-competitive with fossil fuels, enabling
eventual transition away from fossil fuels as our primary
energy sources. Almost all alternative energy technologies are
limited by the properties of current materials. For example,
poor charge-carrier mobilities and narrow absorption in current
semiconductors limit the energy-conversion efficiency of pho-
tovoltaic cells.[12–25] Thermoelectric materials typically possess a
figure of merit of less than 2.5.[26–28] Other electric power sour-
ces, such as batteries, supercapacitors, and fuel cells, do not
have sufficient energy/power densities and/or efficiencies
owing largely to poor charge- and mass-transport properties,
and are too expensive as a result of materials and manufactur-
ing costs.[29,30] Fundamental advances in the synthesis, process-
ing, and control of multiscale structure and properties in ad-
vanced materials would usher in more efficient energy conver-
sion and high-density energy/power-storage technologies.[31]

Of great interests are nanotechnology and nanostructured ma-
terials, which are expected to have a great impact on semicon-
ductors, energy, and the environmental, biomedical, and
health sciences.[32] When a material is reduced to nanometer
dimensions, its properties can be drastically different from its
bulk properties. Recently, nanomaterials and novel designs
based on nanomaterials have demonstrated very promising re-
sults for energy harvesting, conversion, and storage.[33,34]

Although the applications differ from field to field, one of
the fundamental challenges is to develop oriented and con-
trolled nanostructures to improve the generation and transport
of electrons, ions, and other molecular species.[33,34] In this
Review, first we briefly describe several major approaches to
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attain oriented nanostructured films that are applicable for
energy applications. We also discuss how such controlled
nanostructures can be used in photovoltaics, batteries, capaci-
tors, thermoelectronics, and other unconventional methods of
energy conversion. We highlight the role of high surface area
to maximize the surface activity, and the importance of opti-
mum dimension and architecture, controlled pore channels
and alignment of the nanocrystalline phase to optimize elec-
tron and ion transport. Extensive research on the investigation
of nanoparticles, nanopowders, and quantum dots is not in-
cluded here. Brief background information is provided for the
relevant technologies, but the emphasis will be on the nanoef-
fects (an extensive review of all topics and each specific appli-
cation field is not attempted). Also, this Review focuses mainly
on inorganic-based materials and devices, thus some other im-
portant research fields are not discussed here (e.g. organic
photovoltaics, fuel cells, hydrogen generation and storage, and
biofuels).

2. Synthesis of Nanostructures and Oriented
Nanostructured Films

2.1. Sol-Gel Processing

Sol-gel processing[35] is one of the most widely used methods,
also often combined with hydrothermal growth, to prepare
various nanostructured materials and films, such as those used
in dye-sensitized solar cells.[36] Sol-gel processing is a solution
method of making metal-oxide ceramic materials from alkoxide
precursors or salts through controlled hydrolysis and conden-
sation of the precursors. For example, TiO2 nanoparticles and
films can be obtained by treating titanium isopropoxide with
water, followed by hydrothermal growth. Properties of the
nanomaterial, such as the crystallinity, particle size, pore struc-
ture, surface area, and degree of agglomeration, depend on
the reaction conditions, including the temperature, evapora-
tion rate, drying conditions, and post-treatment. The rates of
hydrolysis and condensation are largely affected by the type of
precursors, the concentrations of acid and base, and the mix-
ture of the solvents (water versus other solvents). The advant-
age of the sol-gel approach is the flexibility of the sol-gel
chemistry and the wide range of microstructures that can be
attained, from nanoparticles, nanostructured or nanoporous
films, to nanostructured monoliths. To preserve the highly
open and porous structure, supercritical drying is commonly
applied for the removal of solvent. During the supercritical
drying process, there exists no liquid–vapor interface and thus
no capillary force; as a result, there is no capillary-force-driven
collapse or shrinkage of highly open gel networks. Such sol-gel
materials are referred to as aerogels,[37] which are highly
porous with up to 99.9% porosity and specific surface areas
over 1000 m2 g�1.

2.2. Direct Growth of Oriented Nanowire Arrays

The direct growth of large arrays of oriented nanowires has
been extensively studied. For gas-phase syntheses, a vapor–
liquid–solid (VLS) mechanism is the dominant method.[44] By
this method, catalyst nanoparticles are first deposited on the
substrate. The catalyst nanoparticle is melted and forms an
alloy with one of the reacting elements in the vapor phase.
The nanowires are nucleated from the catalyst nanoparticles.
The size of the nanowires is determined by the size of the cat-
alyst nanoparticles. The VLS method has been successfully
used to prepare oriented carbon nanotubes,[45,46] oriented ZnO
nanowires,[47,48] and many other materials. Low-temperature,
solution-based synthesis is an alternative route to gas-phase
synthesis that offers potential for large-scale and low-cost pro-
duction and more systematic control of the nanostructures.
Oriented ZnO nanowires and nanotubes are first prepared on
bare glass substrates by controlling the nucleation, growth,
and aging processes.[49,50] Lately, a seeded growth has been de-
veloped to grow oriented oxide and polymer nanowire arrays.
In the seeded growth method, nanoparticles are first placed
on the substrates.[38,51–55] The crystal growth is then carried out
under mild conditions (low temperature and dilute concentra-
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tion of the salt). Under these conditions, homogenous nuclea-
tion from the bulk solution is not favored and only heteroge-
neous nucleation on the supported nanoparticle seeds is al-
lowed. Because the nanoparticles are the same as the materials
to be grown, the low activation energy favors the epitaxial
growth of the new one-dimensional materials (rods and wires)
from the existing seeds. This approach avoids the difficulty in
separating the nucleation and growth steps because the nucle-
ation step is mostly eliminated. It is particularly suitable for
multistep growth to produce complex nanostructures.[54,56–58]

The size and density of the seeds to a large extent determine
the size and population density of the nanowires or rods
formed. This technique can be applied on a large scale to
almost any surface. Figures 1a and 1b show the top and side

view of large arrays of oriented conductive polymer nanowires
grown directly from solution without using any templates.[38,39]

As compared to oxides, polymer nanowires are very unusual
because of their soft structure and have attracted wide atten-
tion recently.[59]

2.3. Template Synthesis

The template approach has been extensively investigated to
prepare supported or free-standing nanowires and nanotubes.

The most commonly used and commercially available tem-
plates are anodized alumina membrane[60] and radiation track-
etched polymer membranes.[61] Other membranes also have
been used as templates, such as nanochannel-array glass,[61] ra-
diation track-etched mica,[62] mesoporous materials,[63–67]

porous silicon obtained by electrochemical etching of silicon
wafer,[68] zeolites,[69]and carbon nanotubes.[70,71] Among the
commonly used templates, alumina membranes with uniform
and parallel porous structure are prepared by anodic oxidation
of aluminum sheet in solutions of sulfuric, oxalic, or phospho-
ric acids.[60,72] The pores can be arranged in a regular hexagonal
array, and densities as high as 1011 porescm�2 can be ach-
ieved.[73] Pore sizes can range from 10 nm to 100 mm.[74, 75] Poly-
carbonate membranes are made by bombarding a nonporous
polycarbonate sheet, typically 6–20 mm in thickness, with nu-
clear fission fragments to create damage tracks and then by
chemically etching these tracks into the pores.[76] In these radi-
ation track-etched membranes, the pores have a uniform size
as small as 10 nm although they are randomly distributed.
Pore densities can be as high as 109 porescm�2. The templated
approach is suitable for preparing nanoarrays of materials that
are difficult to produce by using other solution techniques. For
example, Bi2Te3 is of special interest as a thermoelectric materi-
al and Bi2Te3 nanowire arrays are believed to offer a higher
figure of merit for thermal–electrical energy conversion.[77,78]

Both polycrystalline and single-crystal Bi2Te3 nanowire arrays
have been grown by electrochemical deposition inside anodic
alumina membranes.[79,80] Sander and co-workers[79] fabricated
Bi2Te3 nanowire arrays with diameters as small as about 25 nm.

2.4. Anodization

Anodization of thin metal films is a new technique to prepare
oriented nanotube arrays (Figure 1c).[40] To prepare anatase
TiO2 nanotube arrays, a Ti metal film made of densely packed
nanoparticles is first deposited over the entire substrate. A
second Ti layer is deposited on top of the first layer, covering
half of the surface. Anodization in an appropriate electrolyte
solution by completely immersing the single-layer portion and
contacting the two-layer region in the electrolyte produces
well-oriented TiO2 nanotube arrays in the single-layer region.
By optimizing the growth conditions using ethylene glycol and
NH4F as the solvent, long titania nanotubes (1000 mm) could
be prepare in the form of self-sustaining films (thickness of
1 mm).[81–83] The applications of such novel materials for solar
energy conversion, photocatalysis, sensing, and medical im-
plants have been investigated.[84,85]

2.5. Self-Assembly

Self-assembly principles have been widely investigated to fab-
ricate organized nanostructures. Figure 1d shows an example
of a mesoporous TiO2 prepared by using P123 surfactant as
the template.[41] In this approach, the surfactants and polymers
self-assemble into ordered micellar structures owing to phase
separation. Controlled pore channels can be obtained by re-
moving the sacrificing phase.[86–88] These materials are charac-

Figure 1. Electron microscopy images of selected examples of novel orient-
ed nanostructures. a,b) Oriented conductive nanowires (polyaniline) pre-
pared without using templates.[38, 39] c) TiO2 nanotube arrays prepared by
anodization of Ti metal foils.[40] d) Mesoporous anatase TiO2 templated by
P123.[41] e) Oriented nanoporous carbon channels and films obtained from
self-assembly approaches.[42] f) Ordered arrays of hierarchical ZnO nanostruc-
tures obtained by combining micropatterning and solution growth.[43]
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terized by their well-ordered structures, tunable pore size from
2 to 50 nm, and simple preparation methods. However, achiev-
ing large-scale alignment of the pore channels is a great chal-
lenge. External factors, such as electrical[89–91] and magnetic
fields,[92,93] mechanical shearing,[93,94] geometric confinement,[95]

and solvent evaporation,[96] have been investigated to facilitate
the alignment. Dai and co-workers reported the synthesis of
large arrays of vertically oriented, ordered nanoporous carbon
channels by dispersing and polymerizing the carbon precur-
sors in a surfactant matrix (Figure 1e).[42] The vertical alignment
is likely caused by the action of surface tension and evapora-
tion during self-assembly.

2.6. Top-Down Approach

The combination of bottom-up and top-down approaches is
attractive for generating hierarchical structures. Two-dimen-
sional patterns of oriented nanocrystals can be created by
modifying the spatial distribution of the interfacial energy on a
substrate. For example, Aizenberg and co-workers[97–99] investi-
gated the combination of self-assembled monolayers (SAMs)
and soft lithography (microstamping or microcontact printing)
to prepare spatially controlled micropatterns of calcite crystals
on a surface with precisely controlled location, nucleation den-
sity, size, orientation, and morphology. The mineral nucleation
of calcite crystals was favored on acid-terminated regions but
suppressed in methyl-terminated regions, where the influx of
nutrients was maintained below saturation. Liu and co-workers
applied similar microcontact printing techniques to grow ori-
ented ZnO nanorods on patterned substrates.[43] Extended mi-
croarrays of carboxyl-terminated alkylthiols were printed on
electron-beam-evaporated silver films. When the patterned
silver substrates were placed in aqueous zinc nitrate solutions,
oriented ZnO nanorods formed on the bare silver surface but
not on the surface covered by the carboxylic acid groups.
Using this approach, they were able to obtain patterned lines,
dots, and a variety of structures and control the density and
the spacing to micrometer scales (Figure 1 f).

3. Photovoltaics

3.1. Inorganic Solar Cells

Solar energy is considered as a carbon-neutral energy source
and, thus, the ultimate solution to the energy and environ-
mental challenge. Solar energy is the primary source of energy
for all living organisms on earth. In one hour, the sun deposits
120000 TW of radiation on the earth, more energy than we
consume in a whole year.

Crystalline Si semiconductor photovoltaic cells were invent-
ed more than 50 years ago[100] and currently make up 90% of
the market. Silicon photovoltaic cells operate on the principle
of p–n junctions formed by joining p-type and n-type semicon-
ductors. The electrons and holes are generated at the interface
of p–n junctions, separated by the electrical field across the p–
n junction, and collected through external circuits. The opera-

tion voltage is determined by the energy level of the electrons
and holes leaving the cells.

Two significant challenges limit the widespread use of pho-
tovoltaics, namely the conversion efficiency of the cell and the
cost. The cell conversion efficiency is defined as the ratio of
the operating power density to the incident solar power densi-
ty, and is mainly limited by the loss of excess energy of the ex-
cited electrons (the energy difference between the photons
and the semiconductor band gap) in the form of thermal
energy (the Shockley–Queisser limit).[101] Novel designs and ma-
terials to overcome this thermodynamic limit, and a cost re-
duction of 15 to 25 times, are desired.

The current status of photovoltaic technologies has been
discussed in some excellent reviews,[12–15,25] and a brief discus-
sion is provided below. In principle, the Si semiconductors can
reach 92% of the theoretical attainable conversion (29% for Si,
and 32% for GaAS), with possible 20% conversion efficiency in
commercial designs. However, because of the high demand of
crystalline Si with competition from the microelectronics indus-
try and the high materials cost (Si accounts for 50% of the
total cost of the module), thin-film photovoltaics have attract-
ed wide attention.[14,102] For example, amorphous thin-film Si is
a good candidate because the defect level (dangling Si bonds)
can be controlled by hydrogenation and the band gap can be
reduced so that the light-absorption efficiency can be much
higher than that of Si.[103–111] Amorphous Si can be deposited
on any substrate by gas-phase deposition, and the process can
be scaled up. However, amorphous Si tends not to be stable
and can lose up to 50% efficiency within the first 100 hours.
Bridging the gap between single-crystalline Si and amorphous
Si is the nanocrystalline, polycrystalline, or multicrystalline Si
film.[112–115] Polycrystalline Si has a great potential because of
low capital cost, high throughput, and less stringent require-
ments on the quality of the Si feedstock. Cadmium telluride
(CdTe) is another leading polycrystalline film candidate for pho-
tovoltaics.[116–120] It has an ideal band gap (1.5 eV) for single-
junction solar cells, and lends itself to a wide range of low-cost
manufacturing process. Recently, CdTe was proposed for large-
scale land applications in the United States at a total cost of
400 billion dollars over the next 30 years.[121] CdS/CuInSe2

(CIS),[122–124] Cu ACHTUNGTRENNUNG(In,Ga)Se2 (CIGS),[125] and Cu ACHTUNGTRENNUNG(In,Ga) ACHTUNGTRENNUNG(Se,S)2
(CIGSS)[126,127] have received much attention because they are
direct semiconductors, can be either p-type or n-type, have
band gaps that match the solar spectrum, and display high op-
tical absorbance. They have excellent stability, can be pro-
duced on large scales for megawatt applications, and are com-
patible with flexible substrates. The performances of the major
different types of photovoltaic materials are summarized in ref-
erence [25] , and the demonstrated efficiency ranges from
about 10% for amorphous Si, 16% for CdTe, 19% for CIGS,
20% for polycrystalline Si, and 25% for crystalline Si.

Although second-generation photovoltaics are advancing
rapidly and have the potential to match or surpass the perfor-
mance of single-crystalline Si with reduced costs, meeting the
long-term goal of very low cost ($0.4/kWh) and very high effi-
ciency (over 32%) requires major breakthroughs in materials
science and cell design.
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One-dimensional semiconductors, such as CdSe, CdTe, GaAs,
CuInS2, and CuInSe2, have been investigated as the active com-
ponents in photovoltaics.[128] Their nanoscale confinement pro-
vides an additional means to control the band gap, therefore
improving the photon-absorption efficiency, as well as the
charge transfer in the materials and across the interfaces. How-
ever, in general, the preparation of such materials is difficult
and the overall device architecture and fabrication remains a
great challenge. Peng et al. prepared aligned single-crystalline
Si nanowire arrays for photovoltaic applications.[129] The p-type
Si nanowire arrays were prepared by a galvanic displacement
process in a solution of HF and silver nitrate. The p–n junction
was formed by thermal POCl3 diffusion to convert the Si nano-
wires into n-type semiconductors. Such Si nanowires had ex-
cellent antireflecting properties. A power conversion efficiency
of 9.31% and a fill factor of 0.65 were obtained. A low current-
collecting efficiency of the front electrodes was believed to
limit the overall efficiency.

3.2 Photoelectrochemical Solar Cells

In the early 1990s, a new class of dye-sensitized solar cells
(DSSCs) was reported and showed surprisingly high efficiencies
of over 4% given that very inexpensive TiO2 was used as the
bulk of the photovoltaic cells.[36,130] The DSSCs are similar to a
traditional electrochemical cell and comprise a nanoporous
semiconducting electrode made of sintered TiO2 nanoparticles
and a dye molecule (metal bipyridyl complex). Upon photoex-
citation, the dye molecules generate electrons and holes and
inject the electrons into the TiO2 semiconductors. The excited
dye cations are reduced to the neutral ground state by a liquid
electrolyte (iodide/triiodide redox-active couple dissolved in an
organic solvent). The triiodide to iodide cycle is completed by
drawing the electrons from the counter electrode. Because of
the simplicity of the device and the low cost of TiO2 (which is
essentially the same material used in paints), DSSCs display a
great potential for large-scale applications. DSSCs have dis-
played a confirmed power conversion efficiency of over 10%
and minimum degradation after long-term operation (over
1000 h at 60–80 8C),[131,132] with 15% efficiency observed follow-
ing optimization of the material design.[133]

The performance of DSSCs depends on several key compo-
nents of the cells. First, the dye molecules have strong optical
absorbance in the visible light range. The excited dye mole-
cules transfer the electron from the metal to the p* orbital of
the carboxylated bipyridyl ligand attached to the metal-oxide
surface (anatase TiO2), and then release the electrons to the
oxide within 100 fs. The high-surface-area nanocrystalline
oxides function as the anode for current collection. Typically,
the anatase TiO2 oxide film is derived from a sol-gel process
and has a surface area of about 100 m2 g�1, 50% porosity by
volume, and a crystal size of 15 nm. The nanocrystalline struc-
ture is critical for two reasons: 1) the large surface area and
small size of the crystals are required to anchor a large amount
of dye molecules on the semiconductor surfaces; 2) the elec-
trons need to be effectively transferred before they are stop-
ped by bulk or surface defects and the grain boundaries. The

diffusion of the electrons in the nanocrystalline materials may
be limited by the slow diffusion through different grains and
by the trap states on the grain boundaries.

However, DSSCs still face significant challenges. First, even
though the cost of the electrodes is low, the cost of the dye
molecules is high. New, inexpensive dye molecules that can ef-
ficiently absorb sunlight in the visible range are being stud-
ied.[135] Second, the long-term stability, reliability, and cell oper-
ation are still under investigation, with great potential offered
by using solid electrolytes rather than liquid electrolytes.[136] Fi-
nally, the long-standing efficiency of about 10% needs to be
significantly increased. Many approaches have been investigat-
ed to increase the efficiency by developing dyes with more ef-
ficient and broader spectral response, by increasing the open-
circuit voltage through manipulating the band gaps of the
semiconductors and the redox agents, and significantly by in-
creasing the diffusion length of the electrons in the semicon-
ductors. Yang and co-workers introduced a new concept by re-
placing the nanocrystalline films with oriented, long high-den-
sity ZnO nanowires prepared from solution seeded synthe-
sis.[53,134,137] The high surface area is favorable for trapping the
dye molecules, and the electron transport in oriented nano-
wires should be orders of magnitude faster than percolation in
polycrystalline films. Still, this approach produced a full sun ef-
ficiency of 1.5%, which was believed to be limited by the total
available surface areas of the arrays and limited thickness
(Figure 2).[138] More recently, Yang and co-workers reported
that the efficiency could be increased to 2.25% by applying a

thin crystalline TiO2 coating.[139] The increase was attributed to
the passivation of the surface trap sites and the energy barrier
to repel the electrons from the surfaces.

Several groups have studied DSSCs using anodized, oriented
TiO2 nanotubes.[40] The oriented, transparent TiO2 nanotubes

Figure 2. a,b) DSSCs based on ZnO nanowires: a) schematic diagram of the
cell (transparent electrode/dye-coated nanowire array in electrolyte/plati-
nized electrode), and b) current density as a function of bias. The inset
shows the wavelength-dependent quantum efficiency (peak at 515 nm).[134]

c, d) DSSCs based on anodized TiO2 nanotubes:[40] c) architecture of TiO2

nanotube based DSSCs, and d) photocurrent–voltage relationship.
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show a longer lifetime for the excited electrons and
much slower recombination as a result of structural
defects.[40,140] An efficiency of 2.9% was initially re-
ported, maybe limited by the thickness of the film.
Other oriented nanostructures, such as nanoarrays of
TiO2 nanowires and nanobelts from hydrothermal re-
actions, have also shown encouraging results for
DSSCs.[141]

Even though the nanowire and nanotube arrays
show fast electron transport, the limited density and
thickness may prevent a much higher efficiency. To
understand the challenges in this area, other ap-
proaches for high conversion efficiency on ZnO-
based DSSCs through the controlled aggregation of
ZnO nanocrystallites are compared. Zhang et al.[142–

144] recently reported a noticeable progress in ZnO
DSSCs through enhanced light scattering with con-
trolled aggregation of ZnO nanocrystallites. In this
approach, the primary ZnO nanocrystallites ensure
the desired internal surface area for dye chemisorp-
tion, whereas the submicrometer spherical aggre-
gates introduce light scattering so as to enhance
photon absorption. The aggregates were intentional-
ly prepared with a relatively wide size distribution to
achieve better packing. It was also demonstrated
that the surface smoothness of the submicrometer-
sized aggregates has an appreciable impact on the
conversion efficiency.

Submicrometer-sized ZnO aggregates were synthe-
sized by the hydrolysis of a zinc salt in a polyol
medium at temperatures ranging from 160 8C to
190 8C, similar to the method reported by Jezequel
et al.[145] The resulting colloidal dispersion was drop-
cast onto a fluorine-doped tin oxide glass substrate
to form a film of about 9 mm in thickness, and the film was
then subsequently annealed at 350 8C for 1 h in air to remove
residual solvents and any organics as well as to improve the
contact and connection between the film and the substrate
and between particles. Figure 3a shows the SEM images of
ZnO aggregate film (denoted as sample 1), and Figure 3b
shows a schematic illustrating the hierarchical structure. The
uniform and well-packed films of submicrometer ZnO aggre-
gates with almost perfect spherical shape and smooth surface
can be seen in Figure 3c. Three other samples (samples 2, 3,
and 4) were prepared at slightly higher temperatures, and
their SEM images (Figure 3d–f) reveal deteriorating aggrega-
tion and increasing surface roughness of the aggregates. All of
the ZnO samples exhibit the hexagonal Wurtzite structure with
lattice constants a=0.32 nm and c=0.52 nm. Sample 2 was
similar to sample 1, but it was made of ZnO aggregates with a
slight disintegration on the aggregation of nanocrystallites,
and moreover, an increased surface roughness (Figure 3d).
Sample 3 was made of partial aggregates along with a disper-
sion of the primary ZnO nanocrystallites; most of the aggre-
gates lost their spherical shape and hence significantly in-
creased their surface roughness (Figure 3e). Sample 4 was a
film made of dispersed primary ZnO nanocrystallites with no

aggregates (Figure 3 f). Nitrogen sorption analysis (Brunauer–
Emmett–Teller (BET) surface area analysis) of the powder forms
of all the samples revealed they all had similar internal surface
areas of around 80 m2 g�1.

The ruthenium complex [cis-RuL2ACHTUNGTRENNUNG(NCS)2] (L=2,2’-bipyridyl-
4,4’-dicarboxylate) known as the N3 dye,[146,147] was used to
sensitize the ZnO films. Adsorption of the dye was completed
by immersing the films into a 0.5 mm solution of N3 dye in
ethanol for about 20 min; this time was chosen to avoid the
dissolution of surface Zn atoms and the formation of Zn2+/dye
complexes.[148] A comparison of current density and voltage
behaviors revealed the difference in overall conversion efficien-
cy for all four samples under AM 1.5 illumination. The highest
conversion efficiency of 5.4% was obtained for sample 1,
which comprised ideal spherical aggregates of ZnO nanocrys-
tallites. The efficiency was reduced to 2.4% for sample 4, in
which only dispersed ZnO nanocrystallites without aggregation
were included. The spectra in Figure 3h present the distinct
optical absorption of all four samples in the UV/Vis region.
Slight humps are observed from the spectra of samples 1 and
2 around 400–500 nm. The shaded part on the right represents
the additional absorption for sample 1, and partially for sam-
ples 2 and 3, caused by the light scattering of ZnO aggregates.

Figure 3. Controlled agglomeration of ZnO and resulting photovoltaic properties.
a) Scanning electron microscopy (SEM) image of the cross-section showing the multilay-
ered stacking of ZnO aggregates and the porous structure of the film. b) Schematic illus-
trating the microstructure of the ZnO aggregate and the closely packed aggregation of
primary nanocrystallites. c–f) SEM images of samples 1, 2, 3, and 4 (see text for details)
showing the deterioration in aggregation of nanocrystallites and their surface smooth-
ness with increasing synthesis temperature (160, 170, 180, and 190 8C, respectively).
g) Solar cell performance and optical absorption spectra of samples 1–4; conversion effi-
ciencies (h) under AM 1.5 illumination decrease from 5.4% for sample 1 to 2.4% for
sample 4. h) Spectra presenting the distinct optical absorption of all four samples in the
UV/Vis region. The shaded part to the right corresponds to intrinsic absorption of ZnO;
the shaded part to the right corresponds to additional absorption for samples caused by
light scattering of ZnO aggregates.
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The shaded part on the left denotes the intrinsic absorption of
ZnO. These results clearly suggest that the film thickness and
the light scattering and absorption caused by the large aggre-
gates contribute to the overall efficiency.

Several approaches have been pursued to overcome the
Shockley–Queisser limit, including multijunction cells and mul-
tiexciton generation (MEG). In the multijunction cell, multiple
absorbing layers of materials with different band gaps are ar-
ranged so that the band gap decreases layer by layer to maxi-
mize the photon absorption,[149, 150] but the technology increas-
es the cost of manufacturing and implementation. Another po-
tential approach is to take advantage of the generation of mul-
tiple electron–holes (excitons) by one excitation event
(MEG).[151–153] Multiexciton generation has been demonstrated
for a range of zero-dimensional semiconductor quantum
dots,[151, 154–157] with photon-to-exciton conversion efficiencies of
up to 700%.[158] However, it is not clear how the MEG effects
can be used in a photovoltaic device and how the electrons
can be collected. It remains to be seen if quantum dots can be
integrated with some oriented architectures for the actual de-
vices while retaining MEG properties, or if other materials of
limited dimensionality (one-dimensional materials or nano-
wires) can also demonstrate multiexciton generation.

4. Electrical Energy Storage in Batteries

4.1. Introduction

Advanced electrical energy storage is a key technology to in-
crease the efficiency in energy utilization, to promote the use
of renewable energy, and to curb greenhouse gas emis-
sion.[159,160] Today, the primary storage technology is batteries
that store electrical energy in chemical reactants capable of
generating charges.[33,161,162] Energy storage in batteries is criti-
cal to the effective use of renewable energy generated from
intermittent sources, such as solar and wind, and to the ad-
vance of electric vehicles, including plug-in-hybrid electric ve-
hicles. However, the performance of current batteries falls
short of requirements for their efficient use in these important
application areas. While current electric vehicle batteries utilize
nickel metal hydride (NiMH) technology, significant improve-
ments are needed with regard to energy and power density,
price, and lifetime. Although great progress has been made
during the last 20 years in various battery systems, no current
battery system can satisfy the targets set for electric vehicles,
grid back-up, or other demanding applications. Among the
most promising batteries are lithium ion batteries that offer
high power and energy. However, their large-scale application
is still limited by several barriers, including reliability, longevity,
safety, and cost concerns.[163–167] Applications such as plug-in
hybrid electric vehicles either require or prefer even higher
energy/power than that offered by existing Li-ion batteries.

The performance of batteries strongly depends on the prop-
erties of their electrode and electrolyte materials. The emerg-
ing applications require revolutionary breakthroughs in the
electrochemically active materials that enable a high voltage
and multi-electrons per redox center for high energy density,

improved charge transport and electrode kinetics, and satisfac-
tory structural and interfacial stability, while being cost-effec-
tive. Nanomaterials have drawn great attention for their unusu-
al electrochemical properties as compared to bulk materials
with the same composition and crystalline structure. For Li
ions as an example, nanomaterials as electrodes and electro-
lytes may provide advantages[33,34,168,299] including 1) better ac-
commodation of the strain of lithium insertion/removal, im-
proving the cycle life; 2) new reactions that are not possible in
bulk materials ; 3) a higher electrode–electrolyte contact area
leading to a higher charge/discharge rate and thus a higher
power; and 4) a short path distance for electron and Li+ trans-
port, permitting the battery to operate at higher power or to
use materials with low electronic/ionic conductivity without
adversely affecting power.

However, nanomaterials also introduce new challenges, in-
cluding difficulties in manufacturing and handling of such ma-
terials, and very significantly, their stability and reliability under
aggressive operation conditions. To fully exploit the advantag-
es, the nanostructures of electrochemical active materials often
need to be optimized with not only a small size but also desir-
able morphology, texture, and overall cell design.

4.2. Anodes in Li-Ion Batteries

LixSi exhibits great potential for this particular application (neg-
ative electrode) but needs a well-designed nanostructure to
improve its structural and mechanical stability, and thus the
stability of its electrochemical performance during charge/dis-
charge processes. With a theoretical specific capacity of nearly
4200 mAhg�1 (Li21Si5), which is about ten times larger than the
specific capacity of graphite (LiC6, 372 mAhg�1), Si has been
proposed as one of the most promising candidates to replace
the conventional graphite negative electrode. However, the
high capacity of silicon is accompanied with huge changes in
volume (up to 300%) upon alloying with lithium which can
cause severe cracking and pulverization of the electrode and
lead to significant capacity loss. Efforts have been made to mit-
igate this problem. One attractive approach is to create a
nanocomposite microstructure that comprises an active lithium
alloy phase uniformly dispersed in an inert host matrix, such as
Si/C, Si/TiB2, or Si/TiN composite materials.[169, 170] Approaches
including chemical vapor deposition, pyrolysis of Si-containing
organic compounds, or mechanochemical methods have been
used to fabricate the nanocomposites. During Li charging/dis-
charging, the carbon phase acts as a buffer material (and a
low-resistant electron path as well) to accommodate the
volume change of silicon and mitigate the mechanical strain/
stress, thereby improving the cycle life. Alternatively, multilayer
concepts have also been tried to reduce the enormous me-
chanical stresses upon electrochemical cycling by introducing
a series of ‘buffer’ layers between the active materials. Besides
the small size, also the structure and morphology appeared to
be important to the structural stability and electrochemical
performance of the Si anode. Obrovac and Christensen[171] indi-
cated that highly lithiated amorphous silicon rapidly crystallizes
at 50 mV to form a new lithium–silicon phase, identified as
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Li15Si4. In another study, Dahn and Hatchard[172] investigated
the formation of crystalline silicon using an in situ X-ray probe
and found that the electrochemically induced crystalline phase
only forms on amorphous Si with a thickness of approximately
2 mm or above. These results raised the hope that amorphous
Si might have the potential to avoid crystallization during the
lithiation process and minimize capacity loss during repeated
transformation between the crystalline and amorphous forms.

Despite the varied extent of improvement, the aforemen-
tioned efforts fell short of overcoming the pulverization issue
associated with Si anodes. Recently, Yonezu et al.[173] (SANYO
Electric Co. , Ltd) reported that an amorphous Si (a-Si) film sput-
tered on a moderately roughened surface of copper foil could
display virtually 100% reversibility over a capacity greater than
3000 mAhg�1 (see Figure 4a,b). The as-deposited amorphous

Si film swelled in thickness and divided into microcolumns.
The column structure demonstrated much improved structural
and electrochemical stability, illustrating the importance of the
morphology of electrode materials. The advantages of oriented
Si nanostructures were further confirmed on oriented Si nano-
wires. Chan et al. used a VLS method to prepare oriented Si
and Ge nanowires on a steel substrate using gold cata-
lysts.[174,175] The prepared Si nanowires (diameter<100 nm)
were capable of charging up to the theoretical capacity during
the initial lithium insertion without pulverization (see Figur-
e 4c,d). After transforming into amorphous LixSi, the one-di-
mensional nanosilicon electrode thereafter maintained a
charge capacity of 75% of its theoretical capacity, with little
fading after 10 cycles. Also, the shortened distance of lithium
transport in the silicon nanostructure and low-resistance
electrical connection led to an excellent rate capability
(>2100 mAhg�1 at 1 C). The proof-of-concept study demon-
strated that one-dimensional Si nanostructures could be prom-
ising anode materials for Li-ion batteries. Nonetheless, there is

a need to develop cost-effective, practical approaches that can
be used to produce high-performance silicon anodes.

As illustrated with the Si anodes, oriented nanostructuring
can lead to improvements in structural and electrochemical
performance, as well as in kinetics owing to shortened diffu-
sion distances. For many materials including Si, however, the
advantages are often accompanied by increased side reactions
with the electrolyte as a result of the increased surface, raising
concerns over safety and calendar life. In comparison, TiO2,
with a potential around 1.5 V (vs. Li+/Li redox couple), is inher-
ently safe in comparison to the graphite anode, which has an
operating voltage close to that of Li electroplating and thus an
issue of safety. However, the poor lithium-ion conductivity and
electron conductivity of TiO2 polymorphs limit their electro-
chemical activity of Li insertion. For example, as the most ther-
modynamically stable polymorph of TiO2, rutile in its bulk crys-
talline form can only accommodate negligible Li (<0.1 Li ions
per TiO2 unit) at room temperature.[176, 177] Recent studies indi-
cated that diffusion of Li in rutile is highly anisotropic, which
proceeds through rapid diffusion along c axis channels,[178,179]

but it is very slow or difficult in the ab planes, preventing Li
ions from reaching the thermodynamically favorable octahe-
dral sites and separates Li in the c axis channels. Furthermore,
the impulsive Li–Li interactions in the c axis channels together
with the trapped Li-ion pairs in the ab planes may block the
c axis channels and prevent further insertion. Interestingly,
however, several groups,[180–183] recently reported that nanome-
ter-sized TiO2 (50 nm) can be an effective lithium ion insertion
electrode. It appears that decreasing the TiO2 particle size
alters its reactivity towards Li, with no insertion observed for
large particles as compared to the appearance of two solid so-
lution domains and then the formation of electroactive rock-
salt-type LiTiO2. The reversible capacity of the nanorutile parti-
cles was up to 0.5 Li per oxide, which is comparable to that of
anatase, another form of TiO2. Similarly, Jiang et al.[183]reported
recently that Li insertion can be up to Li/Ti=1:1 in a rutile
nano-electrode at the first discharge cycled at 0.05 Ag�1, and
about 0.6–0.7 Li ions can be reversibly cycled. After 100 cycles,
the discharge capacity of the ultrafine nanorutile electrodes re-
mained at 132 and 118 mAhg�1 when cycled at 5 and 10 Ag�1,
respectively. In addition, a similar size effect on materials elec-
trochemical activity was also observed for nanosized anatase,
for which a solid solution domain was observed prior to the
classical biphasic transition.[184] These new findings provide jus-
tification to reinvestigate nanoscale structures of other elec-
trode materials that display poor performance when used in
their bulk form and open avenues to develop high-perfor-
mance electrode materials.

Note that the nanosized rutiles with good Li-intercalation
properties are mostly in the form of nanorods. Owing to the
fact that Li diffusion is anisotropic in rutile, being particularly
slow in the ab plane, the rutile nanorods along the [001] direc-
tions may be favorable for fast Li intercalation. The morpholo-
gy effects were clearly demonstrated in studies by Meier and
co-workers as shown in Figure 5a–f.[181] Recently, Wang et al.[185]

described the synthesis of highly crystalline mesoporous rutile
through a low-temperature solution approach. The nanostruc-

Figure 4. a,b) Cross-sectional SEM images of an amorphous silica (a-Si) thin-
film electrode in the discharged (a) and charged state (b) with over
3000 mAhg�1 reversible capacity (part (b) is shown to the same scale as
part (a)).[173] c) Comparison of conventional Si powders and Si nanowires
during charge–discharge cycles.[174] d) Variation in capacity of Si nanowires
over 10 cycles.[174]
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tured rutile made of aligned rutile nanorod building blocks
grown along the [001] direction was capable of accommodat-
ing more than 0.7 Li ions (Li0.7TiO2, 235 mAhg�1) during the
first charge at a rate of C/5 over 1–3 V (versus Li+/Li) and
thereafter exhibited a reversible capacity of 0.55 Li ions
(Li0.55TiO2, 185 mAhg�1). As shown in Figure 5g,h, the mesopo-
rous crystalline rutile exhibited excellent capacity retention
with less than 10% capacity loss after 100 cycles. The study in-
dicated that the rutile nanorods were transformed into cubic
rock salt LiTiO2 nanorods, but the mesostructures remained
stable after the phase transformation and cycling.

Cao and co-workers[186–188] prepared and investigated acidic
anodized TiO2 nanotube arrays (Figure 6a,d). Different mor-
phologies of the nanotube arrays were obtained by optimizing
the electrolyte solution. Subsequent thermal annealing con-
verted the initially amorphous TiO2 nanotube arrays into ana-
tase TiO2 at moderate temperatures of 300 8C and into rutile

TiO2 at higher temperatures (>
600 8C). Both amorphous and
pure crystalline anatase TiO2 ex-
hibited poor Li+-ion intercalation
capacities, as well as rapid deg-
radation during cycling. The best
capacity with good cyclic stabili-
ty was obtained with partially
crystallized TiO2 nanotube arrays
that were annealed around
300 8C for 3 h, particularly for
samples annealed in a nitrogen
atmosphere. Annealing TiO2

under nitrogen is known to
result in N-doping and is likely
the cause for the improved elec-
trochemical properties of such
grown TiO2 nanotube arrays. Kim
and Cho further compared the

electrochemical performance of anatase nanotubes and nano-
rods which were synthesized by annealing mixed H2Ti2O5·H2O
and anatase TiO2 nanotubes at 300 and 400 8C, respectively.[189]

The tubelike nanostructure of anatase exhibited a capacity of
296 mAhg�1 as compared to 215 mAhg�1 for the rod form,
and a much higher capacity retention.

Besides rutile and anatase, the importance of the size and
morphologies was also demonstrated in spinel Li4Ti5O12

[190,191]

and TiO2-B.[192–195] For instance, Bruce and co-workers[193–195] re-
ported a TiO2-B nanowire anode that was capable of insertion
up to Li0.9TiO2 (305 mAhg�1) without noticeable structural deg-
radation and change in the nanowire morphology. This capaci-
ty was delivered at a potential of around 1.6 V (vs Li+

ACHTUNGTRENNUNG(1m)/Li)
and the potential was relatively flat over most of the range. Cy-
cling efficiency was excellent, as was the capacity retention. In-
terestingly, the rate capability was better than that for the
same phase prepared as nanoparticles with dimensions similar
to the diameter of the nanowires. Therefore, the nanowires
and nanofibers have favorable properties for Li-ion intercala-
tion.

4.3. Cathodes in Li-Ion Batteries

The favorable electrochemical performance from one-dimen-
sional nanostructures was also reported in other oxide systems
for cathodes. For example, Cao and co-workers synthesized
and characterized various one dimensional nanostructured
electrodes of orthorhombic V2O5 and low-crystalline
V2O5·nH2O, including single-crystal V2O5 nanorod arrays,[196–198]

V2O5·nH2O, InVO4, and TiO2 nanotube arrays,[197,199,200] and Ni-
V2O5·nH2O core–shell nanocable arrays.[201] The fabrication of
such nanostructures was accomplished using template-based
growth by sol electrophoretic deposition[202–208] and electro-
chemical deposition.[209–212] Furthermore, platelet and fibrillar
nanostructured V2O5 films have been fabricated by solution-
based methods.[186] These platelet and fibrillar films consist of
randomly oriented nanoscale V2O5 particles or nanoscale fibers
protruding from the substrate surface. These nanostructured

Figure 5. a–c) SEM images of different rutile particles : a) 20 mm particles; b) 500 nm particles ; and c) rutile nano-
rods. d) High-resolution TEM images of rutile nanorods. e) Voltage profile of different rutile particles at C/20 rate.
f) The first two cycles of intercalation/deintercalation. g) Mesoporous rutile made of oriented nanorods. h) The first
three charge–discharge cycles of mesoporous rutile at C/5 rate.[185] (Parts (a)–(f) are reproduced from Ref. [181].)

Figure 6. a) Schematic of nanorod, nanocable array, and nanotube electro-
des for energy storage. b) Comparison of specific energy and specific power
of V2O5 electrodes in the form of films, nanorods, and nanocable arrays.
c) SEM images of oxide nanorod arrays. d) SEM image of TiO2 nanotube
arrays fabricated by acidic anodization and subsequently annealed in nitro-
gen at 300 8C for 3 h. e) Li-ion intercalation capacity as a function of charge–
discharge cycles.
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films exhibit larger surface areas and shorter diffusion paths for
Li+-ion intercalation than a plain thin-film structure. Figure 6
also includes a Ragone plot of specific energy and specific
power of various nanostructured vanadium oxide electrodes
and an SEM image of typical nanorod arrays.

LiFePO4 demonstrates a high energy density and excellent
electrochemical stability. Additional advantages in low cost,
low environmental impact, and safety have made the olivine
structure a promising cathode material, in particular for large-
scale transportation applications. Nonetheless, LiFePO4 has
some inherent shortcomings, including one-dimensional Li-ion
transport and a two-phase redox reaction that limits the mobi-
lity of the phase boundary.[213–216] Thus, nanostructuring has
become the key to enable fast rate behavior. Delacourt et
al.[216] studied carbon-free LiFePO4 crystalline powders with a
narrow distribution around 140 nm, which demonstrated a ca-
pacity of 147 mAhg�1 at 5 C rate and no significant drop in ca-
pacity after 400 cycles. Work by Meethong et al.[217] indicated
that the miscibility gap in undoped Li1�xFePO4 contracted with
decreasing particle size in the nanoscale regime, suggesting
that the miscibility gap could completely disappear after a crit-
ical size. Also, they reported that the kinetic response of the
nanoscale olivines may deviate from the simple size-scaling im-
plicit in Fickian diffusion. Choi and Kumta[218] synthesized nano-
structured LiFePO4 powder with a particle size distribution of
100–300 nm and a crystallite size of less than 65 nm through
sol-gel approaches. The synthesized olivine materials demon-
strated capacities of 157 and 123 mAhg�1 at discharge rates of
1 C and 10 C, respectively, with less than 0.08% fade rate.

4.4. Electrode Architectures in Li-Ion Batteries

Whereas, as demonstrated, the morphology of nanostructures
can be optimized for improved electrochemical performance,
the overall architecture is another parameter that can be opti-
mized for further improvement. The nanomaterials synthesized
are often non-self-supported, that is, they need to be pro-
cessed into an electrode film. The non-self-supported nanoma-
terials must be elaborated into an electrode that maintains dif-
fusion length while providing electrical and mechanical contact
through the strain imposed by the electrode reactions. While
graphitic additives improve the integrity and performance of
the nanomaterial electrode, they may incur new penalties aris-
ing from the addition of supplementary interfaces. To preserve
the benefits of electrochemistry at the nanoscale and to ach-
ieve high rate capabilities, 3D nanoarchitectured electrodes
(self-supported) may be needed. Such 3D architectured elec-
trodes integrate electrodes and interconnection or current col-
lecting, minimizing loss of interfacial resistance and improving
kinetics. This nanomaterial strategy has been applied for the
fabrication of conversion electrode materials, such as CoO. Tra-
ditional intercalation reactions proceed with Li-ion insertion (or
extraction) from an open host structure and concomitant addi-
tion (or removal) of electrons, limiting the capacity to at most
one Li ion per 3d metal. In contrast, some interstitial-free 3d
metal oxide structures (e.g. CoO, CuO, NiO) that exhibit a rock-
salt structure with no empty sites available for Li ions (i.e. un-

suitable for intercalation chemistry) have nevertheless been
shown to exhibit large, rechargeable capacities that can be as
high as 1000 mAhg�1.[219–221] It appears that the reversible elec-
trochemical reaction mechanism of Li with the transition oxide,
CoO as an example, entails for the most part a displacive
redox reaction [Eq. (1)] .

CoOþ 2 Liþ þ 2e�1 Ð Li2Oþ Co ð1Þ

Although the reaction to the right is thermodynamically fea-
sible, the reverse reaction to the left which is electrochemically
driven is surprising. Observation of the reverse reaction is ac-
counted for by the introduction of nanostructures, though the
mechanistic effects of nanostructures on the reversibility of the
conversion reactions are still not clear. One drawback of the
conversion reactions is the poor electronic conductivity of the
conversion materials. One way to overcome the conductivity
limit is to develop a nanoarchitectured 3D electrode that is in-
tegrated with a highly conductive substrate, such as a metal.
Tarascon and co-workers[221–223] reported that nanostructured
Fe3O4 fabricated on Cu nanorods using template-assisted
growth on a current collector (Figure 7) demonstrated a six-

fold improvement in power density over planar electrodes
while maintaining the same total discharge time. The capacity
at the 8 C rate was 80% of the total capacity and was sus-
tained over 100 cycles. As pointed out by the authors, howev-
er, the self-supported material has issues including a large hys-
teresis between charge and discharge, and the fabrication ap-

Figure 7. A nanostructured electrode fabricated by electrodeposition of
nano-Fe3O4 on a nanostructured Cu current collector.[220]
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proaches need to be optimized so that electrodes with suita-
ble dimensions for practical applications can be produced.

5. Electrical Energy Storage in Supercapacitors

5.1. Introduction

Different from chemical energy storage or batteries that store
energy in chemical reactants capable of generating charges,
electrochemical capacitors (ECs) store energy directly as
charge. There are two types of electrochemical capacitors,
namely electrical double-layer capacitors and pseudocapaci-
tors. Recently, high-surface-area carbon has become the lead-
ing candidate material for energy storage in electrochemical
supercapacitors.[161, 224] An electrochemical double-layer capaci-
tor stores electrical energy in the electrochemical double layer
formed at the electrode–electrolyte interfacial regions.[225]

When the electrode is biased, a double layer structure is devel-
oped with the opposite charge accumulated near the elec-
trode surface. The thickness of the double layer is related to
the Debye screening length in the modified Gouy–Chapman
model. The capacitance (C) of the double layer is related to the
surface area (A), the effective dielectric constant or relative per-
mittivity (er), and its thickness (d) by an inverse linear relation-
ship (C=erA/d). A typical smooth surface will have a double-
layer capacitance of about 10–20 mFcm�2, but if a high-sur-
face-area electrode surface is used the capacitance can be in-
creased to 100 Fg�1 for a conducting material that has a spe-
cific surface area of 1000 m2 g�1.[162] A wide range of high-sur-
face-area carbon materials have been investigated, including
activated carbon and multi- and single-walled carbon nano-
tubes. The capacitance typically ranges from 40 to 140 Fg�1

for activated carbon,[224] and 15 to 135 Fg�1 for carbon nano-
tubes.[226,227] Currently, the best available result from commer-
cial products is about 130 Fg�1 (Maxwell’s BoostCap). Pseudo-
electrochemical capacitance involves voltage-dependent Fara-
daic reactions between the electrode and the electrolyte,
either in the form of surface adsorption/desorption of ions,
redox reactions with the electrolyte, or doping/undoping of
the electrode materials. The best example of redox pseudoca-
pacitance is hydrous RuO2, which shows a continuous redox
activity over a wide voltage range and very high, surface-area-
independent capacitance.[228–231] However, RuO2 is a very ex-
pensive material of limited supply. Much work has been fo-
cused on replacing RuO2 with other metal oxides[232] and ni-
trides.[233–236] Doped conducting polymers can also display high
capacitance, but the stability of the organic materials has so
far limited their applications.

Supercapacitors based on carbon materials have been the
subject of several excellent reviews; see Ref. [224] for an exam-
ple. There are several approaches to improve charge storage in
carbon supercapacitors. A higher capacitance can be achieved
by careful thermal, chemical, or electrochemical treatment to
increase the accessible surface area and surface functional
groups, or by extending the operating voltage range beyond
the limit of an aqueous electrolyte solution.[224] Several critical
factors contribute to a high capacitance. First, increasing the

surface area is quite important, but significant effort has al-
ready been made to maximize the surface area of carbon and
there is only limited room for further improvement from the
aspect of surface area. For many high-surface-area materials,
the correlation between the surface area and the specific ca-
pacitance cannot be strictly established.[224] Second, surface
functionalization has proven to be effective in increasing the
pesudocapacitance arising from oxidation/reduction of surface
quindoidal functional groups generated during the treatment
of the sample.[237,238] Another widely investigated method to
enhance the performance is to coat the carbon materials with
redox-active metal oxides such as manganese oxides or con-
ducting polymers such as polyaniline and polypyrrole.[239–241]

For example, polypyrrole-coated carbon nanotubes can attain
a capacitance of 170 Fg�1,[242] and MnO2-coated carbon nano-
tubes can attain a capacitance of 140 Fg�1,[243–245] but these
composite materials still do not resolve the fundamental limi-
tations of the polymer and MnO2, which themselves display
limited stability or operating voltage ranges.

5.2. Nanoporous Carbon

One of the most critical requirements is the optimization of
the microstructures of the carbon materials. For example,
nanostructured porous carbon electrodes with carefully con-
trolled surface chemistry and tuned microporous and mesopo-
rous structures have recently been fabricated by means of sol-
gel processing using resorcinol and formaldehyde as precur-
sors, followed by aging, solvent exchange after gelation, re-
moval of the solvent by freeze-drying, and finally pyrolyzing to
remove hydrogen and oxygen from the carbon gel at around
1050 8C in nitrogen.[300,301] The resultant porous carbon is re-
ferred to as a carbon cryogel, which is similar to the carbon
aerogel that is fabricated using supercritical drying. The micro-
porous structure, electrochemical properties, and energy-stor-
age performance are all controlled by the fabrication condi-
tions. The specific capacitance critically depends on the micro-
structure of the carbon, including the surface area and pore
size distribution.[302, 303]

Chemical modification of carbon cryogels is used as an effi-
cient approach to alter both the porous structure and surface
chemistry, which result in much improved electrochemical
properties. Preliminary experiments involved the transportation
of ammonia–borane (NH3BH3), dissolved in anhydrous THF, to
the pores of resorcinol–formaldehyde hydrogels during post-
gelation solvent exchange. After being soaked in the NH3BH3

solution, the modified hydrogels were subjected to the same
freeze-drying and pyrolysis processes as unmodified hydrogels.
The resultant modified carbon cryogels are referred to as
ABCC, indicating that the samples were modified with ammo-
nia borane as precursor although they are in fact co-doped
with boron and nitrogen, whereas the unmodified carbon cry-
ogels are referred to as CC samples. Figure 8a,b compare the
typical SEM images of CC and ABCC samples, respectively. The
inserts in the top-right corners are high-magnification SEM
images, which reveal the highly nanoporous structure in both
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samples; however, the relatively low-magnification SEM images
differ greatly.

From the SEM images, it is evident that the ABCC sample ex-
hibits a rather uniform macroporous structure whereas the CC
sample displays negligible macroporous features under low
magnification. Such a difference in porous structure is verified
by the pore size distributions derived from the nitrogen-sorp-
tion isotherms shown in Figure 8c. ABCC comprises a mixture
of much larger pores (>5 nm), which, thereby, result in an in-
crease in pore volume, and a similar number of smaller pores
(<5 nm) as CC samples. The voltammogrammic C–V curves of
ABCC and CC samples (Figure 8d) indicate improved electro-
chemical properties when the carbon cryogels are co-doped
with boron and nitrogen. These improvements in electrical and

electrochemical properties are expected, in turn, to lead to sig-
nificant improvements in energy storage efficiency in both su-
percapacitors and hybrid batteries.

Interconnected mesoscale porosity plays an important role
in ensuring that charged ions can freely access all the surfaces
(2–50 nm). Many groups have thus investigated surfactant-
templated mesoporous carbon with controllable pore sizes.
However, recently, a new study reported the effect of pore size
on the charge-storage properties and provided new informa-
tion on the relative roles of mesoscale and microscale porosi-
ty.[246] The charge storage in carbide-derived carbon by high-
temperature chloration is reported in Figure 8e–h. This materi-
al displays good control of the pore sizes down to less than
1 nm. Three regions are observed: In region I, where the meso-
pore dominates, the capacitance increases with the pore sizes
owing to better pore accessibility and less overlapping of the
double layer structure. However, as the pore size becomes
smaller in region II, the capacitance begins to increase. In re-
gion III, the capacitance increases sharply with decreasing pore
sizes. The effect of the ultrasmall pore on the capacitance is at-
tributed to the distortion of the double layers in the small
pores and to the decrease in the double layer thickness.

5.3. Oriented Nanostructures

The main advantage of oriented carbon nanotubes is their ex-
cellent mechanical properties, electronic conductivity, and
more importantly, good ion conduction owing to straight con-
duction pathways.[247] Futaba et al. prepared free-standing,
“solid” dense carbon materials by fluid-drying techniques using
long single-walled carbon nanotubes (Figure 9a,b).[247] Even
though the specific capacitance is not very impressive
(14 Fg�1), the high power (high current) discharging property
is excellent. In comparison, in traditional high-surface-area
carbon, the diffusion pathway for the ions is tortuous (Fig-
ure 9d). At high currents, the inner surface accessibility is limit-
ed and results in a high resistance and loss of capacitance for
thick samples.

In another example to illustrate the benefit of oriented
nanostructures, Zhou and co-workers[249] recently reported that
the specific capacitance of polyaniline films can be increased
from around 150 Fg�1 to over 500 Fg�1 using oriented polyani-
line nanowires produced by a stepwise method.[38,39] This re-
markable increase was attributed to a high surface area and
the easy access of the electrolyte through the mesopores in
the films made of oriented nanowires. Nanowires of polyani-
line, polypyrrole, manganese oxides, and ruthenium oxide usu-
ally show a large increase in charge storage.[250–260] Xia and co-
workers deposited polyaniline whiskers on ordered mesopo-
rous carbon.[248] The carbon provides good electron conductivi-
ty, while the polyaniline whiskers ensure a fast and a short dis-
tance of diffusion for the ions. An extremely high capacitance
of over 700 Fg�1 (over 1000 Fg�1 if just the polymer was
counted) was observed for the composite material even at a
high current density, with minimum capacitance loss over long
cycles.

Figure 8. a–d) Microstructure effect of chemically treated carbon crygels
(CCs). a) SEM images of a CC. b) SEM image of the ABCC sample (the insets
show high-magnification SEM images). c) Comparison of pore size distribu-
tion of CC and ABCC samples. d) C–V curves for CC and ABCC samples. e–
h) Effect of pore sizes on charge storage in carbide-derived carbon materials
(see text for details).[246]
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6. Nanostructured Thermoelectrics

6.1. Introduction

The primary mode for power generation worldwide entails
burning fossil fuels and converting the energy released, which
involves the generation of heat. Much of the heat, however, is
wasted in this process without being converted into electricity.
The conversion of thermal energy to electricity (the Seebeck
effect) or vice versa (the Peltier effect) can be accomplished
using p–n junctions made of thermoelectric materials (Fig-
ure 10a,b).[261] Thermoelectric devices have a wide range of ap-
plications such as more effective removal of heat from inte-
grated circuits, cooling laser diodes, and ultimately refrigerator,
air conditioners, and portable devices for cooling. Despite the
advantages that thermoelectric devices offer, the use of such
devices is limited primarily because of their low efficiencies.

The efficiency of thermoelectric materials and devices is de-
termined by the non-dimensional figure of merit, ZT= sS2T/k (S
is the Seebeck coefficient, s is the electrical conductivity, k is
the thermal conductivity, and T is the absolute temperature).
The progress made between the 1960s and the 1990s in im-
proving the ZT value was very slow. Currently, the state-of-the-
art thermoelectric material is a bulk Bi2Te3-based alloy with a

ZT value of around unity. The
long-sought goal for ZT values is
around 3. Most recently, a set of
new thermoelectric materials
with high ZT values (>1) have
been developed through elec-
tron and phonon engineering
using nanostructures.[26–28]

Table 1 compares the power
factor sS2 and thermal conduc-
tivity of the two reported high-
ZT thermoelectric material sys-
tems. There is a small change in
the power factor, while the ther-
mal conductivities of the struc-
tures are significantly reduced.
Extensive research in thermo-
electric properties of superlatti-
ces and one-dimensional nano-
structures has shown that ZT en-
hancement comes mainly from
the reduction in thermal conduc-
tivity owing to incoherent
phonon scattering at the inter-
face while concurrently improv-
ing or maintaining electron per-
formance.[262] Clearly, nanopo-
rous and/or nanocomposite
thermoelectrics offer great po-
tential for fabricating low-cost,
high-efficiency thermoelectric
devices.

6.2. Oriented Nanowires

One-dimensional materials provide the opportunity to inde-
pendently optimize S, s, and k, which is difficult in bulk materi-
als. A high ZT value is predicted in the one-dimensional materi-
als as a result of the enhanced charge mobility arising from
the quantum confinement of the density of states and reduced
phonon transport owing to the boundary scattering effect (re-
duced thermal conductivity),[77,263] but the fabrication of nano-
wire-based thermoelectric devices remains a great challenge.
Nanowire and nanorod arrays of thermoelectric semiconduc-
tors have been synthesized using anodic alumina membrane
(AAM) templates. Nanowire arrays of bismuth telluride (Bi2Te3)
are a good example to illustrate the synthesis of compound
nanowire arrays by electrochemical deposition using AAM tem-
plates. Bi2Te3 is of special interest as a thermoelectric material,
and Bi2Te3 nanowire arrays are believed to offer a higher figure
of merit for thermal–electrical energy conversion.[77,78] Both
polycrystalline and single-crystal Bi2Te3 nanowire arrays have
been grown by electrochemical deposition inside anodic alu-
mina membranes.[79,80] Sander and co-workers[79,80, 264] fabricated
Bi2Te3 nanowire arrays with diameters as small as about 25 nm
from a solution of 0.075m Bi and 0.1m Te in 1m HNO3 by elec-
trochemical deposition at �0.46 V (vs Hg/Hg2SO4 reference

Figure 9. Comparison of activated carbon and oriented carbon nanotubes. a) Fluid drying to form dense solid
carbon from long single-walled carbon nanotubes (SWCNTs). b) TEM image of the nanotube solid. c) Capacitance
per volume for dried (pale gray line) and as-prepared (dark gray line) SWCNTs. d) Ion diffusion in activated carbon
and oriented CNTs. e) Specific capacitance as a function of current density (CNTS pale gray line, activated carbon
dark gray line). f) Potential drop as a function of current density.[247] g,h) Polyaniline whisker coated mesoporous
carbon:[248] TEM images of the mesoporous carbon (g) and polyaniline whiskers on carbon (h). i) Capacitance as a
function of current density.
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electrode). The resultant Bi2Te3 nanowire arrays are polycrystal-
line in nature, and subsequent melting–recrystallization failed
to produce single-crystal Bi2Te3 nanowires. However, single-
crystal Bi2Te3 nanowire arrays have been electrochemically

grown from a solution of 0.035m BiACHTUNGTRENNUNG(NO3)3·5H2O and 0.05m

HTeO2
+ prepared by dissolving Te powder in 5m HNO3.

[80] Fig-
ure 10c–i present SEM and TEM images along with XRD pat-
terns showing the cross-section of Bi2Te3 nanowire arrays and
their crystal orientation. High-resolution TEM and electron dif-
fraction studies, together with XRD revealed that the preferred
growth direction of Bi2Te3 nanowires is the [110] direction.
Single-crystal nanowire or nanorod arrays can also be made
through a careful control of the initial deposition.[265] Similarly,
large-area Sb2Te3 nanowire arrays have also been successfully
grown by template-based electrochemical deposition, but the
grown nanowires are polycrystalline and show no clear pre-
ferred growth direction.[266]

Actual fabrication of thermoelectric micro- or nanodevices
from nanowires remains challenging. Dresselhaus and co-work-
ers measured the thermoelectric properties of both single
nanowires and nanowire arrays.[268] The temperature depend-
ence of the resistivity in the nanowire is different from the
semimetallic behavior of the bulk material, but only a very
small fraction of the nanowires contribute to the conducitivity.
Lim et al. proposed a microarray by first electrochemically de-
positing n-type Bi2Te3 nanowires in micropatterned alumina
templates, followed by electrochemical deposition of p-type
BiSbTe (Figure 10 j).[269] The thermoelectric devices would be
made of interconnected p–n junctions in a serial arrangement.
Wang et al. discussed a similar four-layer microthermoelectric
device made of p-type and n-type Bi2Te3 nanowires sand-
wiched between an electrical conductor and a Si thermal con-
ductor layer (Figure 10k).[267] The Seebeck coefficients of the n-
type and p-type Be2Te3 nanowires were measured to be 260
and �188 mVK�1, respectively, but the actual device and its
performance were not reported.

So far, the greatest benefit from one-dimensional materials
is the reduction in thermal conductivity.[271] Recently, Hoch-
baum et al. carried out a fundamental study of Si nanowires by
electroless etching methods.[270] As compared to commonly in-
vestigated Bi-based semiconductors that are expensive to
manufacture, Si is already widely used in the microelectronics
industry. The microstructure and thermal conductivity of Si
nanowires prepared by VLS methods and electroless etching
methods were compared. The Si nanowires obtained by elec-
troless etching varied from 20 to 300 nm in diameter and 5 to
150 mm in length, but unlike the Si nanowires from the VSL
method which display smooth surfaces, the electroless etching
Si nanowires have enhanced surface roughness (Figure 11).
Their thermal conductivity is much lower than bulk Si and Si
nanowires obtained from VLS methods and approaches that of
amorphous Si. As the reduced thermal conductivity cannot
merely be explained by the size effect of the nanowires owing
to boundary scattering from the surface, surface roughness is
believed to be the main reason for this unusual property. As a
result, the Si nanowires obtained by electroless etching can
achieve a figure of merit (ZT) of 0.6 at room temperature,
orders of magnitude higher than that for bulk Si materials. Re-
cently, Heath and co-workers developed a four-point measure-
ment platform to study the thermoelectric properties of Si
nanowires prepared from a supperlattice nanowire pattern

Figure 10. a,b) Schematic of thermoelectric devices. The semiconductors be-
tween the thermal terminals can be oriented nanowires. c–i) SEM and TEM
photographs and XRD patterns of the AAM template and Bi2Te3 nanowire
arrays : c) a typical SEM image of AAM; d) surface view of Bi2Te3 nanowire
arrays (eroding time: 5 min); e) surface view of Bi2Te3 nanowire arrays (erod-
ing time: 15 min); f) cross-sectional view of Bi2Te3 nanowire arrays (eroding
time: 15 min);[80] g) TEM image of the nanowires; h) high-resolution TEM
image of the same nanowires (the inset shows the corresponding electron
diffraction pattern); i) XRD pattern of Bi2Te3 nanowire arrays (electrodeposi-
tion time: 5 min).[267] j) Micropatterned Bi2Te3 nanowires for the microthermo-
electric devices based on alumina template. k) A proposed four-layer micro-
thermoelectric device.[267]

Table 1. Properties of selected thermoelectric materials with high ZT
values.[26, 27]

Sample[a] Thermoelectric properties (300 K)
S2s k ZT
[mWcm�1 K�2] [Wm�1 K�1]

PbTe-PbSeTe QD SLs 32 0.6 1.6
PbTe-PbSeTe bulk alloy 28 2.5 0.34
Bi2Te3-Sb2Te3 SLs 40 0.5 2.4
Bi2Te3-Sb2Te3 bulk alloy 50 1.45 1.0

[a] QD=quantum dot; SL= superlattice.
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transfer (SNAP) method.[272] This method retains the intrinsic
doping level in the single-crystal Si substrate. By varying the
doping level and the nanowire dimension, ZT values increased
by two orders of magnitude, approaching unity at 200 K. This
increased efficiency was attributed to the phonon effect. Previ-
ously, four-point measurements were conducted on polycrys-
talline Bi nanowires.[273] Bi has a small effective mass, large ther-
moelectric power, and low thermal conductivity, but in Bi
nanowires the contributions from electrons and holes cancel
each other owing to the semimetallic nature of the materials.

7. Future Perspectives

One grand challenge in energy conversion and storage is to
master the energy and information on the nanoscale to create
materials and technologies with capabilities rivaling those of
living systems.[274] A large portion of this Review has discussed
the importance of transport phenomena and the access of a
nanoconfined environment for energy conversion and storage.
For other applications such as proton-exchange membrane
fuel cells, batteries, and capacitors, effective ion transport is
also critical for their performance.[275–279] In biology, cells devel-
oped very sophisticated protein channels to transport fluid
and ions across cell membranes, and the identification of the
structure and function of such channels was hailed as some of
the greatest scientific discoveries.[280] For example, proton
transport through transmembrane proton channels can be 15
times faster than that of other ions (K+) and 8 times faster
than that of the water molecule.[281] Although the details differ
from different simulations, it was demonstrated that the faster
proton transport was achieved through a fast diffusion mecha-
nism along single water molecular wires.[282–284] On the other
hand, in biological water channels, only water molecules are al-

lowed to go through partially because of the positive charge
in the channels (Figure 12a).[285] Selective cation diffusion in
ion channels is accomplished by structural matching of the co-
ordinates with the cations.[286] Unusual proton conductivity was
also found in very narrow hydrophobic channels.[287] These re-
sults suggest that selective and effective transport can be ach-
ieved during materials synthesis by precisely designed nano-
channels through rational consideration of the interfacial inter-
actions, channel sizes, and molecular and nanoscale structural
refinement. Several groups have begun to investigate water
diffusion in hydrophobic carbon nanotubes.[288,289] Another ma-
terial candidate to understand and optimize the fundamental
transport properties could be the self-assembled nanoarrays
and nanochannels discussed earlier (Section 2.5.).[86,87,290] In
such nanochannels, the surface chemistry, the pore dimension,
and the molecular and nanoscale ordering can be systematical-
ly adjusted (Figure 12b).[291, 292]

Besides ion channels, biological molecular machines contain
highly integrated structures and functions. An examination of
biological catalysts such as the hydrogenase enzyme (Fig-
ure 12c) illustrates features that are common to biological sys-
tems for energy-conversion processes.[293,294] This enzyme re-
quires channels for conducting electrons and protons to and
from the catalytically active sites. In addition, the enzyme has a
channel for the transport of H2. This organized architecture re-
quires the transport of electrons, protons, and hydrogen over
nanoscale dimensions and an intersection of all three channels
at the molecular scale. This highly structured assembly from
the molecular to the nanometer scale is important for the
overall efficiency of the enzyme. The proton and electron
transport must occur over micro- to nanoscale dimensions,
and these pathways must be coupled on a molecular scale
with the catalytically active site. These enzyme structures sug-
gest that controlling proton and electron flows over large dis-
tances and precisely controlling the intersection of these chan-
nels with the catalytically active site is crucial to the develop-
ment of highly efficient systems for interconverting between
electrical energy and fuels, that is, fuel cells and solar cell devi-
ces.

Integration of materials and functions to achieve perfor-
mance that is not possible with individual components is one
of the most significant challenges in energy conversion and
storage. At the nano- and micrometer scales, on-board energy
harvesting, conversion, and storage not only play an important
role in remote sensing and manipulation and a whole range of
electronic and optical devices but it may also lead to drastically
different approaches for large-scale energy conversion and
storage. Recently, several groups have demonstrated novel
methods to integrate oriented nanostructures with energy-
conversion mechanisms. In the first example, Wang and Song
reported an important breakthrough in piezoelectric nanogen-
erators based on ZnO nanowire arrays.[295] In this landmark
study, [0001]-oriented ZnO nanowire arrays were grown on a-
Al2O3 substrates. The ZnO nanowires were deflected by a con-
ductive atomic force microscope (AFM) tip (Figure 13, left
panel). This deformation produced coupled piezoelectric and
semiconducting responses in the ZnO material. The bending

Figure 11. Potential of electroless etching Si nanowires for thermoelec-
trics.[270] a) SEM image of the oriented nanowires. b) TEM image of the nano-
wire with rough surface. c) Comparison of thermal conductivity of VSL nano-
wires (black) and electroless etching nanowires (gray). d) Thermal conductivi-
ty of electroless etching nanowires of different resistivity.
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and strain field resulted in a charge separation, which was de-
tected as electrical currents in the AFM tip. Nanogenerators
based on the piezoelectric properties of ZnO arrays are expect-
ed to have potential for powering remote sensors, biomedical
devices, and many other optoelectronic devices because many
different kinds of mechanical energy can be used to generate
electricity. Although in the AFM-based device the power gener-
ation efficiency can be as high as 17–30%, the manufacture

and operation of the device are challenging. To solve these
problems, Wang and co-workers replaced the AFM tip with a
saw-shaped zigzag Si electrode (Figure 13, right panel).[296]

They then further fabricated nanowire functionalized microfib-
ers for energy scavenging.[297] The new device became much
more practical and also increased the total current that could
be generated.

Figure 12. a) Schematic illustration of water and potassium channels in cell membranes.[285] b) A conceptual artificial proton channel based on self-assembled
nanoporous channels. c) Illustration of the structure of a hydrogenase enzyme molecule.

Figure 13. Converting mechanical energy into electricity using ZnO nanoarrays. Left panel: electricity generated by AFM tips. Right panel: electricity generat-
ed by saw-shaped Si electrodes. Note that the electricity was only generated with ZnO using the zigzag Si electrode.[295,296]
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In the second example, Lieber and co-workers fabricated co-
axial p-type-intrinsic-n-type (p-i-n) Si photovoltaic devices that
demonstrated a maximum output power of 200 pW and
energy-conversion efficiencies of 3.4%.[298] A single nanowire
photovoltaic element was integrated with a sensing device
and provided sufficient power to drive the sensor.

On the grand scale, there are two aspects of the energy
problem: the increasing global demand and the increasing
levels of greenhouse emissions. The need to simultaneously in-
crease our energy supply while reducing CO2 emissions is one
of the major challenges facing our global society today. Future
energy sources that can meet these dual requirements include
solar, wind, and nuclear energy—all of which produce electrici-
ty as the primary form of energy. The conversion of this
energy to fuels such as methanol or hydrogen using common
substrates such as CO2 and water provides an opportunity to
remove the temporal variation in the energy supply from solar
and wind energy sources and to integrate these energy sour-
ces with each other and with fossil energy. Such integration
would allow an orderly transition from current fossil-based
energy supplies to future non-fossil energy sources. In addi-
tion, the direct conversion of fuels into electrical energy is
known to be potentially much more efficient than internal
combustion engines. As a result, the development of new ma-
terials that will permit the efficient conversion of electricity
into fuels and the reverse, fuels into electricity, will be impor-
tant in meeting the future energy needs of our society.

From a materials perspective, the question is what materials
and functions are needed to address such complicated energy-
conversion problems. To gain some perspective on this issue,
we can consider a membrane for artificial photosynthesis and
an enzyme for H2 production/oxidation. A schematic diagram
of an artificial photosynthetic membrane is shown in Figure 14,
which illustrates the essential features of an idealized integrat-
ed system for solar conversion of CO2 into methanol. In this
schematic, light absorption and charge separation occur at the
semiconductor, the light-harvesting component. The charge
separation requires the movement of electrons or holes over a
significant distance. Accompanying this movement of electrons
is the movement of protons from one side of the membrane
to another. There are also two catalytic half-reactions. On the
CO2 reduction side, the catalyst accepts six electrons from the
semiconductor surface and combines these electrons with six

protons (from a proton-conduction pathway) and CO2 to pro-
duce methanol [Eq. (2)] . On the H2O oxidation side, the catalyst
mediates the oxidation of two water molecules to produce O2

and four protons [Eq. (3)] . This membrane represents a highly
integrated system for the solar production of a fuel that in-
volves the precise organization of the components required
for charge separation, proton transport, and catalysis.

6e� þ 6 Hþ ! CH3OHþ H2O ð2Þ

2 H2O! 4 Hþ þ O2 þ 4e� ð3Þ

The examples cited above highlight the challenges in mate-
rials science in the conversion of electrical and chemical
energy, that is, discovery of novel electronic and electrochemi-
cally active materials, multiscale assembly and integration of
molecular species with nano- and macroscale materials, cou-
pling of molecular chemistry with materials sciences, optimiz-
ing the transport of electrons and protons over required dis-
tances, and spatial positioning and distribution of components
and functionalities. In this particular case, both the properties
of the materials (proton-conducting channels, wires for elec-
tron transfer, and catalytically active sites) and their organiza-
tions have to be correct. New approaches have to involve a
shift in materials science from one of obtaining a single materi-
al with optimal properties to one of precisely assembled multi-
component materials composed of designed functional materi-
als (for electron and proton transport and catalysis) that are in-
tegrated across a range of scales from the size of individual
molecules through nanoscopic and microsopic scales to mac-
rosopic devices.
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