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ABSTRACT In this perspective, we present an overview of nanoscience applications in catalysis, energy conversion, and energy
conservation technologies. We discuss how novel physical and chemical properties of nanomaterials can be applied and engineered
to meet the advanced material requirements in the new generation of chemical and energy conversion devices. We highlight some
of the latest advances in these nanotechnologies and provide an outlook at the major challenges for further developments.
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synthesis

e just completed the second edition of the

textbook, “Introduction to Surface Chemistry

and Catalysis”, 16 years later after the first
edition." It was an opportunity to take stock of the surface
science and catalysis fields where the most significant
developments occurred in recent years. Among the fields
that experienced impressive advances, nanoscience and
nanotechnology have been undergoing the most explo-
sive growth. Nanotechnology refers to techniques capable
of design, synthesis, and control of nanomaterials that
offer advanced material properties for novel applications.

Among the fields that experienced
impressive advances, nanoscience
and nanotechnology have been
undergoing the most explosive

growth.

Nanomaterials were not totally unfamiliar within the
various fields of surface science in the past. For example,
heterogeneous catalysts in the form of nanosize transition
metal particles dispersed onto microporous supports have
been applied to chemical conversion technologies for
many decades. The tremendous advances in modern nan-
otechnology are reflected in our expanded ability to de-
sign and control nanomaterials, their size, shape, chemi-
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cal composition, and assembly structure for advanced
applications.>™*

This perspective discusses the technical foundation for
nanoscience development: synthesis approaches and
characterization techniques. We also discuss the latest
advances in nanomaterial applications for heterogeneous
catalysis, energy conversion, and energy conservation
technologies.

Nanostructure Synthesis and Characterization. Well-
controlled synthesis of nanomaterials and nanoscale char-
acterization enables us to unambiguously correlate the
structural properties with the physical, chemical, and bio-
logical properties of nanomaterials, which form the core
of nanoscience research. A basic requirement for nano-
material synthesis is the uniformity of the final product in
size, shape, and chemical composition. Recently, many
synthesis approaches have been developed to produce
high quality nanoparticles, nanorods, nanowires, or other
nanostructures using metals, semiconductors, and
oxides.>~'® An example (Figure 1) is the shape- and size-
controlled Pt nanoparticles synthesized by the colloid-
chemistry-controlled approach.'® These nanoparticles can
be readily deposited as films or dispersed into a mesopo-
rous oxide support for studying size and shape depen-
dence of catalytic properties.'”'®

Because of the high spatial and chemical resolution
requirements, a combination of techniques is usually ap-
plied to characterize nanomaterials. Commonly used
characterization techniques for nanomaterials are listed in
Table 1. Many of them, which are indicated by asterisks
in Table 1, have been developed and applied to character-
ize the properties of nanomaterials under working condi-
tions and provide the molecular level knowledge for fur-
ther performance optimizations.

Nanocatalysis. A catalyst is an entity that accelerates a
chemical reaction without being consumed in the process.
This ability is usually referred to as the activity of a cata-
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FIGURE 1. The size and shape-controlled Pt nanoparticles prepared by the colloid-chemistry-controlled method.

TABLE 1.

Commonly Used Characterization Techniques for Nanomaterials

techniques

properties characterized

transmission electron microscopy* (TEM)

X-ray diffraction* (XRD)

UV—vis-nIR Spectroscopy*

photoluminescence spectroscopy* (PL)

X-ray photoelectron spectroscopy* (XPS)
chemisorption, physisorption

scanning electron microscopy (SEM)

small angle X-ray scattering® (SAXS)

energy dispersive X-ray analysis (EDX)

scanning tunneling microscopy*(STM)

atomic force microscopy* (AFM)

ultraviolet photoelectron spectroscopy (UPS)

X-ray emission spectroscopy® (XES)

near-edge X-ray absorption fine structure* (NEXAFS)
extended X-ray absorption fine structure* (EXAFS)

lyst. For a chemical reaction with multiple possible prod-
ucts, a catalyst may promote the production of one of the
products, which is referred to as catalytic selectivity. Ca-
talysis plays an important role in the technologies for
transportation fuel production from fossil fuels or alterna-
tive energy resources, bulk chemical production, and pol-
lution control, where efficient and selective chemical con-
version processes are of great concern. The major goal for
catalysis research in this century is to design new cata-
lysts with desirable activity and higher selectivity to allevi-
ate energy and process requirements for separation and
purification using current technologies based on fossil raw
materials, and to protect our environment by reducing
the need for disposal of waste chemicals.'®
Heterogeneous catalysts promote reactions at the ac-
tive sites on their surfaces, so they are usually in the form
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size, shape, and crystallinity

crystal structure

light absorption and scattering

light emission

chemical composition

surface area

shape, and assembly structure

characteristic distances of partially ordered nanomaterials
chemical composition

shape, size, and surface structure

shape, size, and work function

electron valence band

electron band gap

chemical composition

chemical composition and bonding environment

of nanoparticles with a large concentration of surface ac-
tive sites. Advances in nanoscience provide opportunities
for developing next-generation catalytic systems with
high activities for energetically challenging reactions, high
selectivity to valuable products, and extended life
times.*?° The development of next-generation nanocata-
lysts relies on surface science techniques that identify and
characterize surface active sites at the atomic scale®' and
synthesis approaches that are capable of producing stable
surface active sites through controlling the size, shape,
and chemical composition of nanocatalysts.
Highly-Active Nanocatalysts. The best example for
demonstrating the exceptional catalytic activity of
nanomaterials is a catalyst with gold nanoparticles in the
5 nm regime dispersed on a titania support. This catalyst
exhibits high activities for hydrocarbon epoxidation and
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CO oxidation at room temperatures.®* It has been
suggested that the quantum confinement effects change
the electronic structure of this noble metal and lead to the
unusual catalytic activities observed.?>* This discovery
has spurred extensive research efforts in searching novel
nanocatalysts for the important catalytic reactions with
low reactivity, such as activation of saturated
hydrocarbons in reforming reactions,*>*® oxygen
reduction reactions in fuel cells,” and lingo-cellulose
biomass hydrolysis.?®~>* For example, it has been
reported that small, charged metal clusters exhibit facile
activation and dehydrogenation of methane
molecules.”>”*

Highly-Selective Nanocatalysts. Highly selective
catalysts may help reduce the energy consumption
required for product separation and waste disposal
processes in chemical industries. The development of
alternative energy resources also relies on highly selective
catalysts. The selective conversion of biomass-derived
carbohydrates to liquid fuels and valuable chemicals is a
key step in biomass conversion.>®~>? Many molecular
level factors affecting catalytic selectivity have been
identified in our laboratory using surface science studies
during the few last decades, which allow for
nanotechnology to design and engineer highly selective
catalysts.”!

For a multiple-path catalytic reaction, the
rate-determining steps for different products usually occur
at different active sites on the catalyst surface. Consider a
catalytic reaction involving a cyclic hydrocarbon reactant
(Figure 2), the scission of the C—C bonds leads to the ring-
opening product (product 1), while the dissociation of a
C—H bond gives a dehydrogenation product (product 2).
The ratio of product 1 to product 2 produced at a given
surface site is controlled by the relative heights of the
Gibbs free energy barriers for the two products. At the
step sites on platinum surfaces, the scission of C—H bond
occurs more readily than that of the C—C bond, which
leads to a higher probability for forming the
dehydrogenation product. At the kink sites, the breaking
of the C—C bond becomes more facile and the increase of
the ring-opening product is expected. From this simple
picture, the selectivity of heterogeneous catalytic
reactions is ultimately determined by the relative
concentrations of active sites for different reaction
pathways. For nanoparticle catalysts, the concentration of
active sites is determined by the size and shape of the
nanoparticles. Advances in nanoparticle synthesis enable
the precise control of surface active sites by
manufacturing monodisperse and shape-controlled
catalysts. An example is shown in Figure 3, where the
selectivity of pyrrole hydrogenation over Pt nanoparticles
exhibits both size and shape dependence.***' The
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FIGURE 2. (Upper panel) The model-kinked Pt surface. The C—C
bond and C—H bond are dissociated at the kink and step site,
respectively. (Lower left panel) The schematic free energy potential
surface for two-pathway reaction. Product 1 is formed by breaking
the C—C bond, and Product 2 is formed by breaking the C—H bond.
The activation barrier for Product 1 is lowered at the kink site, which
leads to the difference in selectivity between the step and kink sites,
as shown in the lower right panel.

selectivity change is induced by the surface structure
change of the nanocatalysts with different sizes and
shapes.

An important class of selective catalysts are bimetallic
alloys that provide surface active sites with special atomic
arrangements of metal components.** Recently, this field
has been revolutionized by the emergence of rational
catalyst design at nanoscale.*>** High-throughput,
computer-based screening provides the elements and
atomic arrangement of alloy candidates that may have
optimal catalytic properties. Then, nanoalloys are
synthesized and tested. The successful synthesis of alloy
catalysts with intended composition relies on the fact that
the size reduction of alloy particles usually results in the
lowering of the immiscible gap.* Following this
approach, a Ni,Zns alloy catalyst has been discovered
with a higher selectivity for partial hydrogenation of
acetylene.*®

In a more recent study, in situ X-ray photoelectron
spectroscopy has been applied to monitor the surface
segregation of bimetallic nanoparticles under reaction
conditions.*” It has been observed that the bimetallic
composition on nanoparticle surfaces alternates upon
switching the chemical gas environment between
oxidizing and reducing conditions. This new insight may
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FIGURE 3. (a) The nanoparticle size dependence of the selectivity of pyrrole hydrogenation under the following reaction conditions: 4 Torr
pyrrole, 400 Torr H,, 413 K. Small nanoparticles exhibit high selectivity to pyrrolidine. (b) The nanoparticle shape dependence of the selectivity
of pyrrole hydrogenation under the following conditions: 4 Torr pyrrole, 400 Torr H,. At relatively lower temperatures, nanopolyhedra particles

have a higher selectivity to pyrrolidine than nanocubes.

lead to the development of “smart” catalysts whose
surface structure advantageously depends on the reaction
environment.

Catalyst Support Nanomaterials. Catalyst supports
are usually made of high-surface-area micro/mesoporous
oxides or carbon nanomaterials. These support materials
stabilize metal catalysts against sintering at high reaction
temperatures. Some support materials, especially
reducible oxides, can also promote the activity and
selectivity of active metal catalysts. Many innovations
have been made in designing nanostructured support
materials. An example is the significant thermal stability
enhancement of a core—shell catalyst in which the Pt
nanoparticle is coated with a thin layer of mesoporous
silica.*® Another interesting example is using carbon
nanotube-inorganic oxide hybrid nanoparticles as a
support for phase-transfer reactions (reactants and
products are in different phases) to simplify the
separation and purification processes.”>*? These hybrid
nanoparticles are amphiphilic and stabilize water—oil
emulsions. The metal catalysts, immobilized on the
hybrid support, preferentially stay at the water—oil
interface, where catalytic phase-transfer reactions
happen. The emulsions are extremely stable and can be
easily separated from the biphasic liquid by a simple
filtration. The recycled hybrid nanoparticles can be reused
without any special treatment. It has been demonstrated
that the hybrid materials can catalyze biphasic
hydrodeoxygenation and aldol condensation reactions.

Nanotechnology in Energy Applications. At present,
developing efficient and “clean” energy technologies is an
urgent task and is crucial to the long-term energy and en-
vironmental security of our society.”® Energy conversion
and transport in nanomaterials differs significantly from
that in bulk materials because of classical and quantum
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size effects on energy carriers such as photons, phonons,
electrons, and molecules. Nanoscience for energy applica-
tions is now focused on tailoring these nanoscale effects
for efficient energy technologies such as photovoltaics,
photochemical solar cells, thermoelectric, fuel cells, bat-
teries, and so forth. For example, the efficient light ab-
sorption to generate charge carriers in a solid occurs at
the scale of several hundreds of nanometers (wavelength
of light). The mean free path of the excited charge carrier
is much shorter than the wavelength of light. To achieve
efficient photon absorption and collection of excited
charge carriers in a photovoltaic device, an optimal design
should be low-dimensional nanostructures, such as
nanowires of semiconductors, in which at least one di-
mension is larger than the wavelength of light, and an-
other dimension shorter than the mean free path of
charge carriers.®®"

Solar Energy Conversion. Solar energy is the most
obvious “clean” and renewable alternative energy source
(under ideal conditions, radiation power on a horizontal
surface is 1000 W m~2).>* Photovoltaic cells convert the
photon energy directly to electricity by separating the
excited electron—hole pairs in photovoltaic materials.
Photoelectrochemical cells use the excited electrons and
holes to catalyze redox reactions, which may split water
or CO, to generate fuels. Currently, photovoltaic and
photoelectrochemical cells have not made a strong
contribution to the energy supply because of their low
conversion efficiencies.

i. Sunlight Harvesting. Nanostructured photovoltaic
materials can significantly improve the efficiency of solar
energy-based devices. To efficiently absorb sunlight over
the entire spectrum range, several approaches, including
embedding quantum dots®® or quantum wells®* into the
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light absorption layer, using dye-sensitized semiconductor
nanostructures®>>® and utilizing multiple exciton
generation (MEG) observed in the semiconductor
nanocrystallines,?” have been proposed. MEG is one of
the approaches promising extremely high efficiency to
overcome the performance-cost issue. In the MEG
process, absorption of a single photon produces multiple
electron—hole pairs (excitons) and hence the internal
quantum efficiency (IQE) for conversion photons into
charge carriers may exceed 100%.°7 It was first
suggested by Nozik that the efficiency of MEG might be
enhanced in nanoscale semiconductor particles due to
reduced rates of intraband relaxation and enhanced
Coulomb interaction between electron—hole pairs.

ii. Charge Separation. Once electron—hole pairs
form from an excited photon, they have a finite lifetime
before recombination. To separate the electron and hole
efficiently, various heterostructures consisting of
nanomaterials such as thin films, nanowires,”" and dye-
senitized nanoparticles®°® have been designed and
synthesized. Dye-sensitized solar cells offer an
inexpensive route to the development of highly efficient
photovoltaic devices.”® By attaching a sensitizer to
semiconductor (such as TiO,) nanoparticles, the photon-
excited electrons in the dye sensitizer can be efficiently
transferred onto the TiO, conduction band, which
increases light-harvesting efficiency by reducing charge
recombination.

iii. Chemical Fuel Production. There are several
extra factors other than the light-to-charge conversion
harvesting that limit the efficiency of
photoelectrochemical (PEC) cells.>”°° A PEC cell is a
photocatalytic system that catalyzes two redox reactions
using photon-generated electron—hole pairs, one reacting
with the holes at the surface of an anode and the second
reacting with the electrons at the surface of a cathode. For
the semiconductor-based PEC cells, the semiconductor
must satisfy the following requirements: (1) The band gap
of the semiconductor must be greater than the
equilibrium potential difference between the two redox
reactions. (2) The conduction band energy level must be
higher than the potential of the redox reaction on the
cathode and the valence band energy level must be lower
than the potential of the redox reaction on the anode. (3)
The surface area of the electrodes must be large enough
to provide a high conversion rate, since the redox
reactions occur on the surfaces.

There are two most valuable, but challenging,
photocatalytic energy conversion processes currently
under intensive research: the electrolysis of water to
hydrogen and oxygen, and the conversion of carbon
dioxide and water vapor into hydrocarbon fuels.®' =%
Nanostructured electrodes provide large surface area for
photocatalyzed reactions. By band engineering through
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controlling the size, shape, chemical composition, and
heterojunction of semiconductor materials, nanomaterials
provide the opportunity to achieve high efficiencies for
sunlight to charge conversion and chemical conversions
at the electrode surfaces at the same time.>"-°* It has
been reported that the nanocomposite(Ga;.»Zn,)(N;.,Oy)
photocatalysts with Rh,,Cr,O5 as cocatalyst exhibits an
apparent quantum efficiency for overall water splitting as
high as 5.9% under a visible light of 420—440 nm.®°

Fuel Cells and Batteries. Fuel cells and batteries, such
as polymeric-electrolyte-membrane fuel cells, solid-oxide
fuel cells, and lithium batteries, are electrochemical systems
for the energy conversion between chemical energy and
electricity.®*®” They consist of an anode and a cathode,
separated by an electrolyte. A pair of reduction and
oxidation reactions on the electrode surfaces results in
electric current generation. Applications of nanomaterials
may significantly improve the efficiency of full cells and the
energy storage density of batteries. One common factor
limiting the efficiency of electrochemical systems is the ion
conductivity of the electrolyte. In the literature, it is shown
that ionic transport can be dramatically enhanced by using
nanostructured composites. These phenomena, known as
nanoionics effects, have been attributed to the fast ion
transport in the space charge layer at the heterogeneous
interface between an insulation material with high surface
charge density and an ion conducting material.®*®” In a
nanostructured composite, the reduction of the thickness of
the space charge layer increases surface charge density, and
the closely compacted structure also makes the nanoscale
space charge zones connected to each other to provide ion
transport pathways. For example, composites in which Lil is
infiltrated in mesoporous Al,O5 may exhibit conductivities
100 times higher than that of pure Lil at room
temperature.”® This ion conductivity enhancement has also
been observed in a nonaqueous liquid electrolyte after the
addition of SiO, nanoparticles.”'

The use of nanomaterials on the electrodes of
electrochemical cells may enhance the charge storage
capacity of barriers and the reaction rates of redox
reactions in fuel cells.”*”* Nanostructured composites
may have a very high charge storage capacity due to the
nanoionics effect at interfaces.®®®? For example,
nanostructured Li,O/Ru composites show high Li* storage
capacity that is observed neither in pure Li,O nor in pure
Ru. For carbon-based electrodes, nanomaterials, such as
carbon nanotubes, carbon nanohorns, and so forth,
provide high surface area supports for metal catalysts and
excellent conductivity for charge transport.”*”?

Nanotechnologies  for  Energy  Conservation.
i. Thermoelectric Devices. Thermoelectric materials may
efficiently convert waste heat generated by combustion
engines to electricity, which improves the overall energy
efficiency of engines. There are two required properties for a
highly efficient thermoelectric material: (1) a high charge
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carrier diffusion current under a temperature gradient in the
material with minimized Joule heating, and (2) a low thermal
conductivity so that a large temperature gradient can be
attained in the material. For pure bulk materials, these two
properties are difficult to optimize at the same time because
the charge carrier, such as an electron, is also a thermal
energy carrier. The increase of carrier density inevitably
leads to an increase in the thermal conductivity. For many
years, the energy efficiency of the pure bulk material based
thermoelectric devices have remained at <5 %, far below
that of conventional thermal power generators.

Nanostructures and nanostructured materials hold the
promise of more efficient thermoelectric energy
conversion.”® The basic idea comes from the observation
of a disparity between the mean free path length of the
dominant charge carrier and that of the thermal energy
carrier, such as phonon in semiconductor materials. If the
characteristic length of a nanomaterial is in between the
two mean free path lengths, it may be possible to
optimize one of the transport properties while leaving the
other intact. The improvement of energy conversion
efficiency has been demonstrated by several
nanomaterials including the PbTe-based quantum dot
superlattice system,”” the Bi,Tes—Sb,Te, two-dimensional
superlattice system,”® and the silicon nanowire systems.”'
The enhanced efficiencies have been attributed to the
impedance of the flow of heat by phonon scattering at the
interfaces in these nanomaterials.

ii. Efficient Lighting Device. Lighting uses about
20 % of the total electricity generated. Development of
advanced lighting devices with high luminous efficiency
will have significant impact on energy conservation.”® In
addition to high efficiency, a light source must be capable
of rendering the true colors of an object, that is, the
emitted light must cover a significant portion of the
visible spectrum range. The light-emitting diode (LED) is
one of the promising lighting sources currently under
extensive research. The high efficiency and good
rendering properties require that a semiconductor
material used for LED applications have both high
crystallinity and a tunable band gap.®°

As quantum dot size decreases, quantum confinement
causes the band gap to increase and this leads to blue-
shifted light emission.®' It has also been demonstrated
that the composition of single-crystalline In,Ga;.xN
nanowires can be tuned across the entire compositional
range from x = 0 to 1. The photoluminescence emission
of these nanowires covers a wide spectrum range from
near-ultraviolet to near-infrared.®* Because of the crystal
quality and the tunable emission, semiconductor
nanostructures have been actively investigated for the
development of light emitting materials.

iii. Nanotribology. Friction is responsible for a large
portion of energy wasted in modern machinery, such as
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internal combustion and aircraft engines, gears, etc.
Development of new lubrication materials is a major task for
tribology, the science and technology of two interacting
surfaces in relative motion.*> "¢ Conventional solid
lubricants are thin films of graphite and the metal
dichalcogenides MX, (where M is molybdenum or tungsten
and X is sulfur or selenium). These materials are
characterized by weak interatomic interactions between
their layered structures, allowing low-strength shearing.
Using these materials in a fullerene-like hollow nanoparticle
form can further lower the friction and enhance the
chemical inertness in humid environments.®”-*® The hollow
cage structure imparts elasticity and allows the particles to
roll rather than to slide. The presence of the curved crystal
surfaces prevents oxidation and preserves the layered
structure inside the nanoparticles.

Outlook. The novel physical and chemical properties
of nanomaterials promise many advanced applications in
the development of new energy and chemical conversion
technologies. In this perspective, we have discussed how
nanomaterials can make significant contributions to the
technologies in catalysis, solar energy harvesting, fuel
cells and batteries, and energy conservation.

Accompanying these exciting opportunities, there are
also major challenges before promising nanotechnologies
eventually replace conventional technologies. In nanoca-
talysis, achieving 100 % selectivity, as seen in enzyme
catalytic reactions, is still a challenging task. In several
other fields, such as photoelectrochemical cells for water
and CO; splitting, and thermoelectric devices, the low
efficiency of nanodevices is of major concern at present.
One of the major challenges in many nanotechnology ap-
plications is the development of large-scale and well-con-
trolled synthesis and assembly approaches for manufac-
turing complex and durable nanostructures. All these
challenges call for an atomic level understanding of physi-
cal and chemical processes within nanostructures.

One of the major challenges in
many nanotechnology applications
is the development of large-scale
and well-controlled synthesis and
assembly approaches for
manufacturing complex and

durable nanostructures.
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It is of great importance to develop in situ experimen-
tal techniques for characterizing nanomaterials under
working conditions. For example, transmission electron
microscopy®® and X-ray absorption spectroscopy”® can
monitor the growth of nanoparticles in solutions. The un-
derstanding of nanoparticle growth mechanisms may lead
to large-scale and well-controlled nanoparticle synthesis
processes.’"?* Techniques, such as X-ray photoelectron
spectroscopy, sum-frequency generation vibrational spec-
troscopy, and scanning tunneling microscopy, can be ap-
plied to identify active sites on catalyst surfaces and to
study the deactivation of active sites under reaction condi-
tions.?' This acquired knowledge is crucial for designing
new nanocatalysts with high activity, high selectivity, and
extended catalytic lifetime.

Because of device complexity in nanotechnologies,
theoretical modeling is now playing an increasingly im-
portant role in device design. A good theory may help
with understanding and predicting new properties associ-
ated with nanomaterials. Multiscale device modeling can
estimate the theoretical limit on the efficiency of each
component and identify the overall efficiency limiting fac-
tors. Rational design that combines theoretical modeling
with advanced experimental techniques will significantly
shorten the R&D cycle of new nanotechnologies.
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