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ABSTRACT: The daunting energy challenges in the 21st century are a
result of over-reliance on limited fossil fuels coupled with ever-
increasing energy demand. Among the solutions is the development of
technologies and infrastructures to help in the smooth transition to
alternative and renewable energy sources. Nanotechnology, a
combination of chemistry and engineering, is viewed as the new
candidate for clean energy applications. It involves the manipulation of
nanoscale structures to integrate them into larger material components
and systems. In comparison to bulk materials, nanomaterials have high
surface areas and are expected to exhibit higher activities. They also
demonstrate better stability and durability and are more cost-effective
with high recycling potential. This paper reviews selected recent
advances in the development of nanotechnology in the emerging solar
energy and biofuel fields. Special emphases are given to studies on
photovoltaics (including Schottky junction solar cells, organic solar cells, quantum dot-sensitized solar cells, and earth-abundant
Cu2ZnSnS4 materials) and artificial photosynthesis. As for the biofuel section, a review on the use of nanotechnology in
transesterification, gasification, pyrolysis, and hydrogenation, as well as in the reforming of biomass-derived compounds is given.
As these technologies become more mature, efficient, and economical, they could eventually replace traditional fossil fuels.
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■ INTRODUCTION: NANOTECHNOLOGY IN THE
ENERGY SECTOR

One of the biggest challenges for mankind in this century is to
secure a long-term energy supply for sustainable global
development.1 We are increasingly dependent on fossil fuels,
our current energy source. Furthermore, the combustion of
these fuels causes environmental degradation through air
pollution and global warming. Though it will take some
decades to come close to a truly sustainable energy system,
intensive research is being conducted to find solutions to (1)
increase efficiency in production, transmission, and utilization
of the remaining fossil fuels, (2) reduce negative impacts to the
environment, and (3) develop or improve technologies and
infrastructure for the smooth transition to the alternative/
renewable energy sources (e.g., nuclear power, solar energy,
wind power, geothermal energy, biomass and biofuels, and
hydropower).2 Nanotechnology, the control of materials and
phenomena at scales between 1 and 100 nm, holds the key to
many of the technological advancements in the energy sector. It
involves the miniaturization as well as the manipulation of
atoms and molecules to control their properties, which at this
scale are so different from the bulk properties. For instance, a
100 nm particle has less than 0.2% of atoms on the surface,
while a 10 nm particle has about 10% on the surface and a 2 nm
particle has 90% of its atoms on the surface. Because these
surface atoms may have more than one dangling bonds, they
are very active and tend to form bonds with adjacent molecules
to become more stable. This translates into more chemical
activity, lower melting point, and higher solubility.3 Nanoma-

terials have been and are being studied for various renewable
energy applications. Figure 1 shows the potential applications
of nanotechnology in some key energy processes.
This review focuses on the use of nanotechnology in two

major energy fields: solar energy, with an emphasis on
photovoltaic (PV) solar cells and artificial photosynthesis, and
biofuels, including transesterification, gasification and pyrolysis,
hydrogenation and reforming. The aim of this review is an
attempt to examine the role of nanotechnology in solar and
biofuels and spike the attention of the reader on these current
research topics.

■ SOLAR FUELS

The available supply of solar energy is about 15,000 fold greater
than the combined energy derived every year from nuclear and
fossil fuels for consumption. The potentially usable solar energy
at the insolation of 10 kW/m2 or greater is about 3.9 × 1024 J/
yr.4 Sunlight is diffuse and intermittent, and in order to use this
free energy for humanity needs, energy storage in dense
transportable media will be required.5 This section will focus on
nanotechnology use in energy-related processes that involve
solar radiation as an energy source and in particular in
photovoltaics and artificial photosynthesis. Different technolo-
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gies have been used to harness solar energy, including
photovoltaic technology and solar−thermal systems (solar
collectors, artificial photosynthesis). Nanoscience researchers
are currently working on improving the photosynthesis
efficiency with the goal that artificial photosynthesis could
create hydrogen for industrial storage, assist crop production on
marginal lands, and reduce atmospheric CO2 among others.4

The use of nanotechnology to make inexpensive and efficient
solar cells on a large scale is also of great promise. In particular,
nanostructured layers in thin-film solar cells offer three
important advantages: (i) because of multiple internal
reflections, the effective optical path for absorption is much
larger than the actual film thickness, (ii) light generated
electrons and holes need to travel over a much shorter path,
and thus recombination losses are greatly reduced, and (iii) the
energy bandgap of various layers can be tailored to match the
radiation by varying the size of the nanoparticles (NPs). This
allows for a good design flexibility in the absorber and window
layers in the solar cell.6

Throughout this review and the referred literature, several
kinds of conversion efficiencies are reported. In order to help
the readers, a brief definition of these efficiencies is given. A
solar cell can be operated over a wide range of voltages (V) and
current (I) to determine the maximum power point at which
the cell delivers maximum electrical power. This can be
achieved by continuously applying voltage on an irradiated cell
from V = 0 through the point I = 0 to a very high value of V.
The power conversion ef f iciency7 (η), defined as the percentage
of the solar power that is converted from absorbed light to
electrical energy, is estimated, using the following equation

η =
V I

P
FFoc sc

in

where Voc is the open circuit voltage (when no current passes
through the cell), Isc is the short circuit current (when voltage is
zero), FF is the fill factor (a measure of the “squareness” of the
I−V curve), and Pin is the input light irradiance, which
illuminates the cell. The efficiency depends on the spectrum
and intensity of the incident sunlight and the temperature of
the solar cell. Therefore, conditions under which efficiency is
measured must be carefully controlled in order to compare the

performance of one device to another. Terrestrial solar cells are
measured under AM1.5 conditions and at a temperature of 25
°C. Solar cells intended for space use are measured under AM0
conditions.
The photovoltaic response of a solar cell to monochromatic

light is measured to calculate how efficiently the cell converts
photons of a given wavelength into electrons. An external
quantum ef f iciency (EQE) or incident photon (to charge)
conversion ef f iciency (IPCE) value is most often expressed as
the percentage of incident photons that are absorbed and
converted into electrons by the solar cell as a function of
wavelength. If the absorption spectrum of the solar cell is
known, the fraction of absorbed photons can be used to
calculate the internal quantum ef f iciency (IQE). This value
gives the percentage of photons absorbed by the cell that are
converted into electrons as a function of wavelength. In this
review, some of the experiments make use of an IPCE
monochromator that provides light of very narrow bandwidth
(nearly monochromatic). By measuring the power at each
wavelength, the number of photons that are generated can be
calculated. If this light is incident on a solar cell, the output
current generated by the solar cell (with zero bias voltage) can
be used to calculate the number of electrons that are generated.
This measurement provides information about how efficiently a
cell converts photons of a particular frequency into electrons.
Unlike an AM1.5 power conversion efficiency measurement, an
IPCE measurement does not indicate the total power efficiency
of the cell. This is because the total output power of the solar
cell depends on the operating voltage of the cell, and IPCE
values are measured with the cell in short circuit conditions.
Careful measurement of the power at a given wavelength can

be used to calculate the number of photons that are incident on
the solar cell through the following equation

λ#
= =

s
P
hf

P
hc

photons in

where h is Plank’s constant (6.626068 × 10−34 m2 kg/s), c is the
speed of light (299 792 458 m/s), λ is the wavelength in
meters, and Pin is the power incident on the cell, in watts. When
a cell is under illumination, the number of generated electrons
can easily be calculated by measuring the output current of the

Figure 1. Most promising applications of nanotechnology for the energy production domain (adapted from ref 2).
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cell under short circuit conditions (Vbias = 0) and using the
following equation

# =
s

I
e

electrons sc

where Isc is the short circuit current, and e is the charge of an
electron (1.602 × 10−19 C). Calculating the EQE is then simply
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where the value of the incident power and current need to be
measured at each wavelength.8

■ PHOTOVOLTAICS
Sunlight is composed of photons, or particles of solar energy.
These photons contain various amounts of energy correspond-
ing to the different wavelengths of the solar spectrum. When
light strikes a PV cell (usually a semiconductor like Si), it may
be reflected, absorbed, or may go right through. Only the
absorbed photons generate electricity. When such light strikes a
bound electron in the semiconductor, the electron “escapes”
from its place in the crystal. This leaves behind a bond missing
an electron (a hole) and a free electron moving about in the
crystal (the mobile electron−hole pairs are referred to as
“excitons”). The free electron is said to be in the crystal’s
conduction band because free electrons are a means by which
electricity flows. To produce an electric force and current, a
mechanism is needed to avoid having the electrons and holes
rejoin and lose their electrical properties. Doping, a process

through which impurities are introduced into a pure semi-
conductor, is one of the mechanisms to obtain “n” and “p” type
semiconductors. The “p” and “n” type of semiconductors
correspond to “positive” and “negative” because of their
abundance of holes or electrons (extra electrons make a “n”
type because electrons are negatively charged). Therefore, n-
type silicon (doped with, for example, phosphorus) has excess
electrons, and p-type silicon (doped with, for example, boron)
has excess holes. Sandwiching these together creates a p/n
junction at their interface, thereby creating an electric field.9

There are basically three generations of PV technologies. The
first generation was built on high-quality single crystalline
silicon wafers giving a high efficiency (∼15%) but at a high
production cost. The second generation is represented by thin-
film devices based on cadmium telluride (CdTe), copper
indium gallium selenide (CIGS), and amorphous silicon. They
have lower energy and production costs but suffer from much
reduced conversion efficiencies. The third generation aims to
increase the efficiency of the second generation solar cells,
while maintaining low production costs (Figure 2).2 The solar
cells used presently have photons with energies greater than the
semiconductor bandgap (energy difference between the states
in which the electron is bound to the atom and when it is free
to conduct throughout the crystal), creating free carriers or
excitons. This kinetic free energy is lost quickly through
electron−phonon scattering or through conversion to heat.
These excitons then occupy the lowest energy levels and can be
removed though electrical/chemical work or radiative/non-
radiative recombination. In order to reduce the energy loss due
to carrier cooling, staking of a series of semiconductors, use of
hot carriers, or quantum dots have been contemplated.10

Nanostructured semiconducting materials hold the promise of
achieving high efficiency at low cost. Nanotubes and quantum
dots are being actively studied in order to improve the
conversion efficiency of the PV cells by controlling the energy
bandgap and enhancing the effective optical path.
Research in this area aims at boosting the solar-to-electrical

energy conversion efficiency beyond the traditional Shockley
and Queisser limit of 32% for a single junction photovoltaic

Figure 2. PV technology evolution from conventional to nanostructured solar cells (reproduced with permission from Elsevier Science).11
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cell. In this quest, three types of solar cells, exploiting the
properties of semiconductor nanocrystals (quantum dots), have
emerged: (a) metal-semiconductor or Schottky junction
photovoltaic cell, (b) semiconductor nanostructure−polymer
solar cell, and (c) semiconductor sensitized quantum dot solar
cell (Figure 3).12

Quantum Dots (QDs) are semiconducting nanometer
crystals, fabricated in different forms to obtain tunable bandgap
of energy levels that allow them to behave as special
semiconductors. They are composed of periodic groups of
II−VI, III−V, or IV−VI materials. QDs can better match the
solar spectrum because their absorption spectrum can be tuned
with the particle size (for example, larger quantum dots emit or
absorb longer wavelengths of the solar spectrum).13 With a
greater semiconductor bandgap, a solar cell absorbs more
energetic photons generating a greater output voltage. On the
other hand, with a lower bandgap, the cell will capture more
photons resulting in higher output current but lower output
voltage. With semiconductor quantum dots, there are two ways
to increase the photon conversion efficiency: production of
multiple excitons from a single photon of sufficient energy and
the formation of intermediate bands in the bandgap that use
sub-bandgap photons to form separable electron−hole pairs.14
Semiconductor−Metal (or Schottky) Junction Solar

Cell. A photovoltaic cell can be created from the Schottky
junction between a semiconductor and a metal, with or without
an insulating layer between them. These types of solar cells date
back to 1883 when Charles Fritts coated selenium with a thin
layer of gold. An interface between a metal and semiconductor
can induce a depletion or inversion layer in the semiconductor.
A built-in potential called the “Schottky barrier” appears
between the bulk of the semiconductor and the surface.
Usually, the metal is deposited as a semi-transparent film
through which most of the light can pass.7 In the case of QDs,
they are spin-cast from solution, leading to smooth densely
packed arrays. When light hits the PV cell, a small amount can
be absorbed in the metal and excites the electrons over the
metal into the semiconductor. Light transmitted through the
metal into the semiconductor is mainly absorbed in the
depletion region, creating electron−hole pairs. Longer wave-
length light is absorbed in the neutral regions, and the holes
diffuse to the depletion edge to be collected.
According to the classical theories, p-type and n-type doping

of an intrinsic material introduces new energy levels in the
bandgap close to the band edges. This changes the chemical
potential of electrons in the material (the work function) as
described by the Fermi level.15 When a semiconductor comes

into contact with a metal surface, it also undergoes Fermi level
(electrochemical potential) thermal equilibration by building
up space−charge layers at the interface because the materials
have different work functions. In a PV cell, when the
semiconductor−metal junction is subjected to bandgap
excitation, the band bending rectifies the photogenerated
charge carriers’ flow to produce a current in the solar cell.
When semiconductor nanocrystals are used, the electrons are
confined, and the individual nanocrystals remain isoenergetic.
The bands remain flat, and charge separation is dictated by the
Fermi level equilibration. With different electron accumulation
degrees, the nanocrystal can attain different Fermi levels,
creating an energy gradient to drive the electrons toward the
electrode. If both the metal and semiconductor QDs are in a
particulate form, there will be electron storage within the
particles.12 For example, studies have shown that Au nano-
particles (NPs) store electrons in a quantized fashion.
Nanometer-sized monolayer-protected gold clusters were
anchored to macroscopic gold electrodes to give double-layer
charging that facilitated electron storage.16 This electron
accumulation increases the Fermi level of the metal to more
negative potentials, shifting the resultant Fermi level of the
composite closer to the conduction band of the semiconductor.
This phenomenon (Figure 4) has also been observed in the

case of TiO2/Au
17 and ZnO/Au.18 The Au NPs capped with

organic molecules have unusual redox activity such that when
they come into contact with a charged semiconductor
nanoparticle they readily accept electrons and undergo Fermi
level equilibration. Studies19 have also looked into attaching
nanometer-sized insulating quantum dots (CdS, CdSe, and
ZnO) to the Au substrate, using molecular bridges with thiol
and carboxylate end functions. In the case of CdS, the NP
keeps its size and semiconducting properties even after being

Figure 3. Development of quantum dot-based solar cells: (a) metal−semiconductor junction, (b) polymer−semiconductor, and (c) semiconductor−
semiconductor systems (reproduced with permission from the American Chemical Society).12

Figure 4. Fermi level equilibration: charge distribution in semi-
conductor−metal composite system (reproduced with permission
from the American Chemical Society).18
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immobilized on the substrate.19a Charge injection and transport
have also been investigated in thin disordered films of CdSe
nanocrystals between metal electrodes. It was found that high
work function materials such as gold and indium−tin oxide are
poor electron injectors and that their conductivity is strongly
temperature dependent.
These observations were consistent with the estimated

conduction and valence band levels of the nanocrystals.20 p-
Aminothiophenol-capped CdS nanoparticles (8.5 ± 0.3 nm in
size), assembled as a monolayer on Au electrode, were observed
to have efficient photoelectrochemical properties in the
presence of triethanolamine as sacrificial electron donor and
acted as a tunneling medium for transporting the electrons
from the semiconductor nanoparticles to the electrode.21

Visible light nanoscale photocatalysis was used with highly
controlled hybrid gold-tipped CdSe nanorods (nanodumb-
bells). Under visible light irradiation, charge separation takes
place between the semiconductor and metal parts of the hybrid
particles, followed by direct photoreduction of a model
acceptor molecule, methylene blue.22 An example of nano-
structured layers in thin-film solar cells has been reported by
one study whereby nanocrystalline CdTe and nanostructured
CdS films in crystalline, porous, and fiber forms were deposited
on indium tin oxide (ITO)-coated glass substrates. CdTe
nanocrystals of 10 nm had an effective bandgap of 2.8 eV, while
15 nm CdS nanocrystals had an effective bandgap of 2.98 eV.
The porous CdS and TiO2 films were deposited on plastic
substrates by a self-assembly method with typical pore sizes of
80 and 70 nm, respectively. These can be used in nano-
structured solar cell configuration where the pores are filled
with a suitable absorber material. The typical particle size of
TiO2 nanocrystalline films was 10 nm, while the CdS fibers
were 80 nm wide and 1.5 μm long.6

Even if the Schottky junction-based QD solar cells are not
yet fully developed, recent findings are showing promise.
Recent advances in colloidal quantum dot (CQD) photo-
voltaics have led to impressive 3.6% solar power conversion
efficiencies under simulated 99.8 mW/cm2 AM1.5G (i.e., air
mass coefficient 1.5 global) solar illumination.23 One study
used two distinct device architectures and operating mecha-
nisms: (i) the Schottky device was optimized and explained in
terms of a depletion region driving electron−hole pair
separation on the semiconductor side of a junction between
an opaque low-work-function metal and a p-type CQD film and
(ii) the excitonic device that employed a CQD layer atop a
transparent conductive oxide (TCO) was explained in terms of
diffusive exciton transport via energy transfer followed by
exciton separation at the heterointerface between the CQD film
and the TCO.24 The CQD photovoltaic devices were fabricated
on TCOs, and the resultant depleted heterojunction solar cells
provided a 5.1% AM1.5 power conversion efficiency. The solar
spectrum at AM1.5 was simulated to within class A
specifications (less than 25% spectral mismatch) with a Xe
lamp and filters (Solar Light Company, Inc.) with measured
intensity at 94 mW cm−2. A recent study done at the National
Renewable Energy Laboratory looked into the multiple exciton
generation (MEG), a process occurring in QDs, whereby
absorption of a photon bearing at least twice the bandgap
energy produces two or more electron−hole pairs. A
photocurrent enhancement arising from MEG in lead selenide
(PbSe) QD-based solar cells was reported. The hydrazine
treatment allowed multiple carriers produced by MEG to be
efficiently collected in a solar cell made from electronically

coupled QDs. The maximum external quantum efficiency
(spectrally resolved ratio of collected charge carriers to incident
photons) was 114 ± 1% with an associated internal quantum
efficiency (corrected for reflection and absorption losses) of
130%. It was concluded that MEG charge carriers can be
collected in suitably designed QD solar cells, encouraging more
research to enhance the efficiency of solar light-harvesting
technologies.25

Organic Solar Cell. During the last three decades, much
effort has been dedicated to developing organic solar cells.
Semiconducting organic materials can transport electric current
and absorb light in the ultraviolet spectrum due to the sp2-
hybridization of carbon atoms. For example, conducting
polymers have sp2-hybridized carbon atoms that each have an
electron in the pz orbital. These electrons will form Π-bonds
with neighboring pz electrons in a linear chain of sp2-hybridized
carbon atoms. This leads to dimerization through the formation
of alternating single and double bond structures. Because of the
isomeric effect, these Π-electrons are of a delocalized nature,
resulting in high electronic polarizability. Furthermore, organic
semiconductors have relatively strong absorption coefficients
(≥105 cm−1), which balance low mobilities and give high
absorption in thin devices. Even though organic semi-
conductors are hole conductors and have a higher optical
band compared to silicon (thus limiting solar spectrum
harvest), they exhibit chemical flexibility for modifications
and have low cost.26 Usually, bicontinuous blends of two
organic semiconductor materials, most often a conjugated
polymer (electron donor) blended with a C60 derivative
(electron acceptor), are used for the photoactive layer to
form a bulk heterojunction. With optical excitation, photo-
induced charge separation occurs with charge transport through
the two phases resulting in a current output to an external
circuit. Usually, the polymer poly(3-hexylthiophene) (P3HT)
and the C60 derivative, PCBM ([6,6]-phenyl-C61-butyric acid
methyl ester) are used.12,27 Solar cell efficiencies in excess of 4%
were obtained with this combination of organic materials under
the standard AM1.5G 1 sun test condition.28 The high
efficiency obtained is due to the properties of this unique
combination of materials. The treatment procedure dictates the
morphology of the heterogeneous junction, which is critical for
power conversion efficiency (PCE) optimization. In one study,
it was observed that in the case of P3HT and PCB, both blend
morphology and photovoltaic device performance are influ-
enced by the treatment conditions used including choice of
solvent, rate of drying, and type of annealing (thermal or
vapor). On the basis of the observations, a morphology
evolution consisting of an initial crystallization of P3HT chains,
followed by diffusion of PCBM molecules to nucleation sites, at
which aggregates of PCBM then grow, was then proposed.29

The lifetime of these flexible organic solar cells (P3HT:PCBM
bulk heterojunctions) was investigated under laboratory (1 sun
illumination at 65 °C in order to accelerate the degradation)
and outdoor conditions (at the Konarka rooftop testing setup
in Lowell, MA, U.S.A.). It was seen that the polymer solar cells
have a good light stability, passing 1000 h under accelerated
light-soaking conditions in the laboratory, and they survived
over 1 year of outdoor exposure without performance losses.30

The relation between the open circuit voltage (Voc) and the
oxidation potential for different conjugated polymers was
studied for the photovoltaic cells made from conjugated
polymers and a fullerene derivate. A linear relation between
Voc and the oxidation potential was found so that the energy
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conversion efficiency of a bulk heterojunction solar cell could
be derived as a function of the bandgap and the energy levels of
the conjugated polymer. This model could also be used as a
guideline to select materials for the solar cells.31

To improve the efficiency of the P3HT:PCBM system, new
materials would be needed because this state-of-the art solar
cell has approached its optimal performance. The bandgap of
P3HT is around 1.9 eV, while the photon flux from the sun
reaching the earth has a maximum of 1.8 eV. Only 22.4% of the
solar photons are actually harvested, and a lower bandgap of the
active material is desirable to increase the efficiency. One way
to synthesize low bandgap polymers is the donor−acceptor
approach by alternating electron-rich and electron-poor units in
the polymer backbone. Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-benzothia-
diazole)] (PCPDTBT) has both an acceptor and donor unit
with an optical bandgap of 1.46 eV. Using bulk heterojunction
solar cells based on PCPDTBT and [70]PCBM, power
conversion efficiencies of up to 3.5% and an external quantum
efficiency of at least 25% between 400 and 800 nm (with a
maximum of 38% around 700 nm) were obtained. Device
characterization was carried out under AM1.5G irradiation (100
mW/cm2) on a xenon solar simulator with a spectral mismatch
of 0.83 for the spectral range down to 1000 nm.32 By
incorporating a few vol % of alkanedithiols in the solution used
to spin-cast films comprised of a low-bandgap polymer and a
fullerene derivative, the PCE of photovoltaic cells increased
from 2.8% to 5.5% due to alteration of bulk heterojunction
morphology. The efficiencies were measured using a 150W
AM1.5G light source operating at 80 mW cm−2 as well as an
independent 300W AM1.5G source operating at 100 mW cm−2

for cross-checking the results.33 A power conversion efficiency
of 6% was obtained from an alternating copolymer, PCDTBT
in bulk heterojunction composites with the fullerene derivative
[6,6]-phenyl C70-butyric acid methyl ester (PC70BM). These
solar cells exhibit the best performance of any bulk
heterojunction system studied to date, under an air mass 1.5
global (AM1.5G) solar simulator with an irradiation intensity of
1000 W m−2. The spectral mismatch factor was calculated by
comparing the spectrum of the solar simulator with that of the
AM1.5 spectrum at room temperature. Because the internal
quantum efficiency was nearly 100%, every absorbed photon
resulted in a separated pair of charge carriers and all
photogenerated carriers were collected at the electrodes.34

Organic semiconductors may play a major role in micro-
electronics in the future. Combinations of these solar cells with
batteries, fuel cells, etc. will improve their integration into many
products.

Quantum Dot-Sensitized Solar Cells (QDSSC). Quan-
tum dot-sensitized solar cells (QDSSC) are based on ensembles
of nanometer-sized heterointerfaces between two semiconduct-
ing nanostructured materials. Short bandgap semiconductor
quantum dots such as CdSe, InP, PbS, and PbSe have tunable
band edges and can be used to harvest light in the visible light
region.12 In these cells, QDs are attached to a wide bandgap
material (such as TiO2 or ZnO) via a linker with bifunctional
molecules of the form X−R−Y (where X and Y are functional
groups, such as carboxylic, thiol etc., and R is an alkyl group).
Sometimes, QDs are directly attached to the wide bandgap
material without a linker molecule. A thin layer of liquid
electrolyte containing a redox couple or a hole conductor is
sandwiched between this photoelectrode and a counter
electrode. The QDs absorb the incident photons to form
photoexcited electron−hole pairs that are confined within the
nanocrystal. The device configuration separates the positive and
negative photogenerated carriers into different regions of the
solar cell to avoid recombination. Figure 5 illustrates the
principle of operation of a QDSSC. In this configuration, QDs
are chemisorbed onto the surface of 10−30 nm TiO2 particles
that have been sintered into a highly porous nanocrystalline
10−20 μm TiO2 film. As the QDs are photoexcited, the
electrons are injected from the excited state of the QDs into the
conduction band of the semiconductor, TiO2, affecting charge
separation and producing a photovoltaic effect.14 The redox
electrolyte (e.g., sulfide/polysulfide) scavenges the holes and
thus ensures regeneration of the CdSe.
One group fabricated planar D−A (donor−acceptor)

heterojunctions by sequentially spin-casting films of CdTe
and then CdSe on indium tin oxide (ITO) glass coated with
alumina to form an ultrathin donor−acceptor solar cell. These
devices are stable in air, and post-fabrication processing allows
for external quantum efficiencies of 70% and power conversion
efficiencies approaching 3% in the initial tests under simulated
AM1.5G illumination. Because of the tunneling of the charge
carriers through the thin organic layer between CdTe and CdSe
nanocrystals, there is a spatial charge separation of the
photoexcited electron−hole pairs leading to an efficient
quenching of photoluminescence.35 Some studies have
assembled semiconductor nanoparticles using bifunctional
surface modifiers of the type HS−R−COOH for use in
photoelectrochemical cells. In a typical procedure, the optically
transparent electrode modified with TiO2 particulate film is
immersed in an acetonitrile solution of HCOOC−R−SH for
2−4 h. The electrode is then immersed in a toluene suspension
of CdSe QDs after washing with acetonitrile. TiO2 has a strong
affinity for the carboxylate group, while CdSe will bind to thiol

Figure 5. Principle of operation of quantum dot-sensitized solar cell (QDSSC) (reproduced with permission from the American Chemical
Society).12
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and amine groups. Upon visible light excitation, CdSe QDs
inject electrons into TiO2 nanocrystallites, and these charge
carriers can then be collected at a conducting electrode to
generate a photocurrent. Photocurrent and photovoltage were
measured using a programmable electrometer along with
collimated filtered light from a 450 W xenon arc lamp. A
high-intensity grating monochromator was also introduced into
the light path to select the excitation wavelength during
measurements. A photon-to-charge carrier generation efficiency
of 12% was obtained with the TiO2−CdSe composite when
employed as a photoanode in a photoelectrochemical cell.36

Another approach to increasing energy harvesting in TiO2-
based photoelectrochemical solar (PES) cells is based on
photonic crystals and photonic sponge new architectures. It was
observed that better photoelectrical performances were
obtained when the TiO2 electrode was structured to localize
photons. The efficiency of the dye-sensitized PES cells
increased because of the photonic sponge topology.37 The
effect of neighboring metal nanoparticles on photovoltaic and
photocatalytic behavior of semiconductor nanostructures was
also studied. It was found that the performance of dye-
sensitized solar cells (DSSC) is influenced by the neighboring
metal nanoparticles. For example, the efficiency (9.3%) of an
N719 dye-sensitized solar cell increased to 10.2% upon
incorporation of 0.7% Au/SiO2 and to 9.8% upon loading of
0.7% Au/TiO2 nanoparticles. The experiments were conducted
by photolyzing a N2-purged solution with UV−visible light
(250 W xenon lamp). A CuSO4 filter was introduced in the
path of the light beam to cut off light below the wavelength of
300 nm.38 Synthesized Ti1−xSnxO2 nanoparticles were used to
prepare TiO2 nanotubes that were adapted to the photo-
electrodes of DSSCs. A high overall conversion cell efficiency of
6% was achieved by nanotube photoanodes synthesized from
5% SnO2-doped TiO2 nanoparticles (superior to electrodes
prepared by both Sn-doped and nondoped TiO2 NPs and pure
TiO2 nanotubes). A solar simulator (Oriel Sol 3ATM) with a
Keithley 2400 source meter under AM1.5G illumination
condition (100 mW/cm2) was used for all measurements.
TiO2 nanotube electrodes showed enhanced photovoltaic
performance, which may be attributed to the formation of an
appropriate defect in the oxide photoelectrode films.39 It is
noted that for all the QD solar cells, the most important
parameter for reaching very high conversion efficiency is the
multiple electron−hole pair production in the photoexcited
QDs. It is critical to capitalize on research geared toward this
end.
Earth Abundant Cu2ZnSnS4 (CZTS). For sustainable

photovoltaic solar cells, the materials have to give high energy
conversion efficiency and be nontoxic and earth abundant. It is
challenging to obtain all the desirable properties in a single
material because sometimes high-efficiency devices may very
often contain toxic elements, or green materials may not always
give best device performance. New materials like earth-
abundant Cu2ZnSnS4 (CZTS) have emerged as a promising
absorber for thin-film solar cells.40 CZTS is composed of earth-
abundant materials that have low cost and toxicity and can be
sustainable for the fabrication of thin-film solar cells. Compared
to two high-efficiency thin-film solar cells with CdTe and
Cu(In1−x,Gax)S2 (CIGS) that have toxic elements (Cd) and
rare metals (indium and gallium), respectively, CZTS is
environmentally friendly. PV performance of CZTS as a p-
type semiconductor has been demonstrated owing to its direct
bandgap of 1.5 eV and a large absorption coefficient (>104

cm−1).41 One study has also used CZTS in DSSCs. A PCE of
7.4% was achieved by a simple process of spin-coating CZTS
followed by selenization. A solar simulator was used to simulate
sunlight for an illumination intensity of 100 mW cm−2. This
efficiency was highly comparable to the DSSC prepared by
utilizing Pt with a power conversion efficiency of 7% under a
similar device configuration.42 A number of techniques have
been used to fabricate CZTS, among which is colloidal
synthesis. The CZTS nanocrystals were made by high-
temperature arrested precipitation in a coordinating solvent,
oleylamine (OLA). Copper(II) acetylacetonate [Cu(acac)2],
zinc acetate [Zn(O2CCH3)2], tin(II) chloride dihydrate
[SnCl2·2H2O], and elemental sulfur (S) were combined in
OLA and heated to 280 °C for 1 h under an inert atmosphere.
The transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) images of the so-prepared CZTS
nanocrystals show an average diameter of 10.6 ± 2.9 nm
(Figure 6).43

One study looked at the selenization of CZTS nanocrystals
to form CZTSSe (copper−zinc−tin−chalcogenide). It was
found that tuning the composition of the CZTS nanocrystals
and developing a robust film coating method, a total area
efficiency as high as 7.2% under AM1.5 illumination after light
soaking for 15 min under one sun illumination could be
achieved. However, the change in device performance is
temporary, and PCE goes back down to its starting point
(6.98%) after the light is turned off.44 The same group then
synthesized Cu2Zn(Sn1−xGex)S4 nanocrystals in oleylamine
with no additional surfactants to be used as the photoabsorbing
layer in a thin-film solar cell. The adjustment of the Ge/(Ge
+Sn) ratio of the nanocrystal synthesis precursors dictates the
bandgaps of the nanocrystals. For example, the solar cells from
Cu2ZnGeS4 nanocrystal films yielded a PCE of 0.51%, while
Cu2Zn(SnxGe1−x)S4 nanocrystals with a Ge/(Ge+Sn) ratio of
0.7 yielded devices with an efficiency of 6.8%. Hence, Ge
gradients can be formed to direct minority carriers away from
high recombination interfaces and significantly improve the
device efficiency of CZTSSe-based solar cells.45

Figure 6. (a, b) TEM and (c) SEM images of CZTS nanocrystals
(reproduced with permission from the American Chemical Society).43
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A recent paper demonstrated a power conversion efficiency
record of 10.1% using kesterite absorbers, with a Cu2ZnSn-
(Se,S)4 thin-film solar cell made by hydrazine-based solution
processing. A solar simulator equipped with a closed-loop light
stabilization system was used for electrical characterization
under simulated air mass 1.5 global (AM1.5G) spectrum. A
Protoflex system equipped with a xenon light source and a
monochromator was utilized to measure the quantum
efficiency. The record kesterite device was shown to be
primarily limited by interface recombination, minority carrier
lifetime, and series resistance. If shortcomings of this device are
addressed, CZTSSe would be able to achieve further perform-
ance gains and join CdTe as a commercially viable high-
performance solar cell technology.46

■ ARTIFICIAL PHOTOSYNTHESIS

Natural photosynthesis is the largest-scale best-tested method
for solar energy harvesting on the planet, but the efficiency of
photosynthetic conversion of sunlight to stored energy in forms
useful to humans is rather low.5 Inspired by natural
photosynthesis, low-cost and environmentally friendly hydro-
gen production based on the use of solar energy through
photocatalytic water splitting into hydrogen and oxygen
(termed as artificial photosynthesis) is currently under intensive
research where nanomaterials help to increase the efficiency of
hydrogen production. Under solar radiation, semiconductor
materials can help in splitting water into hydrogen and oxygen.
A semiconductor consists of valence band (VB) and
conduction band (CB). The energy difference between these
two levels is termed the bandgap. Both the electrons and holes
are in the valence band, but when excited by photons with
energy equal to or higher than their bandgap energy level, these
electrons receive energy from the photons. They are thus
promoted from VB to CB if the energy gain is higher than the
bandgap energy level. These photogenerated electrons and
holes can either recombine in bulk or on the surface of the
semiconductor or migrate to the surface of the semiconductor.
When they migrate, the electrons and holes can reduce and
oxidize reactants adsorbed by the semiconductor. An example
of a reduction reaction is the photocatalytic production of
hydrogen.47 Details of the principles of photocatalytic hydrogen
generation can be found in the review by Mao et al.3,48

Thermodynamically, the overall water splitting reaction is an
uphill reaction with a highly positive change in Gibbs free
energy [ΔG0 = +237.2 kJ mol−1: H2O(l)→ H2(g) + 0.5O2(g)].
Hydrogen can serve as an excellent energy carrier, provide
higher energy conversion efficiency than current fossil fuel
internal combustion engines, and does not generate CO2 or
other pollutants. Photoelectrochemical (PEC) hydrogen
generation from water splitting has been validated by successful
demonstration using PEC cells, but the efficiency of these
devices have been limited due to low light absorption efficiency
and the recombination of photoexcited electrons and holes.49

TiO2-based artificial photosynthesis has been used because this
semiconductor is highly stable over a wide range of pH values,
is abundant and nontoxic, and has strong catalytic activity.
However, it absorbs less than 12% of the incident sunlight due
to its large bandgap. Because of their high surface areas,
nanosized semiconductors are now being investigated because
they would in principle allow faster charge capture by the
solution species and lower probability of bulk charge
recombination.

In 1997, a study50 demonstrated long-lived charge separation
in a nanostructured TiO2 membrane for water splitting on
nanostructures. Later, studies by Khan et al. showed the
photoresponse of nanocrystalline n-TiO2, n-TiO2/Mn2O3, and
n-Fe2O3 thin-film electrodes for water splitting.51 The Mn2O3
deposition enhanced the oxygen evolution and improved the
stability of the n-TiO2 film electrodes, while the n-Fe2O3 films
exhibited higher photoresponse when compared to the
powdered or iron sheet forms. Therefore, high-quality
nanostructures are required to improve the efficiency of the
water splitting reaction, which led to the development of a
hybrid multi-junction photoelectrode consisting of amorphous
silicon/germanium and iron oxide thin films.52 Khan et al.53

also reported in 2002 that the controlled combustion of Ti
metal in a natural gas flame could produce carbon-doped TiO2
that can absorb visible light photoelectrochemically to split
water with a high efficiency of 8.35% under Xe lamp
illumination. However, this photocatalysis performance has
been questioned by a number of researchers.54 A number of
reviews55 have also warned that some of the high efficiency
values reported in the literature make use of the current values
obtained under potentiostat bias conditions. This makes it
difficult to accurately estimate the additional power extracted
from the potentiostat to maintain the electrode at a set
potential. Several different expressions and methodologies have
therefore been used by research groups to find the efficiency,
making a direct comparison of reported efficiency values
meaningless and hence sparking much debate in the scientific
community. The same author has also investigated carbon
modified n-type titanium oxide thin films that have shown to
give a maximum photoconversion efficiency of 12.9% (under
light intensity of 100 mW m−2 from a xenon lamp) and
photocurrent densities for water splitting of 12.27 mA cm−2.56

Together with the photocatalysts, some researchers have
used cocatalysts (noble metals like Pt and Rh) in order to
obtain high activity and reasonable reaction rates. The solid
solution of GaN and ZnO modified with nanoparticles of a
mixed oxide of rhodium and chromium catalyst57 gave a 2.5%
overall quantum efficiency for overall water splitting at 420−
440 nm, an order of magnitude higher than catalysis under
visible light. It is noted that the solution was irradiated using a
300 W xenon lamp attached with a cutoff filter. Core (Rh)/
shell (Cr2O3)-structured nanoparticles have been designed as
cocatalysts for the GaN:ZnO photocatalyst.58 A stoichiometric
evolution of H2 and O2 was obtained from pure water (Figure
7). With only the Cr2O3 NPs impregnation of the GaN:ZnO,
there is no promotion of the water splitting reaction. On the
other hand, using Rh NPs only, there is evolution of H2, but
because of the presence of the formed O2, water is formed
immediately on the Rh NPs. In the core−shell structure, the Rh
core induces the migration of photogenerated electrons from
the GaN:ZnO bulk, and the Cr2O3 shell provides a hydrogen
evolution site while preventing water formation on Rh.
Nanostructures like nanotubes, nanowires, and nanorods are
also used in PEC water splitting because they are expected to
exhibit better transport properties than nanoparticles. Nano-
structured rod-like morphology of hemeatite (α-Fe2O3) gave a
photon-to-current efficiency of about 8% (using 300 UV lamp
and a computer controlled 1/8 m monochromator assisted by
an automatic filter wheel with a light intensity of 1 mW cm−2 at
470 nm), indicating that nanorods improve the transportation
of carriers and reduce the recombination losses at grain
boundaries.59
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A number of other studies have been performed on nanorod
arrays using TiO2,

60 ZnO,61 and KNbO3
62 as semiconductors

to demonstrate the unique advantages of these structures. More
recently, it was observed that by using well-dispersed
(Cd0.8Zn0.2) single crystal nanorods, efficient and stable
photocatalytic H2 evolution could be obtained from water
splitting. The nanorods exhibited wide visible light absorption
up to 550 nm, and the photocurrent of the anode was three
times higher than that of the pure CdS.63 When using single-
crystalline hexagonal prism Zn2GeO4 nanorods with different
aspect ratios, it was observed that there was a boost in the
photocatalytic activities in overall water splitting and photo-
reduction of CO2. This improvement was due to the low crystal
defects, high surface area, and beneficial microstructure on the
catalyst’s surface.64

Another effective way to shift the bandgap of the
photoelectrodes is by combining the semiconductors with
other elements/compounds to form hybrid semiconductor
nanomaterials. The other advantage of such a material is the
suppression of the recombination of the photogenerated
electrons and holes leading to an improvement in the water-
splitting reaction efficiency. One approach is to dope the
semiconductors with metal ions such as iron or copper or
nonmetal species such as silicon and carbon. Mesostructured
CeO2 nanoparticles were doped with La3+ or Zr4+. CeO2
nanoparticles gave a red shift of about 80 nm on the absorption
spectrum as compared to TiO2, which leads to a considerably
better response in the visible region of the solar spectrum.65

Another study used a metal plasma ion implantation technique
to incorporate trace amounts of transition metal ions of Cu, Ni,
V, and Fe into nanoscale anatase TiO2 thin films. This resulted
in increased photosensitivity of TiO2 in the visible light
regime.66 A semiconductor photocatalyst CsTaWO6 (3.8 eV)
was anion doped with sulfur and sulfur/nitrogen co-doping,
resulting in decreased bandgaps (2.06 eV). The doped
CsTaWO6 crystals showed a clear improvement in the
photocatalytic performance tests and were more efficient in
H2 production under simulated solar irradiation, in contrast to
the undoped CsTaWO6 or P25. Co-doped CsTaWO6−x−ySxNy
turned out to be the best material for H2 production because of
its capability in efficiently utilizing the visible light in the solar

spectrum.67 Nonmetal doping using nitrogen or carbon on
photoelectrodes like TiO2 has also been extensively studied.
One pioneering study postulated that the narrowed bandgap of
TiO2 contributed to the visible light absorption of nitrogen-
doped TiO2 by mixing O 2p states with the N 2p states of the
substituted nitrogen atoms.68 A few years later, other
mechanisms were proposed. The isolated N 2p states formed
above the valence band were the origin of the visible light
absorption band,69 or the visible light band of nitrogen-doped
TiO2 originated from the localized states of the oxygen
deficiencies caused by nitrogen doping.70 The arguments on the
origin of the visible light absorption by nitrogen doping have
continued, and Serpone71 suggested that the origin of the
absorption is the color centers formed in the bandgap due to
the TiO2 reduction after heat treatment. Recently, another
research group came up with a sensitization mechanism in
which melamine condensation products act as visible light
sensitizers.72

Sensitization is also another method to increase the
photoactivity whereby commonly extra materials (dyes or
semiconductor quantum dots) are used to absorb comple-
mentary light to that of the primary semiconductor.73 The
semiconductors serve as substrates with high surface areas to
which the dye molecules are attached, and higher dye
concentration yields optically active photoanodes (semi-
conductors) that absorb much visible light. For instance,
nanoparticulate anatase TiO2 was sensitized with ruthenium
polypyridyl dyes which not only served as a sensitizer for visible
light absorption but also as a stabilizer to connect water
oxidation catalyst IrO2·nH2O NPs. In the solar cell (Figure 8),

upon pulsed laser excitation, electrons are transferred from the
excited state of the dye molecules to the TiO2 NPs followed by
transfer from the IrO2 NPs to the photo-oxidized dyes. The
holes on the IrO2 surface oxidize water, while the electrons
transfer to the cathode for hydrogen generation. In place of
photosensitive dyes, semiconductor QDs can be used to
increase the absorbance of the photoanode for visible light. The
absorption spectrum of QDs can be matched with the solar
spectrum by altering particle size to generate multiple
electron−hole pairs per photon.
Recently,75 QDs deposited on ZnO nanowires surfaces

showed a photocurrent density of three times that of pristine
ZnO nanowires of similar thickness, with a maximum
photoconversion efficiency of 1.8%. The water-splitting photo-

Figure 7. Schematic reaction mechanism of water splitting on a core/
shell nanococatalyst (reproduced with permission from John Wiley
and Sons).58a

Figure 8. Schematic of the water splitting dye sensitized solar cell
(reproduced with permission from the American Chemical Society).74
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electrode was illuminated under a xenon lamp that was
equipped with filters to simulate the AM1.5 spectrum (390−
770 nm, which is in the visible region).
A recently emerging field is the use of plasmonic materials

like plasmonic lasers, surface plasmon-enhanced light-emitting
diodes, metamaterials, plasmon focusing devices, and plasmon
waveguides. Plasmon enhancement can be used for semi-
conductors having inadequate light absorption. They can either
capture the light that would otherwise pass through the thin
film if the particles were not there or absorb the photons and
then transfer the energy to the adjacent semiconductor.76 One
study found that gold nanoparticles supported on P25 titania
(Au/TiO2) exhibit photocatalytic activity for UV and visible
light (532 nm laser or polychromatic light λ > 400 nm) for
water splitting. When absorbing irradiation, the gold NPs can
inject electrons into the conduction band of the semiconductor,
and the localized surface plasmon resonance may be able to
induce an electromagnetic field close to the metal materials’
surface, hence, enhancing the solar energy conversion efficiency
of water splitting. Gold loading, particle size, and calcination
temperature influence the photocatalytic activity with a typical
7.5% quantum H2 yield and 5% O2 yield at 560 nm. The most
active catalyst contained 0.2 wt % gold with an average particle
size of 2 nm. Here, the suspensions were irradiated for 3 h
using either a 200 W xenon-doped mercury lamp or the second
harmonic of a Nd:YAG laser.77 Similarly, plasmonic enhance-
ment was demonstrated for TiO2, where a 66-fold enhance-
ment was observed using gold NPs (Figure 9).78

It was inferred that the plasmonic NPs could effectively
couple with visible light from the far-field to the near-field at
the surface of the semiconductor. Hence, the region close to
the interface between the semiconductor and the plasmonic
nanostructure can absorb light to increase the generation of
photoinduced carriers. For α-Fe2O3 photoanodes with gold
NPs, the enhancement was only observed for electrode
geometries with metal particles that were localized at the
semiconductor−electrolyte interface.76

■ BIOFUELS
Increased demand in transportation fuels, environmental
concerns, and depletion of fossil fuel require development of
efficient conversion technologies for second-generation bio-
fuels.79 Furthermore, the Federal Renewable Fuels Standard
requires the blending of 36 billion gallons of renewable fuels

into transportation fuels by 2022.80 As of now, only a very small
fraction of the demand is met by renewable fuels.81 Currently,
the demand for renewable fuels is covered by the production of
starch-derived ethanol and oil seed-derived biodiesel. Biomass
is regarded as one of the most viable options because it is the
largest primary resource, and it is clean and has zero net
emissions of carbon dioxide.82 Biomass to biofuel conversion by
thermochemical routes can be achieved via direct liquefaction
to fuels or by gasification to synthesis gas followed by
conversion to diesel via the Fischer−Tropsch process.83

Biomass typically contains 20−30 wt % hemicelluloses, 40−
50 wt % cellulose, and 20−30 wt % lignin,84 along with a
number of inorganic compounds in small amounts. These
constituent biopolymers are composed of long-chain oxygen-
rich molecules, and they require different catalysts than the
petroleum industry. To this effect, the use of catalysts is needed
to facilitate the chemistry by which cellulose- and lignin-derived
molecules can be converted to fuels.1 Most pathways involve
the conversion of biomass to syngas or biofuels and the
upgrading of the unstable flash pyrolysis or liquefaction
products by the use of selective nanocatalysts for reactions
like aqueous-phase processing to produce selectively targeted
alkanes from glucose, aldol condensations requiring base
catalysts, hydrogenation reactions needing metal catalysts, and
bifunctional dehydration/hydrogenation reactions with metal/
acid catalysts. In this section, selective processes where NPs
have been used for the conversion of biomass to biofuels is
presented.

■ TRANSESTERIFICATION TO PRODUCE BIODIESEL

Biodiesel (an alternative to fossil diesel) is produced via
transesterification of oils as per the following reaction:

Biodiesel is biodegradable, nontoxic, and can be obtained
from various renewable sources, among which are algae. Algal
biofuels face a number of challenges such as the difficulty to
achieve consistent industrial-scale algae production, high
production, and harvesting costs and energy-intensive lipid
extraction processes.85 The conversion of algae to biofuel can
be achieved mainly through anaerobic digestion, supercritical
fluid treatment, pyrolysis, and gasification. The enzyme-based
technologies suffer from low catalytic efficiencies of enzymes,
high cost, poor catalysts recovery, and a need for high
temperatures and strong acids to transform the feedstock
produced.86 Nanoscale materials provide increased surface area
for enzyme loading and help to increase the diffusion rate of
substrates to the enzymes, thereby increasing production
rates.87 For example, lipase enzyme from Candida rugosa
were successfully immobilized in polyvinyl alcohol nanofibrous
membranes. Enzyme loading in these bicomponent fibers
reached as high as 50%. The lipase-loaded bicomponent fibers
exhibited far superior activity than the crude enzyme following
exposures to elevated temperatures and humidity. They also
possessed far superior stability, i.e., 100, 8, and 3 times longer
half-lives than crude lipase following storages at 40 bar, 21 °C,
and 65% relative humidity and ambient condition.88 Recently, a
nanofarming technology has been developed that uses
nanoparticles to extract oil from algae without harming the

Figure 9. Photocurrent of anodic TiO2 with and without Au
nanoparticles under λ = 633 nm light irradiation for 22 s (reproduced
with permission from the American Chemical Society).78
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algae (Figure 10). The extracted oil is then converted to
biodiesel by transesterification.89 Here, amine functionalized 10
nm mesoporous silica nanoparticles are used for the selective
sequestration of free fatty acids from algae.90

For conversion of oil into diesel, several advancements have
been made utilizing nanocatalysts. Nanosized calcium oxide
with crystallite size of 20 nm gave 99% conversion of soybean
oil to biodiesel, while commercial CaO NPs of size 43 nm
yielded only 2% biodiesel. The soybean oil/methanol ratio was
1:27, and deactivation was observed after eight cycles. SEM
analysis revealed that the fresh catalyst consists of numerous
crystallites with well-defined edges, while the same catalyst after
seven cycles had formed aggregated polycrystallites with
substantially less well-defined edges, hence explaining the
deactivation.91 In another study, cesium was incorporated in
nanocrystalline MgO through coprecipitation under super-
critical conditions to generate Cs2Mg(CO3)2 nanocrystallites
with an enhanced density and strength of the surface base sites.
This strong synergy between the two components enhanced
the rate of tributyrin transesterification with methanol
compared to the results obtained with undoped MgO and
homogeneous Cs2CO3 catalysts. The nanocatalyst however

suffers from poor recyclability due to heavy surface carbon
deposition.92

In one study, solid base hydrotalcite-derived nanoparticles
with Mg/Al molar ratio of 3/1 were used for the trans-
esterification of Jatropha oil in an ultrasonic reactor to obtain a
biodiesel yield of 95%. Because of the surface absorption of the
glycerol byproduct as well as the collapse of the layered
structure, the catalyst underwent deactivation.93 Calcium
aluminate-loaded Fe3O4 nanoparticles gave a biodiesel yield
of 99%. Also, the activity and recovery rate of this catalyst was
maintained after 5 cycles of catalysis because having magnetic
properties made the catalyst easy to separate.94

■ BIOMASS GASIFICATION AND PYROLYSIS

Nanomaterials can provide particularly high surface area to
mass ratio, which is desirable for catalysis and control of
chemical composition. In fact, specific matching of catalysts
with reactor types and processes is one of the other benefits of
using nanoscale.95 Gasification converts carbon-containing
feedstock into a synthetic gas comprising of hydrogen, carbon
monoxide, etc.96 Gasification of biomass into fuel gases, such as
synthesis gas or producer gas, is a promising route to produce

Figure 10. Selective uptake and sequestration of free fatty acids from a solution of lipids and hydrocarbons found in algal oil (reproduced with
permission from the American Chemical Society).90

Figure 11. Ni(II) impregnated wood before pyrolysis (reproduced with permission from Elsevier Science).100
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renewable fuels, which is commonly accomplished via partial
oxidation of the feedstock using substoichiometric air or oxygen
or by indirect heating with or without steam. Hao et al.97

gasified cellulose and sawdust in supercritical water to produce
a gas rich in hydrogen and investigated the use of a suite of
nanocatalysts including CeO2 and (CeZr)xO2. Increased H2
production coincided with an increase in the catalyst’s surface
area per mass. Another study investigated methane decom-
position reactions to form hydrogen and nanocarbon on a
nickel-based nanocatalyst. The catalysts have been designed to
stabilize nanoscale metal particles that act as a growth tip for
the nanocarbons. It was found that temperatures higher than
800 °C render the process more commercially viable due to the
amount of hydrogen production. A one-pot synthesis method
allowed a metal precursor (nickel acetylacetonate) to reduce
directly onto the surface of the carbon nanotube/fiber without
the pretreatment of surface functional groups to form carbon
nanotube/fiber and aluminosilicate-supported Ni catalysts. The
catalysts were used for biomass gasification in supercritical
water for the production of hydrogen-rich gases. Compared to
the two commercially available aluminosilicate-supported Ni
catalysts, the synthesized catalysts produced similar hydrogen
yields (∼8 mmol H2/g biomass), but the H2/CH4 mole ratio
for the synthesized catalysts was 3.5 compared to 1.3 for the
commercial catalysts.98

Pyrolysis, thermal decomposition of materials in the absence
of oxygen, is another method to upgrade bioderived feedstocks
to fuels.99 The strategy of impregnating lignocellulosic biomass
with aqueous metal salts solutions was investigated for
producing H2-rich gas by pyrolysis of wood (Figure 11).
During the pyrolysis, formation of nickel metal NPs was
studied. It was postulated that during the wood impregnation
step, the oxygenated groups present in the biomass act as
adsorption sites for metal cations in the aqueous medium. This
leads to very high metal precursor dispersion into the wood
matrix. Subsequently, during pyrolysis, an amorphous NixOyHz
phase is formed. This phase is then reduced to metallic nickel
(Ni0) by carbon atoms at temperatures below 500 °C, leading
to the formation of Ni0 NPs. The so formed Ni0 nano-
crystallites act as the catalytic active phase for enhancing both
H2 production and tar conversion during the initial stage of
biomass pyrolysis.100

During biomass gasification/pyrolysis, along with the
generation of useful products (fuel gases, char), many
byproducts such as fly ash, NOx, SO2, and tar are also formed.
Tar is a complex mixture of condensable hydrocarbons, which
includes single-ring to 5-ring aromatic compounds along with
other oxygen-containing hydrocarbons and complex PAHs.101

This so-formed tar will be condensed as temperature is lower
than its dew point, and then block and foul process equipment
like fuel lines, filters, engines, and turbines. The tar content in
the syngas from an air-blown circulating fluidized bed biomass
gasifier was reported to be about 10 g/m3. Most applications of
product gases require a low tar content, on the order 0.05 g/m3

or less.102 Hence, tar disposal becomes one of the most
necessary and urgent problems during biomass gasification. A
novel Al2O3-supported nano-NiO catalyst for tar removal in
biomass gasification/pyrolysis was developed so as to
significantly enhance the quality of the produced gases.103

The supported nano-NiO/γ−Al2O3 catalyst was prepared by a
deposition−precipitation (DP) method. Various analytical
methods revealed that the nano-NiO/γ−Al2O3 catalysts had a
coated structure with a 12 wt % loading of NiO resulting in a

higher surface area when compared to commercial nickel-based
catalysts. The active spherical NiO nanoparticles had a size
range of 12−18 nm. During biomass pyrolysis, the tar removal
efficiency reached up to 99% for catalytic pyrolysis at 800 °C
with a marked increase in the gas yield. The CO2 and CH4
percentages in the product gas after addition of the catalysts
were reduced, while those of the valuable H2 and CO strongly
increased. This gas yield increase was attributed to be
predominantly through secondary cracking of the pyrolysis
vapors (which would otherwise form tar) on the catalyst in the
catalytic bed reactor. The NiO/γ−Al2O3 catalyst enhanced the
cracking of tar in vapor and of hydrocarbons such as CH4 and
CnHm to H2 and CO. The same research group104 also looked
into the use of nano-NiO particles as catalysts in biomass
pyrolysis. These spherical nano-NiO particles (mean size of
∼7.5 nm and specific surface area of 188.0 m2/g) were prepared
via precursors, which were obtained by homogeneous
precipitation involving an aqueous solution of nickel nitrate
hexahydrate and urea. Pyrolysis of the three biomass
components, namely, cellulose, xylan, and lignin, were
investigated. Compared to a commercial Ni-based catalyst,
the weight loss of the biomass components occurred at
relatively lower temperatures with low residues. It was
postulated that the catalyst promoted the devolatilization and
thermal degradation of biomass. This could be due to the
possible formation of weak bonds between volatiles and the
catalyst, causing other bonds in the volatile molecule to be
stretched and weakened. The authors postulated that a possible
new reaction pathway decreased the activation energy of
biomass-derived components. The nanocatalyst (in particular,
particles with a size of ∼7.5 nm) also accelerated primary and
secondary decomposition reactions of biomass that could then
occur at a lower temperature.

■ HYDROGENATION OF BIOMASS-DERIVED
COMPOUNDS

Biomass-derived compounds need to be hydrogenated or
hydro-deoxygenated in order to produce useful fuels and
chemicals, and several nanocatalysts have been tested to
enhance these reactions. For example, 5-hydromethylfurfural
(HMF) has been successfully synthesized from fructose,
glucose, and cellulose using different catalysts, including
nanocatalysts.105 HMF can be converted to 2,5-dimethylfuran
(DMF) via hydrogenation or to levulinic acid (LA) via an acid-
catalyzed ring-opening process.106 LA is a biomass-derived
platform molecule and serves as precursor for liquid fuels like γ-
valerolactone (gVL).107 Highly dispersed metal nanoparticu-
lates on metal oxide supports have shown to be efficient for
aerobic oxidation of HMF with gold showing marked
chemoselectivity. One study108 reported the remarkable
development of an HMF oxidation/esterification process
using Au on a TiO2 support. The reactions were run at 130
°C and 4 bar O2 in methanol with MeONa as base. A high yield
of 98% 2,5-furandimethylcarboxylate (FDMC) was obtained.
The authors proposed an oxidation pathway of HMF to FDMC
via the hemiacetal intermediates. Another investigation109 was
performed using Au on CeO2 to catalyze biomass-derived HMF
oxidation into FDCA but without a base. The results revealed
that the catalytic performance of Au/CeO2 depends on the
particle size of the catalyst. Decreasing the particle size led to an
increase in external-to-internal atom ratio resulting in high
populations of unsaturations. Unsaturations, as described in the
study, are defect sites, mainly oxygen vacancies, formed in the
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presence of Ce3+. The increase in the population of defects
resulted in enhanced adsorption and redox potential of the
catalysts. A number of studies have investigated the use of gold
for the oxidation of HMF including using TiO2- and carbon-
supported Pt, Pd, and Au110 catalysts, hydrotalcite-supported
Au NPs,111 and gold−copper bimetallic nanoparticles112 over
TiO2.
Two reactions, namely, the aqueous oxidation of benzyl

alcohol and the hydrogenation of furfural in water were tested
under microwave irradiation using carbon-supported Pd
nanoparticles. The most active nanocatalysts were trioctylphos-
phine- and triphenylphosphine-stabilized Pd NPs on oxidized
carbon support. The presence of oxygen groups on the surface
of the carbon support, particularly those of acidic character,
improved the Pd NPs immobilization as well as the water
affinity and, consequently, the catalytic performances of the
system.113 One group114 examined the vapor-phase furfural
decarbonylation/hydrogenation reaction network as a function
of Pt nanoparticles with various particle sizes (1.5−7.1 nm size
range) and shapes (rounded, cubes, octahedral). The Pd NPs
were encapsulated in poly(vinylpyrrolidone) (PVP) and
dispersed on MCF-17 mesoporous silica. The reaction
conditions were ambient pressure in the 443−513 K range.
Furfural decarbonylation and hydrogenation reactions yielded
mainly furan and furfuryl alcohol (FFA), respectively. In both
reactions, the structure of the catalysts brought about changes
in product selectivities, turnover rates (TORs), and apparent
activation energies (EA values). Small particles were found to
give predominantly furan as a product, via decarbonylation,
while larger-sized particles yielded both furan and furfuryl
alcohol. Octahedral particles were observed to be selective to
furfuryl alcohol, while cube-shaped particles produced an equal
amount of furan and furfuryl alcohol. The differences in
selectivity have been attributed to the presence of two different
catalytically active sites that change in ratio with NP size and
shape.
Hydrogenation of succinic acid (SA) in aqueous ethanol

under mild reaction conditions was investigated using a variety
of highly active, stable, and reusable supported metal
nanoparticles (SMNPs) including Pt, Pd, Rh, and Ru (5%
loading) on a mesoporous material derived from biomass
(Starbon−SMNPs).115 The versatility of the functional groups
as well as its stability under aqueous conditions makes Starbon-
300 a good candidate. Ru−Starbon and Pt−Starbon catalysts

exhibited the highest conversion because they were smaller and
evenly dispersed. The selectivity was also significantly different
for Ru−Starbon; 60−82% tetrahydrofuran (THF) was
obtained, while Pd, Pt, and Rh−Starbon materials were more
selective to 1,4-butanediol (BDO). The reaction conditions
could also be tuned to maximize γ-butyrolactone (GBL)
production from Pd−Starbon or Ru−Starbon (up to 65%
selectivity at 45% conversion10 h reactionusing 5% Pd−
Starbon). Interestingly, the catalysts were found to preserve
over 95% of their initial activity even after five reaction cycles.
One-step conversion of cellobiose to C6-alcohols was achieved
by selectively breaking the C−O−C (glycosidic) bonds (Figure
12) via hydrogenation using water-soluble transition metals
(Ru, Rh, Pd, or Pt) nanocluster catalysts under H2 pressure in
ionic liquid. Ru was the only metal that exhibited high stability
under the reaction conditions (120 °C and 40 bar of H2) and
gave high activity and selectivity, that is, the cellobiose was
quantitatively converted to C6-alcohols. This concept creates
new opportunity to transform cellulose into biofuels and other
useful value-added chemicals.116

A continuous process was designed in which two
homogeneous phases coexisted with an emulsion in a layered
configuration of oil/emulsion/water.117 Bearing in mind that
carbon nanotubes, being hydrophobic, have been shown to
produce emulsions, hybrid nanoparticles were prepared by
fusing carbon nanotubes to silica. By tuning their composition,
the hydrophilic−hydrophobic balance could be modified. These
nanohybrids were studied by incorporating a transition metal,
rendering them catalytically active for hydrogenation. The Pd
particles still sit in the organic/aqueous interface, and the
emulsions formed are unaffected. Depositing a metal such as Pd
on the hydrophilic face would catalyze aqueous reactions,
whereas deposition on the hydrophobic face would favor
chemistry in the organic solvent. Full conversion can therefore
be achieved on both sides of the emulsion by constant removal
of products formed from both the top and bottom layers
because the reaction occurs in the emulsion phase.
One of the ways to upgrade biomass-derived bio-oil is by

hydrodeoxygenation (HDO) through the use of catalysts to
remove oxygen (from the oxygenated compounds found in bio-
oil) as CO, CO2, or H2O. In one study,118 a task-specific ionic
liquid (3-methyl-1-butylpyridine dicyanamide) was used as a
precursor with silica NPs as a hard template to yield a high
nitrogen content (12 wt %) mesoporous carbon material. This

Figure 12. Cellulose structure and potential monomers formed following cleavage of the C−O−C bonds at position a or b (reproduced with
permission from the American Chemical Society).116
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material could stabilize Pd NPs, and the resulting Pd@CN0.132
(Pd nanoparticles supported on mesoporous N-doped carbon)
catalyst exhibited a high activity for the hydrodeoxygenation of
vanillin, a common component in lignin-derived bio-oil. The
reaction conditions were mild with low hydrogen pressure and
water as a clean solvent. A 100% conversion of vanillin and
100% selectivity for 2-methoxy-4-methylphenol were achieved,
and the catalyst did not lose its activity after six recycles. The
special structure of the catalytic N-doped carbon−metal
heterojunction led to a very stable and uniform dispersion of
Pd NPs and promoted additional electronic activation of the
metal NPs as well as a good dispersion of the catalyst in water.
The high catalytic performance of Pd@CN0.132 reveals a
promising potential for the biofuel upgrade process. Simulta-
neous condensation and hydrogenation of biomass-derived
oxygenates in water/oil emulsions stabilized by amphiplilic
nanohybrid catalysts were also investigated.119 The emulsion
system leads to an enhancement in the mass transfer between
phases due to a larger interfacial area. For instance, it was found
that the aldol-condensation reaction of furfural and acetone is
more effective in an emulsion system than in a single aqueous
phase. In addition, the presence of the two phases facilitated the
separation of the products. Among the different basic oxides
employed to grow carbon nanotubes (CNT) on their surface,
the nanohybrids supported on MgO have shown to be the most
effective for aldol condensation. Active metals such as Pd or Pt
were incorporated onto the nanohybrids to facilitate the
hydrogenation of the aldol condensation products in the same
emulsion system. Increasing the temperature led to the
formation of fully deoxygenated long-chain alkanes (tridecane).

■ REFORMING OF BIOMASS-DERIVED
COMPONENTS

Aqueous-phase reforming (APR) can produce hydrogen and
carbon monoxide (synthesis gas) from biomass-derived
molecules at mild temperatures of 220−320 °C in liquid
phase by utilizing a suitable nanocatalyst (e.g., Pt, Ru, and Pt−
Ru).1 This one-pot reaction process can produce hydrogen and
reduced sugars simultaneously.120 For example, APR was
utilized to convert glycerol into 1,2-propanediol (1,2-PDO)
using 5 wt % Ru/Al2O3 mixed with 5 wt % Pt/Al2O3 catalyst,
without any added hydrogen. A glycerol conversion of 50.1%

and a 1,2-PDO selectivity of 47.2% were obtained. When the
same reaction was carried out with added hydrogen (41 bar), a
lower selectivity to 1,2-PDO (31.9%) was obtained because the
excess hydrogen promoted the transformation of CO and CO2
to methane and other alkanes, adversely affecting the 1,2-PDO
selectivity.121 Aqueous phase reforming of polyol over the
supported Pt−Re bimetallic catalyst has been attempted, and
the activity of supported 3 wt % Pt−Re catalysts was found to
be as follows: Al2O3 < SiO2 < activated carbon < CMK-
3(ordered mesoporous carbon). The reason why a CMK-3-
supported catalyst exhibited the highest catalytic activity for
APR reaction (Figure 13) is due to easy accessibility to its metal
catalytic active sites, easy escape of product gas, and a high
metal dispersion. It was observed that the conversion of carbon
to gas and hydrogen yield increased with both temperature and
corresponding system pressure. Low weight hourly space
velocity also favored hydrogen yield and conversion of carbon
to gas without decreasing the selectivity of hydrogen and
alkane.122

The effect of support properties on catalytic performance for
APR of 5 wt % glycerol was studied by loading MgO, Al2O3,
CeO2, TiO2, and SiO2 catalysts on presynthesized Pt colloids
on the supports. By measuring the conversion of glycerol, rate
of hydrogen production, and composition of gaseous products,
it was found that the overall catalytic activities decreased in the
following order: Pt/MgO > Pt/Al2O3 > Pt/CeO2 > Pt/TiO2 >
Pt/SiO2. WGS played a key role in the process of APR because
both are related to the surface properties. It was postulated that
WGS preferred the basic sites and further enhanced the
APR.123

A carbon-supported PtMo catalyst was used for the aqueous
phase reforming of glycerol to produce hydrogen. Using X-ray
absorption spectroscopy (XAS), it was found that the catalyst
consisted of bimetallic nanoparticles with a Pt-rich core and a
Mo-rich surface with approximately 25% of the surface atoms
being Pt. The fresh PtMo NPs were about 2 nm, and after 30
days of glycerol reforming at 31 bar and 230 °C, they increased
in size to about 5 nm.124 Other types of supported (CMK-3,
commercial activated carbon (AC), and alumina) Pt-based
bimetallic catalysts (Pt−Re, Pt−Mn, Pt−Fe, Pt−Cs, Pt−Ba,
Pt−Ga, Pt−Ag, and Pt−Mo) were tested for hydrogen
production via APR of ethylene glycol. The 1:1 Pt:Mn molar

Figure 13. Hydrogen production rates when using PtRe NPs on different supports (reproduced with permission of Elsevier BV).122
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ratio significantly enhanced the catalytic performances because
of the interaction between the Pt and Mn species to form Pt−
Mn alloys supported on CMK-3. Out of all the supports, the
CMK-3 support demonstrated better performance than the
commercial AC and alumina. Therefore, it was concluded that
the catalytic performance of the APR reaction over Pt−Mn/
CMK-3 catalyst depended on the alloy effect as well as the
structural properties and nature of the support.125 Recently, a
new family of surface facet-controlled bimetallic Cu-based
nanocatalysts supported on the graphene derivative has been
synthesized.126 Their unique surface configuration show
exceptional activity and stability for aqueous phase biomass
conversion. Using the graphene derivative as a 2-D template,
the directed growth of dominant reactive surface facets of Cu
nanocrystals (Cu{111})102,119 was achieved by lattice-match
engineering. These Cu-graphene catalysts were used for
converting biopolyols (glycerol, xylitol, and sorbitol) to value-
added chemicals, such as lactic acid and other useful coproducts
consisting of diols and linear alcohols. Furthermore, trace
amounts of Pd was incorporated to enhance activity and
stability so that the hydrogen generated in situ from polyols is
used for sequential hydrogenolysis of the feedstock. Figure 14
illustrates how the addition of Pd enhances the stability
whereby no significant leaching is found on the spent catalyst
(Figure 14b), whereas Cu has obviously leached in the Cu/
rGO catalyst in Figure 14a.
Steam reforming of biomass-derived oxygenates like ethanol

yield hydrogen that can be used as an energy source for fuel cell
applications. Steam-reforming catalysts need to be active, stable,
and display high selectivity for H2. One study

127 synthesized Co
nanoparticles (∼5 nm) on an inert support (graphitized-
activated carbon, g-AC). Acetone was used as a model
compound because it is the intermediate observed in ethanol
and acetic acid steam reforming, has characteristic bonds found
in biomass-derived oxygenates, and is a key component in
butanol derived from fermentation. DFT calculations revealed
that the Co nanoparticles served to cleave the C−C bond of
acetone, while efficiently dissociating H2O to oxidize CHx* and
C*. The high selectivity of the supported Co NPs to H2 is
attributed to facile scission of the C−H bond relative to that of
the C−C bond of acetone. The exceptional stability of the
catalyst is due to enhanced oxygen mobility by facile water
dissociation on the Co nanoparticles and the lack of acid/base
sites on the inert support. Therefore, acetone (either as a
byproduct or as a reactant) can be selectively steam reformed

to produce hydrogen without any catalyst deactivation issues.
Fundamental understanding of the nature of nanoparticles is
needed to provide further insight into the rational design of
catalysts for upgrading of bio-oil.

■ SUMMARY

Even though nanotechnology as a new area of technology still
faces many challenges like reliability, safety, lifetime, and costs,
it has also demonstrated promising results in the field of
sustainable energy applications, as pointed out by many
examples in this review. During the last two decades, the
design of photoactive nanostructure architectures and in-
organic−organic hybrid systems has made significant progress.
Quantum dot- and carbon nanostructure-based solar cells are
still in their early developmental stage but provide oppor-
tunities for the development of the next generation of PV.12

For water-splitting photoelectrochemical cells, the efficiency
is still very low, and the development of high-efficiency and
cost-effective materials would render this technology more
economically viable. For this particular technology, it is
suggested to gear future research toward the development of
(i) sensitization materials with multi-absorption regions in
visible light, (ii) infrared active materials to harvest a great part
of the solar spectrum, and (iii) defect-free photoactive materials
for the visible region (improved architectures and properties).
Furthermore, an increase in the absorption coefficient of
photoactive materials and in the yield of photogenerated
electron−hole pairs coupled with an improvement of the
generation and separation of electron−holes by assisting with
additional materials would shift the development of PEC at a
commercial scale.73 In addition, a cost-effective technology to
simultaneously separate hydrogen and oxygen would be
needed.128 As for organic solar cells, advanced materials such
as thermocleavable polymers for higher level processing and
stability in combination with advanced device concepts like
tandem cells and ITO free roll-to-roll coating are needed in
order to go beyond the current state-of-the art technology.129

The expectation is that more progress will be made via novel
optimized materials as well as more efficient device geometries.
The valorization of biomass is still very much an ongoing

area of research due to the fact that it has the tremendous
potential of being a source of fuel and value-added chemicals.
The use of nanocatalysts can help in maximizing yields,
minimizing residues, decreasing environmental impacts, and
obtaining products at low costs. The main challenge remains

Figure 14. TEM images of (a) spent Cu/reduced graphene oxide (rGO) (after first run) and (b) CuPd/rGO (after third recycle) catalysts
(reproduced with permission from the American Chemical Society).126
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the complexity of the structure of lignocellulosic biomass. In
gasification, for instance, the impurities cause tar formation,
while in pyrolysis, the bio-oil formed contains a lot of
oxygenated compounds. The separation or purification of bio-
oil therefore becomes complex. One solution would be to
separate the biomass into fractions (hemicellulose, cellulose,
and lignin) in order to produce specialty chemicals and fuels at
higher conversions and selectivities.1 With the materials we
have today, we are not able to provide the solutions at the
efficiency and cost required, but due to ongoing research in
nanotechnology around the world, novel materials are being
developed using better material science and engineering
expertise so that we can contribute to the well-being of present
and future generations.11
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