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Abstract: The challenge of chemistry in the 21st century is to achieve 100% selectivity of the desired
product molecule in multipath reactions (“green chemistry”) and develop renewable energy based processes.
Surface chemistry and catalysis play key roles in this enterprise. Development of in situ surface techniques
such as high-pressure scanning tunneling microscopy, sum frequency generation (SFG) vibrational
spectroscopy, time-resolved Fourier transform infrared methods, and ambient pressure X-ray photoelectron
spectroscopy enabled the rapid advancement of three fields: nanocatalysts, biointerfaces, and renewable
energy conversion chemistry. In materials nanoscience, synthetic methods have been developed to produce
monodisperse metal and oxide nanoparticles (NPs) in the 0.8-10 nm range with controlled shape, oxidation
states, and composition; these NPs can be used as selective catalysts since chemical selectivity appears
to be dependent on all of these experimental parameters. New spectroscopic and microscopic techniques
have been developed that operate under reaction conditions and reveal the dynamic change of molecular
structure of catalysts and adsorbed molecules as the reactions proceed with changes in reaction
intermediates, catalyst composition, and oxidation states. SFG vibrational spectroscopy detects amino acids,
peptides, and proteins adsorbed at hydrophobic and hydrophilic interfaces and monitors the change of
surface structure and interactions with coadsorbed water. Exothermic reactions and photons generate hot
electrons in metal NPs that may be utilized in chemical energy conversion. The photosplitting of water and
carbon dioxide, an important research direction in renewable energy conversion, is discussed.

1. Introduction

Surface chemistry had a glorious 40 years during which it
became an atomic-scale and molecular-level science. Using
model surfacesssingle crystals at firststhe evolution of electron,
ion, and molecular scattering techniques provided information
on atomic and molecular structures, composition and oxidation
states, and energy-transfer upon adsorption, desorption, and
scattering of molecules from surfaces.1-4 Figure 1 shows the
timeline of this development and evolution of surface science.
Since the instruments used for these techniques required high
vacuum and clean surfaces, surface chemistry at low pressures
developed first. Molecular surface chemistry then developed by
application of new experimental and theoretical techniques that
permitted molecular-level studies of all the other interfaces:
solid-gas, solid-liquid, solid-solid, and liquid-liquid.5-9 An
up-to-date list of the surface techniques that led to the evolution
of surface science is shown in Figure 2. Since life on this planet
does not operate in high vacuum, the techniques that probed
buried interfaces opened up molecular-level investigations of
many applications of interfaces. Many of the surface chemists
trained in our laboratories and elsewhere pursue research in these
fields. We were always fascinated by catalysis at surfaces such
as transition metals and in the human body (which may be
viewed as a polymer-water interface with a layer of adsorbed
proteins). Both of these interface science applications have been
developing exponentially in recent years, but for two entirely

different reasons. The rise of nanoscience permitted the synthesis
and characterization of nanoparticles (NPs), and most catalystss
heterogeneous, homogeneous, and enzymesare NPs. Hetero-
geneous transition metal catalysts are NPs with sizes in the 1-10
nm range, and we could synthesize them with uniform size
(monodispersed) and shape.10 Figure 3a shows a plot of the size
of Pt nanocrystals as a function of the ratio of Pt(IV) to Pt(IV) +
Pt(II) in the initial solution.11 Figure 3b shows the shape control
of Pt NPs achieved by adding Ag ions.12 It was found that these
Ag ions can be removed using nitric acid while the shape and size
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Figure 1. Evolution of surface science.
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of the NPs remain the same. Figure 3c shows the shape control of
Pt/Pd bimetallic NPs achieved by adding oxygen gas.

Nanoparticles with controlled size and shape became our
model catalysts after we had used metal single crystals for
decades. As we find that selectivity depends on both NP size
and shape, we can directly probe these as well as other molecular
factors that make them the catalysts of choice both in nature
and in chemical technologies.

Biointerfaces are vital components of body implant chemistry,
as we are dramatically improving human life expectancy by
replacing a failed organ or body part with an artificial one.13

Figure 4 shows several frequently used replacement parts that
are inserted routinely at hospitals, such as contact lenses, stents,
and prostheses. The ability of the human body to accept these
replacement parts (biocompatibility) is a major challenge and
the driver of molecular-level research in the field of biointerfaces.

The energy crisis drives rapid developments in the interface
chemistry of nanocatalysts. Production of one desired molecule
that may be used as a fuel or chemical out of several
thermodymically possible molecules that would be waste
byproducts is called catalytic selectivity, and it is the foundation
of “green chemistry”.14,15 In catalytic studies using model single-
crystal metal surfaces, we learned a great deal about the
molecular mechanism of one-product molecule reactions such
as ammonia synthesis, ethylene hydrogenation to ethane, and
carbon monoxide oxidation. However, selectivity in multipath
reactions is much more difficult to decipher. Figure 5 shows
schematically how a small shift in the relative heights of two
potential energy barriers, of about 2 kcal/mol, dramatically
changes the product distribution.16 Selectivity is the key
component of energy efficiency in chemical energy conversion.
By studying the selectivity in multipath hydrocarbon conversion
reactions, we find that it depends on both the size and the shape
of the metal NPs11,17 as well as other molecular factors that
will be reviewed in this Perspective. One major challenge in
our quest for renewable energy conversion is the use of
sunlight to dissociate water and carbon dioxide. The state of
research in these seminal fields of photochemistry utilizing
NPs is discussed.

Figure 2. List of surface techniques.

Figure 3. (a) Monodispersed platinum nanocubes of 3.5-9 nm size. (b)
Platinum nanoparticles with uniform shapes controlled by addition of Ag
ions. (c) Selective adsorption on certain crystal faces induced by flow of
oxygen gas. Adapted with permission from ref 11. Copyright 2009 American
Chemical Society.

Figure 4. Some “replacement parts” that are inserted into the human body:
(a) contact lens, (b) stent, (c) polyurethane, and (d) prosthesis.

Figure 5. Potential-energy plot depicting selectivity in heterogeneous catalysis.
Small changes in the relative heights of the activation barriers, as low as 2
kcal/mol, drastically change the product distribution. Adapted with permission
from ref 16. Copyright 2002 American Chemical Society.
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2. Nanocatalysts

2.1. Studies That Focus on Model Catalytic Surfacess
Metal Single Crystals and Monodispersed Nanoparticles of
Size 1-10 nm and Controlled Shape. Single crystals have been
used as model surfaces for both experimental and theoretical
studies of metal catalysis. Ammonia synthesis,18,19 CO
oxidation,20,21H2/D2exchange,22,23andethylenehydrogenation24,25

are some of the important reactions that were studied on single-
crystal surfaces. Advances in nanoscience have made it possible
to fabricate metal NPs in the 1-10 nm regime, which is identical
to the size range of the metal catalysts used as industrial
catalysts.26 As a result, model studies could be extended from
single-crystal metal surfaces to NPs of controlled shape and
size. Single-crystalline metals used for modeling industrial
catalysts inherently lack the complexity needed to uncover many
of the factors important for catalytic turnover and selectivity.
The most versatile way of fabricating NP catalysts uses colloid
chemistry. By using a metal salt in solution such as hexachlo-
roplatinic acid or rhodium acetyl acetonate as a precursor
monomer,27 it is possible to produce monodisperse metal NPs,
each coated with surfactant or a polymer layer that prevents
their aggregation in solution. Under optimized reduction condi-
tions, it was possible to control the size and shape of the
platinum and rhodium NPs or bimetallic systems when these
were fabricated.28-30 Figure 6 illustrates the one-step synthesis
of monodispersed Rh/Pt bimetallic NPs. By changing the
stoichiometry of rhodium(III) acetyl acetonate and platinum
acetyl acetonate, tuning of the composition of the bimetallic
NPs with 9 nm size was achieved.30

These monodisperse NPs with uniform size and shape can
be deposited as a two-dimensional film by using the
Langmuir-Blodgett technique (Figure 7).31 The NPs can also
be deposited in a mesoporous three-dimensional oxide frame-
work at much higher surface concentrations32,33 (Figure 8).
Studies of these different NP arrangements show that they yield
model surfaces that approximate the size and morphology of
NPs currently used in chemical technology. Recently, dendrimer-
encapsulated metal nanoclusters have been explored for
catalysis.34,35 The structures and chemical properties of den-
drimers can be controlled by changing the core structure of these
hyper-branched polymers, the number and type of the duplicat-
ing units, and the terminal functional groups. Single metallic
and bimetallic NPs having dimensions less than 3 nm have been
prepared within the cavities of these dendrimers. The many
methods of characterization for studying two- or three-
dimensional NPs are listed in Figure 2.

2.2. Molecular Factors That Control Selectivity in Nano-
catalysts. Product selectivity is essential in developing processes
that yield the desired molecules in multipath reactions with
complete selectivity. Achieving 100% selectivity, often called
“green chemistry”, toward just one desired product molecule
out of many thermodynamically stable molecules is the major
challenge of the 21st century.15,36 For multipath reactions,
instead of a single potential energy barrier that reflects the
activation energy for the formation of a product, there are several
possible reaction products which have different potential energy
barriers with small energy differences. The corresponding
potential energy plot for the competitive formation of two
products is depicted in Figure 5. The relative energy differences
between the activation energy barriers determine the reaction
selectivity. These differences can be induced by coadsorbates,
small structural changes, or the addition of electron donors or
acceptors, which change the binding energies of reaction
intermediates. A small change in charge states of the metal

Figure 6. One-step synthesis of monodispersed Rh/Pt bimetallic nanopar-
ticles (acac ) acetyl acetonate).

Figure 7. Schematic of Langmuir-Blodgett method and TEM image of
2D Pt nanoparticle arrays on silicon oxide surface fabricated with the
Langmuir-Blodgett method.

Figure 8. TEM images of Pt nanoparticles (2.6 nm) assembled into a
mesoporous SBA-15 silica support by capillary inclusion method.
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catalysts (oxidation states) can also induce major changes in
product selectivity.

It was found that catalytic selectivity during multipath
reactions on NP arrays depends on the size and shape of the
NPs. Figure 9a shows the product selectivities during furan
hydrogenation as a function of catalyst size and structure at 363
K. The results reveal the higher selectivity of ring-opening for
larger NPs and the exposure of more 〈100〉 facets. Over the 10
nm Pt cubic NPs, butanol is formed only at lower temperatures
and vanishes at higher temperatures, while over the 1.0 nm Pt
NPs it is not seen at all. This is consistent with SFG-VS data
on Pt(111) under furan hydrogenation conditions, which show
that the planar furan ring lies parallel to the metal surface.
Butanol is bound to the surface through the O atom, adsorbed
in a parallel orientation. The surface concentration of butanol
increases with increasing temperature over Pt(111), and THF
is bound to the surface in an upright binding geometry. Over
Pt(100), the SFG-VS spectra also indicate a parallel furan
adsorption under hydrogenation conditions.37 Both butanol and

THF are seen bound to the Pt(100) surface in upright geometries.
A similar trend was observed for pyrrole hydrogenation and
ring-opening over Pt NPs.38 The smaller the NP, the higher the
production of the partially saturated ring. These results are
summarized in Figure 9b, which depicts the dependence of the
selectivity of the hydrogenation of pyrrole (4 Torr pyrrole, 400
Torr H2, 413 K) on the size of the platinum NPs encapsulated
in a dendrimer or polyvinylpyrrolidone (PVP).38

The dependence of the selectivity of benzene hydrogenation
on the shape of the platinum NPs of the same size and single-
crystal surfaces with different surface structure was studied by
Bratlie et al.17 Benzene hydrogenation turns out to produce two
molecules, cyclohexane and cyclohexene, on the platinum (111)
surface but only one molecule, cyclohexene, on the (100) face.
A similar trend was observed on NP arrays of different shapes
(cubic and cuboctahedral). While cuboctahedra give rise to two
products just like (111) single-crystal surfaces, Pt cubes give
rise to one product like the (100) single-crystal surface. This
result is summarized in Figure 10.

Figure 9. (a) Particle size selectivity dependence at 90 °C (10 Torr of furan and 100 Torr of hydrogen). (b) Dependence of the selectivity of the hydrogenation
of pyrrole (4 Torr pyrrole, 400 Torr H2, 413 K) on the size of the platinum NPs encapsulated in a dendrimer or PVP. Adapted with permission from ref 38.
Copyright 2008 American Chemical Society.

Figure 10. (a) Turnover rates of cyclohexane (C6H12) and cyclohexene (C6H10) formation under benzene hydrogenation on Pt(100) and Pt(111) single
crystals. (b) Tetradecyltrimethylammonium bromide-stabilized cubic and cuboctahedral Pt nanoparticles for 10 Torr C6H6, 100 Torr H2, and 650 Torr Ar.
Adapted with permission from ref 17. Copyright 2007 American Chemical Society.
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We have so far identified seven molecular factors that affect
selectivity:15 (1) surface structure, (2) adsorbate-induced re-
structuring, (3) adsorbate mobility, (4) reaction intermediates,
(5) surface composition, (6) charge transfer during catalysis,
and (7) oxidation state of the catalyst. Understanding the roles
of these factors was made possible by development of new in
situ surface-sensitive techniques, which we will describe next.

2.3. Surface Techniques That Operate under Reaction
Conditions. Since the 1980s, researchers have worked to develop
techniques that uncover the structure composition and dynamics
of surfaces at high pressure. The four techniques that we
examine here in detail are ambient pressure X-ray photoelectron
spectroscopy (AP-XPS),39,40 high-pressure scanning tunneling
microscopy (STM),41,42 sum frequency generation (SFG) vi-
brational spectroscopy,43,44 and the time-resolved Fourier
transform infrared (FT-IR) method.39

2.3.1. Surface Composition and Oxidation States under
Reaction Conditions Revealed by AP-XPS. Surface composition
is the key factor influencing the catalytic activity and selectivity
of materials composed of two or more metals. The use of
bimetallic NPs allows the role of surface composition to be
studied on the nanometer scale. A schematic representation of
the AP-XPS experiment is shown in Figure 11.39,45 It illustrates
the differentially pumped electrostatic lens system that refocuses
the scattered electrons into the object plane of a standard electron
energy analyzer in the high-vacuum region. The kinetic energy
of the detected electrons can be varied by tuning the photon
energy of the X-ray source. This method permits the surface-
specific XPS signal to be examined and the surface composition
of the bimetallic NPs to be determined.

Figure 12a,b shows the XPS results on rhodium/palladium
and palladium/platinum 50/50% bimetallic NPs as a function
of the kinetic energy of the X-rays and shows the moderate
surface segregation of rhodium and palladium, repectively, at
ultrahigh vacuum.40 Figure 12c,d shows AP-XPS data for
rhodium/palladium and palladium/platinum 50/50% bimetallic
NPs under oxidizing (NO), reducing (CO), and reaction (NO/
CO) conditions, which directly shows the change of the surface
composition as the reaction conditions are varied. The results
suggest that rhodium atoms are pulled to the surface under the
oxidizing conditions of the reaction. Under reducing conditions,
the rhodium and palladium surface compositions are roughly

equal. These results indicate that the reaction conditions
dramatically change the surface composition of bimetallic NPs.
Because of their small size, they undergo rapid random walk
diffusion that will change the surface composition as the reaction
conditions are varied. Thus, the bimetallic system adjusts its
surface composition to the type of reaction it catalyzes.

2.3.2. Surface Structure, Adsorbate-Induced Metal Restruc-
turing, and Adsorbate Mobility Detected by HP-STM. The
adsorbate mobility during catalytic turnover has been observed by
high-pressure scanning tunneling microscopy41,46-48 (Figure 13a).
No distinctive feature of the surface can be observed when
scanning the surface at the rate of 100 Å/ms during the
hydrogenation/dehydrogenation of cyclohexene or the hydro-
genation of ethylene. All the adsorbed molecules on the
surfacesreaction intermediates and productssare more mobile
under these conditions than the scanning speed of the tunneling
tip. However, if the surface is poisoned using, for example,
carbon monoxide, the catalytic reaction stops and ordered
structures are formed on the surface, as shown in Figure 13b.
The poisoning of the catalyst also minimizes the mobility of
the adsorbate. In many cases, adsorbate mobility is required
for the catalytic process to occur, as the adsorbed reactants must
find an active site, and that requires mobility on the surface.
Thus, the catalytically active surface is dynamic. High-pressure
STM measurements show that adsorption of a gas such as
oxygen, hydrogen, or carbon monoxide changes the structure
of single-crystal surfaces (Figure 13c). During the chemisorption
there is an increased coverage of the different chemisorbed
molecules under pressure, which results in the number of
chemical bonds between the adsorbate and substrate becoming
greater. The reversibility of adsorbate-induced restructuring was
readily observed by hydrogen adsorption/desorption or other
chemisorbed gas adsorption and subsequent desorption.49 After the
chamber is evacuated, the original structure is once again obtained.
Both the metal and the adsorbates restructure under the conditions
of the catalytic reaction.

2.3.3. Reaction Intermediates Detected by SFG Vibrational
Spectroscopy. SFG, a surface-specific technique, is based on
similar principles as second harmonic generation.50-53 Figure
14a shows a schematic representation of the experimental setup
for analyzing the catalytic reaction by high-pressure SFG
vibrational spectroscopy.50,54,55 In SFG, two laser beams in the

Figure 11. Schematic representation of ambient-pressure X-ray photoelectron spectroscopy.
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IR or visible region are spatially and temporally overlapping.
Scanning the frequency of the IR laser enables the sum
frequency signal and thus a vibrational spectra in the visible
region to be obtained. Such a transition is symmetry forbidden
for a centrosymmetric medium such as the bulk phase of a face-
centered cubic crystal, an isotropic high-pressure gas, or a liquid.
However, at the surface the second-order susceptibility is
nonzero, allowing the measurement of a vibrational spectrum
that is sensitive to the monolayer. Such a spectrum can also
give us vibrational frequencies of adsorbed molecules across a
pressure range of 10-12 orders of magnitude.

The use of SFG vibrational spectroscopy enables reaction
intermediates on the surface to be identified during catalytic
turnover. By measuring the turnover rate as well as the SFG
signals, the kinetics of the reactions can be related to reaction
intermediates. For example, in the case of the hydrogenation
of ethylene, some of the surface-bound species such ethylidyne
and di-σ-bonded ethylene are spectators, and they do not
participate in the hydrogenation of ethylene.56 Weakly bound
π-bonded ethylene, which will be converted into ethane, is
present at concentrations of only 4% in the monolayer. Figure
14b shows the species that we see in the hydrogenation and
dehydrogenation of cyclohexene. During this reaction, three
reaction intermediates are observeds1,3-cyclohexadiene, 1,4-
cyclohexadiene, and a π-allyl moleculesall of which participate
at different concentrations, depending on the surface structure
in the formation of the product, cyclohexene or benzene.57 High-
pressure SFG can also be used to study reaction intermediates
on NP surfaces. For SFG measurements on NPs, two-
dimensional NP arrays are deposited on a prism, which allows
the total internal reflection to increase the detection sensitivity.58,59

Our recent SFG studies indicate that, during hydrogenation of
pyridine, pyridinium ions are the reaction intermediates, and

piperidine is formed as the product of complete hydrogenation in
the gas phase.48 SFG vibrational spectroscopy of ethylene hydro-
genation on clean platinum NPs after UV-ozone cleaning showed
the existence of ethylidyne and di-σ-bonded species, indicating the
similarity between single-crystal and NP systems.58

2.3.4. Transient Reaction Intermediates Revealed by
Time-Resolved FT-IR Spectroscopy. The FT-IR method offers
structure-sensitive spectroscopy with temporal resolution ranging
from nanoseconds to seconds for monitoring heterogeneous
catalysis over metal NPs under practical reaction conditions.
To achieve such time resolution, initiation of the catalysis by a
short reactant pulse synchronized with interferometric signal
acquisition is required. This can readily be done for light-
initiated reactions, and time-resolved FT-IR spectroscopy in
heterogeneous environments using the step-scan method (nano-
and microseconds) was initially developed for photochemical
systems.60,61 For temporal resolution in the millisecond regime,
the rapid scan method gives the best results. The technical challenge
of applying time-resolved FT-IR techniques to catalysis is the
delivery of a reactant pulse to the NP catalyst surface on a time
scale that is short compared to reactive events of interest. Figure
15 shows the schematic of a reactor for time-resolved FT-IR
monitoring of gas-phase catalysis over supported metal NP catalysts
at 1 atm and temperatures ranging from 295 to 700 K.

To search for transient surface intermediates of ethylene
hydrogenation over alumina-supported Pt NPs, a pulse of
ethylene gas was released from a fast mechanical valve that
merged with a continuous flow of H2 diluted by nitrogen (1
atm total pressure, 4.5 L min-1 flow rate, H2/N2 ) 0.05, 323
K) in close proximity of the catalyst surface.62,63 As shown in
Figure 15, time-resolved infrared spectra revealed instant growth
of surface ethyl species (CH3CH2Pt, 1200 cm-1 CH2 wagging
mode, 2870 cm-1 CH stretch) that decayed with a time constant

Figure 12. (a) XPS results of rhodium/palladium and (b) palladium/platinum 50/50% bimetallic NPs as a function of the kinetic energy of the X-rays. Rh has the
higher surface composition for Rh0.5Pd0.5 bimetallic NPs, while Pd has the higher surface composition for Pt0.5Pd 0.5 bimetallic NPs. (c) AP-XPS data for rhodium/
palladium and (d) palladium/platinum 50/50% bimetallic NPs under oxidizing (NO), reducing (CO), and reaction (NO/CO) conditions, which directly shows the
change of the surface composition as the reaction conditions are varied. Reprinted with permission from ref 40. Copyright 2008 AAAS.
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of 122 ms. The kinetics of surface ethyl decrease coincided with
the rise of the gas-phase ethane product (CH stretch band, Figure
15). The link between the temporal behavior of the two species
established direct kinetic evidence for surface ethyl as the
relevant reaction intermediate. This confirms that the barrier to
surface ethyl hydrogenation is substantially higher than that for
the preceding surface ethylene to ethyl hydrogenation step under
reaction conditions.

For catalysis with metal NP catalysts supported on mesopo-
rous silica, the time-resolved FT-IR method allows the study
of the diffusion and fate of reactants or products inside nanoscale
channels. When hydrogenating propylene over Pt NPs (1.7 nm)
supported on SBA-15 silica material, propane emerged inside
the silica pores within 100 ms (383 K).64 The CH stretching
absorptions of propane inside the channels were distinct from
the gas-phase spectrum of C3H8, as shown in Figure 16. Spectral
analysis allowed us to monitor the escape of the alkane product
from the silica pores into the surrounding gas phase in real time,
the first direct spectroscopic observation of emerging products
of heterogeneous catalysis on a nanoporous support. Desorption
of propane from the 8 nm wide, approximately 1 µm long
channels was found to occur within 300 ms (1 atm, 383 K).

3. Biointerfaces

The rapid development of the use of implants in the human
body to replace or repair organs or body parts gave rise to

research in biocompatibility to learn the body’s response to
accept or reject the implant. Figure 4 shows several implants
commonly utilized in the medical practice. When a biomaterial
is introduced into the body, one of the first events to occur is
the adsorption of proteins from the surrounding fluid onto the
surface of the implant. Because of the structural complexity of
proteins, the use of model systems is now seen as essential to
understanding these phenomena.

The influence of surface modifications on the interactions with
proteins, peptides, and amino acids in buffered water solutions
was studied by SFG.13,65,66 The amount of adsorbates on
hydrophobic or hydrophilic surfaces was monitored by quartz
crystal microbalance (QCM), an ultrasensitive (ng cm-2) in situ
mass sensor.5,66 A QCM consists of a layer of piezoelectric
quartz sandwiched between two conductive pieces of gold. Any
material (such has silica or polystyrene) may be applied to the
gold, providing a surface for molecular adsorption. An ac field
is applied across the quartz, causing it to oscillate at a
characteristic frequency. As molecules adsorb from the sur-
rounding medium to the crystal, the frequency changes. The
Sauerbrey equation67 relates this change in frequency to a
proportional change in the adsorbed mass, making QCM a
widely used tool in the study of the adsorption of biomolecules.

Figure 13. (a) Schematic of high-pressure STM. (b) STM images revealing
the progress of cyclohexene hydrogenation to cyclohexane and dehydro-
genation to benzene on a Pt (111) surface at 350 K. Left and right STM
images show catalytically active and poisoned surfaces, respectively. (c)
In situ STM images revealing adsorbate-induced restructuring of Pt (110) surface
in 1.7 atm hydrogen (73 nm × 70 nm), 1.0 atm oxygen (90 nm × 78 nm), and
1.0 atm carbon monoxide (77 nm × 74 nm). Adapted with permission from
ref 126. Copyright 2008 Springer Science+Business Media.

Figure 14. (a) Schematic of a high-pressure SFG system, a vibrational
spectroscopic tool for probing the adsorbed species during the catalytic reaction.
(b) SFG spectra of cyclohexene hydrogenation to cyclohexane and dehydro-
genation to benzene. These two reactions occur simultaneously in excess
hydrogen of about 10 and 1.5 Torr of hydrocarbon. SFG vibration spectra reveal
the presence of three different species on the surface in this reactant
mixtures1,4- and 1,3-cyclohexadienes and π-allyl c-C6H9sthat are reaction
intermediates. Adapted with permission from ref 127. Copyright 2004 American
Chemical Society.
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Another complementary technique that is frequently used in
biointerfacial studies is atomic force microscopy (AFM), which
permits the study of surface topography and the measurement
of surface mechanical properties, such as friction, adhesion,
stiffness, and plastic deformation of the biomaterials. For
example, protein adsorption on surfaces can also be character-
ized and measured with AFM.68

Figure 17 shows the surface vibrational spectra of poly(hy-
droxyethyl methacrylate), or poly(HEMA), a hydrogel com-
monly used as a contact lens material, when in contact with
water and air.69 Figure 17a-c shows SFG spectra of poly-
(HEMA) surfaces (a) at the water/polymer interface, (b) in the
hydrated state, and (c) in the dehydrated state. Figure 17d depicts
the change of molecular structure of poly(HEMA) during
dehydration, detected by SFG at the water/poly(HEMA) inter-
face. The carboxyl groups segregate to the surface in water while
the methyl groups segregate in air controlled by the hydrophilic
and hydrophobic interactions, respectively. Thus, the surface
composition changes with humidity.

Infection due to implanted biomaterials is a serious complica-
tion initiated by bacterial adhesion to the surface of the implant.
To control the bacterial contamination, the polymer surface must
be modified to reduce bacterial adhesion.70,71 The surface
composition of polyurethane, which is frequently used as an
implant material, can be altered by using hydrophilic end groups
(OH groups, for example) or hydrophobic end groups (-OCH3

groups), so-called surface-modifying end groups (SMEs). Self-
assembled monolayer end groups (SAMEs) that are covalently
bonded to the polymer during synthesis can also be used to
modify the surface composition (Figure 18). By binding a
molecule to the end of the alkyl chain that imparts antimicrobial
activity to the SAME-modified surface, the membrane of the
bacterium is compromised and the bacterium dies.72 Surface-
modifying coatings can also enhance the thromboresistance or
biostability of the polymer employing fluorocarbon SMEs.

A model short-chain peptide has been used to demonstrate
the effects of the properties of the biomolecule and surface on
the adsorption orientation.13,66 The model peptide, LK14, is an

Figure 15. Time-resolved FT-IR spectroscopy of ethylene hydrogenation over supported Pt nanoparticles (1 atm, 323 K). On the left, panel (a) shows
time-resolved spectra of transient surface ethyl, and panel (b) shows the associated decay kinetics. On the right, panel (c) shows time-resolved spectral traces
of ethane, and panel (d) shows the associated growth kinetics. Adapted with permission from ref 63. Copyright 2005 American Chemical Society.
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amphiphilic 14-amino acid peptide composed of hydrophobic
leucine (L) and hydrophilic lysine (K) residues of sequence
LKKLLKLLKKLLKL, as shown in Figure 19a. The LK14
peptide assumes an R-helical structure in a pH 7.4 phosphate-
buffered saline (PBS) solution with most of the hydrophobic
residues pointing to one side of the molecule and hydrophilic
residues to the other side. When the peptides are adsorbed to a
hydrophobic deuterated polystyrene (d8-PS) surface or to a
hydrophilic SiO2 surface from the PBS solution, SFG spectra
show a marked difference (Figure 19b). The SFG spectrum at
the PBS/d8-PS interface is dominated by the C-H stretch bands
from the CH2 and CH3 groups, while, at the PBS/SiO2 interface,
only the N-H stretch band is observed. The SFG results suggest
that the hydrophobic interaction drives the hydrophobic methyl

groups at one side of the peptide in contact with the hydrophobic
surface to form an ordered layer of methyl groups, and that the
disordered hydrophilic residues on the other side of the peptide
form hydrogen bonds with water molecules. At the PBS/SiO2

interface, the positively charged hydrophilic residues on one
side of the peptide interact with the negatively charged SiO2

surface, and the NH end groups also form hydrogen bonds with
the surface, which renders the N-H stretch band visible in the
SFG spectrum. AFM and QCM were used to characterize the
adsorption of a model peptide, LK14, to both silica and
polystyrene surfaces.13,66 It was observed that, at short times,
the peptide adsorbs in small clusters, and the lateral dimensions
of these clusters increase with time.

Figure 16. Time-resolved FT-IR monitoring of propylene hydrogenation over Pt NPs supported on mesoporous silica SBA-15 (1 atm, 383 K). Spectra of
transient surface propyl intermediate and of propane product inside the nanopores and upon release into the gas phase are shown. Adapted with permission
from ref 64. Copyright 2007 American Chemical Society.

Figure 17. SFG vibrational spectra of poly(HEMA) surfaces (a) at the water/polymer interface, (b) in the hydrated state, and (c) in the dehydrated state.
(d) Schematic showing the change of molecular structure of poly(HEMA) during dehydration, detected by SFG at the water/poly(HEMA) interface. Adapted
with permission from ref 69. Copyright 1999 American Chemical Society.
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SFG vibrational spectra exhibit three different types of water
structures (Figure 20) at the water-solid interfaces.73 Since
water is a coadsorbate with the peptide and protein molecules
at biointerfaces, one can monitor the role and nature of bonding
of water molecules and how this influences the adsorbed
biomolecule structure and orientation. Surface electrochemistry
studies using SFG and FTIR indicate that adsorbed molecules
change their orientation as the electrode potential is altered.74

It is likely that the bonding of amino acids, peptides, and proteins
at the interface will be altered in the presence of changing
surface charge. The fundamental surface chemistry of biomol-
ecules influences increasingly the studies of biocompatibility
of implant materials.

4. Renewable Energy Conversion Chemistry

The development of reliable and renewable energy sources
from abundant resources is an important challenge in the 21st
century. The principal renewable energy sources are biomass
from plants, geothermal power from heat stored in the Earth,
wind energy, and solar energy from the sun. Among these, solar

energy is one of the most significant and promising renewable
energy sources.75,76 Solar energy is converted to electricity by
solar cells (also known as photovoltaic cells) or stored chemical
energy via photosplitting processes.77-79 In this section, we
describe the recent progress and challenges in energy conversion
chemistry using nanomaterials, with an emphasis on (1) conver-
sion of exothermic reaction or photon adsorption to hot electron
flow using a nanodiode and (2) photosplitting of water and
carbon dioxide.

4.1. Conversion of Exothermic Reactions and Photons to
Electron Flow at Metal Surfaces. 4.1.1. Detection of Hot
Electron Flow with Metal-Semiconductor Nanodiode. Funda-
mental mechanisms of energy dissipation and conversion at the
surface and interfaces have been key issues in the surface science
community. Energy dissipation at metal surfaces and interfaces
is mediated by excitation of phonons and electron-hole pairs
once the external energy is deposited to the surface during the
exothermic chemical processes. Electron excitation in exother-
mic catalytic reactions or the incidence of photons at metal
surfaces results in the flow of high-energy electrons with energy
of 1-3 eV, assuming that most of the chemical or photon energy
is converted to electron flow on a short (femtosecond) time scale
before atomic vibration dissipates energy adiabatically (in
picoseconds).80-86 These energetic electrons that are not in
thermal equilibrium with the metal atoms are called “hot
electrons”. These hot electrons move into the bulk of the metal
catalyst, and eventually they dissipate energy and turn into low-
energy electrons through lattice atom relaxation within the length
scale of the electron mean free path, which is in the 5-10 nm
range and within the lifetime of 10 fs. Recent experimental and
theoretical studies have demonstrated electronic excitations
created during atomic or molecular processes at surfaces.
Theoretical models assuming that the non-adiabatic energy
transfer during a surface chemical process is dominated by
electron-hole pair excitations have been suggested.87-90

Pump-probe experiments carried out on femtosecond time
scales detect the presence of hot electrons in the metal.91,92

When vibrationally excited molecules strike another surface,
they are rapidly de-excited because of hot electron formation.
If the metal thickness or size is of the order of the electron
mean free path, hot electrons can be collected during ballistic
transport across the metal.93

4.1.2. Hot Electron Generation from Exothermic Reaction
and Its Detection with Catalytic Nanodiodes. To detect this flow
of hot electrons, we fabricated metal-semiconductor Schottky
diodes. If the metal particle or film is of the diameter or thickness
of the electron mean free path (∼10 nm), hot electrons can be

Figure 18. (a) Schematic of surface-modifying end groups (SMEs) and
(b) self-assembled monolayer end groups (SAMEs) that are covalently
bonded to the polymer during synthesis and can also be used to modify the
surface composition.

Figure 19. (a) Change of orientation of the LK14 (leucine-lysine) peptide.
(b) SFG studies showing that the hydrophobic side (leucine) of the peptide
adsorbs preferentially on the polystyrene surface and the hydrophilic side
(lysine) of the peptide adsorbs at the silica interface. Adapted with
permission from ref 66. Copyright 2006 American Chemical Society.

Figure 20. SFG vibrational spectra exhibiting three different types of water
structures at the water-solid interfaces. Adapted with permission from ref
73. Copyright 1993 The American Physical Society.
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collected as they are transported across the metal without
collision, as shown in Figure 21. For an n-type Schottky diode,
hot electrons are detected as a chemicurrent if their excess
energy, Eex ) |E - EF|, is larger than the effective Schottky
barrier, which is the difference between the conduction band
minimum and the Fermi energy, EF, at the interface.83,85 Once
hot electrons arrive at the oxide, they dissipate energy and thus
cannot go back to the metal. Therefore, the Schottky energy
barrier leads to irreversible one-way charge transfer of hot
electrons from the metal to the semiconductor. After hot
electrons move from metal to semiconductor, they are replaced
by low-energy electrons supplied by the external leads connected
to the Pt and semiconductor, resulting in the continuous flow
of hot electrons generated by the catalytic reaction.

Schematics of the Pt/TiO2 and Pt/GaN nanodiode configura-
tions that use surface-catalyzed reactions to generate steady-
state current are shown in Figure 22.94 In the first case, the
bottom electrode, including a 50 nm adhesion layer of Cr or Ti
and a 150 nm Au layer, was deposited through the first mask
onto an oxidized p-type Si (100) wafer under 1 × 10-6 Torr
pressure by an electron beam evaporator. Next, 50 nm of Ti
was deposited on the top of the bottom electrode to form the
Ohmic contact between the bottom electrode and TiO2 film. A
150 nm TiO2 film was then deposited by sputtering through a
third mask. A strip of 150 nm thick silicon nitride was next
deposited through a fourth mask by plasma-enhanced chemical

vapor deposition at room temperature. Platinum of 2 mm in
diameter with a thickness between 1 and 15 nm was then e-beam
evaporated through a fifth mask onto the TiO2. Finally, the front
gold electrode was e-beam deposited through the sixth mask
onto the silicon nitride and the platinum to complete the diode
circuit. The Pt/GaN Schottky diode was fabricated through a
standard microfabrication method. Platinum with a thickness
of several nanometers was deposited through the mask on an
n-type GaN epitaxial layer grown on a sapphire substrate. A
Schottky barrier is formed at the interface of Pt/GaN. Ti/Al
layers were deposited on GaN to make the Ohmic contact
between the GaN layer and the Schottky electrode. A quartz
thickness monitor was used to monitor the film thickness during
the deposition. The thickness of platinum films has been
calibrated with profilometry and AFM.

Figure 23 shows the turnover frequency (TOF) and chemi-
current detected on Pt/TiO2 nanodiodes under CO oxidation
conditions. The measurement of continuous chemicurrent
indicated that the chemical energy of the exothermic catalytic
reaction was directly converted into hot electron flux in the
catalytic nanodiodes.85 The chemicurrent was well correlated
with the turnover rate of CO oxidation measured separately by
gas chromatography.

4.1.3. Hot Electron Generation from Photon Absorption
on Metallic Film Collected with a Metal-Semiconductor
Schottky Diode. The concept of photon energy conversion to
hot electron flow was suggested by McFarland and Tang.95 In
this scheme, photons are harvested by dye molecules adsorbed
on a Schottky diode composed of a thin gold layer on titanium
dioxide (TiO2). When light falls on the dye layer, electrons are
released from the dye molecules and injected into the conduction
band of the metal layer. The disadvantage of this scheme can
be the ineffectiveness of the adsorbed dye molecules in
producing photocurrents. One reason for this is that electrons
injected by the dye layer into the metal can be immediately
recaptured through reverse charge transfer from filled electronic
states of the metal into the dye, resulting in no net current flow.

By using a metal-semiconductor Schottky diode, steady-state
current generated by the absorption of photons from the continuous
flow of ballistic charge carriers was measured. The scheme and
the energy band diagram of the photovoltaic device are presented
in Figure 21. To generate electric current through the device, these

Figure 21. (a) Schemes of energy conversion from exothermic catalytic
reaction or photon adsorption on metallic surfaces to hot electron flow on
a metal-semiconductor Schottky diode. (b) Energy band diagram of
Schottky diode-based hot electron detection. Adapted with permission from
ref 85. Copyright 2006 Wiley Interscience.

Figure 22. Schematic and photos of (a) Pt/TiO2 diode and (b) Pt/GaN diode.
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electrons need enough energy to travel over the Schottky barrier
and into the TiO2 conduction band.

The short-circuit photocurrent was measured as a function
of the wavelength of light on the metal-semiconductor Schottky
diodes. Figure 24 shows the plot of the short-circuit photocurrent
as a function of photon energy measured on a Pt/TiO2 diode
with metal film thickness of 5 nm. Photocurrent increases with
increasing photon energy. In order to verify the relationship
between the hot electron flux and the photon energy, we fit the
photocurrent to Fowler’s law.96,97 According to Fowler’s law,
the photoelectric current I is

where c is a constant, φ is the work function of the sample, and
hν is the photon energy. For most metals, n ) 2; other exponents
apply to semiconductors. Figure 24 also shows the fit of
photocurrent to Fowler’s law with the fitting parameter of n )
2 and φ (in our case, ESB, the Schottky barrier height) ) 1.2
eV. The fitting result shows that the measured photocurrent is
in good agreement with Fowler’s law. This result confirms that
the measured photocurrent can be mainly attributed to the hot
electron flow, assuming that the contribution of defect states
localized in the bandgap of TiO2 can be ignored. At high photon
energy (>3.2 eV), the photocurrent increases significantly,
showing a departure from the Fowler’s law fit, indicating the
additional contribution of electron-hole pair excitation in
titanium oxide. This result indicates that the steady-state flow
of hot electrons generated from photon absorption can be directly
probed with metal-semiconductor Schottky diodes.

4.2. Heterogeneous Photocatalysts for the Splitting of
Carbon Dioxide and Water. The use of all-inorganic hetero-
geneous photocatalysts for the synthesis of methanol or other
low alcohols from carbon dioxide and water as starting materials
is an attractive approach for making a renewable liquid fuel by

using sunlight. The principal advantage of inorganic materials,
especially oxides, is robustness, a critical factor for developing
viable solar fuel generators. In fact, early demonstration of UV
light-induced splitting of water to H2 and O2

98,99 involved stable
oxides, such as TiO2 or SrTiO3. Very efficient and robust
photocatalysts for overall water splitting by UV light based on
metal oxides have been developed in recent years.100,101 These
include a La-substituted tantalate with a NiO co-catalyst
exhibiting a quantum yield of 56%.102 By contrast, visible light-
driven overall water splitting with inorganic semiconductor
materials remains a challenge. A successful photocatalytic
material is GaN:ZnO solid solution, but efficiencies remain
low.103 GaInP2 material serves as the H2 evolution photocatalyst
in an integrated photovoltaic-photoelectrochemical cell for
overall water splitting that operates at high efficiency, but the
materials lack chemical stability.104

For CO2 reduction by H2O, early work with stable, large-
bandgap oxides including TiO2 and SrTiO3 showed conversion
to formic acid, carbon monoxide, methanol, or methane under
UV irradiation.105,106 Reduction of CO2 is initiated by transfer
of photogenerated conduction band electrons to surface-adsorbed
CO2 or carbonate, while valence band holes drive oxidation of
H2O. Although product yields were low and the materials lacked
the visible absorption properties needed for use of sunlight, the
work showed that activation of CO2 and H2O by bandgap
excitation is feasible. Over the ensuing decades, efforts in the
heterogeneous photocatalysis community focused on exploring
smaller bandgap semiconductors for carbon dioxide activation
by visible light. Particles or colloids with better donor ligands,
such as CdS or ZnSe, afford CO2 reduction under visible light
but are chemically unstable, requiring sacrificial reductants to
suppress irreversible oxidation of the material.107-109 The need
for sacrificial reagents prevents the use of these materials for
artificial photosynthesis.

4.2.1. Binuclear Photocatalysts on Nanoporous Silica
Supports for CO2 Splitting. With the emergence of nanoporous
silica in 1990,110,111 materials became available for developing
well-defined photocatalytic sites for CO2 and H2O activation
on nanostructured high-surface-area supports by using func-
tionalizing pore walls with single metal centers, heterobinuclear
sites, or well-defined polynuclear clusters. For example, sub-
stantially improved conversion efficiencies were reported upon
UV excitation of single tetrahedral Ti centers in mesoporous
silica material, type MCM-41, for CO2 reduction by H2O to
methanol or methane, when compared with dense-phase TiO2

particles112 (MCM-41 has a one-dimensional system of channels
of 3 nm diameter110). In situ FT-IR and mass spectrometric
monitoring of the photochemistry in the silica pores revealed
CO and O2 as initial products and confirmed that H2O acts as
electron donor.113 Binuclear units consisting of metals with
appropriate redox potentials for driving CO2 reduction or H2O
oxidation catalysis assembled on silica nanopore surfaces open
up opportunities to use visible instead of UV light for activating
these molecules. In such a unit, e.g., TiOCu(I), visible light
activates the metal centers by electron transfer from the donor
center (Cu(I)) to the acceptor (Ti(IV). As shown in Figure 25,
the Ti(IV)OCu(I) f Ti(III)OCu(II) metal-to-metal charge-
transfer (MMCT) chromophore gives rise to a broad absorption
band extending across the visible spectrum to 600 nm.114

Infrared spectroscopy reveals bond modes of the covalently
anchored binuclear site, and X-ray absorption measurements
give insight into the coordination geometry of the metal centers
(Figure 25).

Figure 23. Chemicurrent (hot electron flow) and turnover rate measured
on Pt/TiO2 under CO oxidation. Adapted with permission from ref 85.
Copyright 2006 Wiley Interscience.

Figure 24. Photocurrent measured as a function of photon energy on a
Pt/TiO2 diode with a metal film thickness of 5 nm. The red line represents
the Fowler’s law fit with fitting parameters of n ) 2 and ESB ) 1.2 eV.

I ) c(hν - �)n
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When the Zr(IV)OCu(I) f Zr(III)OCu(II) MMCT chro-
mophore of the related ZrOCu(I) site was excited in mesoporous
silica MCM-41 loaded with 1 atm of gaseous carbon dioxide,
splitting of CO2 to CO (2148 cm-1) and H2O as coproduct (1600
cm-1) was observed at room temperature, as shown in Figure
26.115 Simultaneous depletion of the Cu(I)O infrared mode of
the ZrOCu group at 643 cm-1 and growth of a Cu(II)O band at
540 cm-1 confirmed stoichiometric oxidation of the Cu donor
center in this half-reaction. Isotope labeling of the carbon dioxide
molecule confirmed that CO and H2O are formed by splitting
of the carbon dioxide molecule upon capture of an electron from
transient Zr(III). This is the first observation of CO2 photore-
duction at an all-inorganic binuclear redox site. Light-driven
generation of CO from CO2 is the most critical step of the six-
electron reduction to a low alcohol product.

4.2.2. Polynuclear Photocatalysts for Water Oxidation
with Visible Light. Reduction of CO2 and oxidation of H2O
molecules are multi-electron-transfer processes. A general
approach (and one used by Nature) for accomplishing visible
light-driven multi-electron-transfer catalysis is coupling of a
single-photon, single-electron pump to a multi-electron catalyst
for sequential extraction (donation) of electrons to/from the
catalyst. Nanoporous silica supports provide a synthetically
flexible environment for assembling robust, all-inorganic pho-
tocatalysts consisting of a heterobinuclear MMCT chromophore
coupled to a metal oxide nanocluster catalyst. An example is a
water oxidation photocatalyst consisting of a TiOCr(III) MMCT
chromophore coupled to an IrO2 nanocluster, shown in Figure
27.116,117 The unit was synthesized on silica nanopore surfaces
by sequential redox coupling steps, each highly selective.116

Optical and extended X-ray absorption fine structure (EXAFS)
measurements shown in Figure 27 confirm the broad visible
absorption and the oxo-bridged structure of the chromophore.
The IrO2 catalyst clusters were observed directly inside the
MCM-41 channels by high-resolution Z-contrast TEM imaging
coupled with energy-dispersive X-ray spot analysis (Figure 27).
Iridium oxide was selected as oxygen-evolving catalyst because
of its high efficiency, established previously by its use as an
anode coating in electrochemical cells and from chemical
oxidation experiments with IrO2 colloids.118,119

When visible light was shined on an aqueous suspension of
MCM-41 particles containing TiOCr-IrO2 photocatalyst units
(pH 5.7, 295 K), O2 evolution was readily detected by an
oxygen-selective Clark electrode, and a quantum efficiency of
13% (lower limit) was derived from the measurements116 (Figure
28a). At the same time, in situ FT-Raman and EPR spectroscopy
revealed the formation of superoxide species in the solution,
and use of H2

18O directly confirmed that water was the source
of the O2 product (Figure 28b,c). While performing the half-
reaction required the use of an electron acceptor (persulfate,
which reoxidizes transient Ti(III) to Ti(IV)), irradiation of the

Figure 25. Binuclear TiOCu(I) charge-transfer chromophore covalently
anchored on a silica nanopore surface (MCM-41). Diffuse reflectance optical
spectra of the metal-to-metal charge-transfer absorption extending to 600
nm, the Cu(I)O infrared bond mode of the TiOCu(I) unit, and X-ray
absorption near-edge structure spectrum (XANES) of the Ti center are
shown. Adapted with permission from ref 114. Copyright 2005 American
Chemical Society.

Figure 26. Photochemical splitting of CO2 to CO at an excited Zr(IV)O-
Cu(I) metal-to-metal charge-transfer site in silica nanopore (1 atm, 295 K).
In situ FT-IR spectra of carbon monoxide and water product of parent and
isotopically labeled carbon dioxide are shown. Adapted with permission
from ref 115. Copyright 2005 American Chemical Society.

Figure 27. All-inorganic photocatalyst for visible light water oxidation in
silica nanopore consisting of a TiOCr(III) chromophore coupled to an IrO2

nanocluster catalyst. Diffuse reflectance optical spectra of the metal-to-
metal charge-transfer absorption (red shaded area) and Fourier-transform
extended X-ray absorption fine structure (FT-EXAFS) data of the unit are
shown. The EXAFS data provide direct evidence for the oxo-bridged
structure of the binuclear chromophore. The high-resolution transmission
electron microscopy (HR-TEM) image shows the Ir oxide clusters inside
the silica channels.Adapted with permission from refs 116 and 117.
Copyright 2008 and 2006, respectively, American Chemical Society.
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photocatalyst in the absence of persulfate showed accumulation
of Ti(III) based on EPR spectroscopic measurements (Figure
28d). This observation implies that electron transfer from the
IrO2 nanocluster catalyst to the transient Cr(IV) donor center is
competitive with back electron transfer from Ti(III), even in
the absence of an electron acceptor. The result indicates efficient
electronic coupling of the catalyst with the binuclear chro-
mophore, which is responsible for the good reaction quantum
efficiency.

4.2.3. Co Oxide Clusters as Efficient Water Oxidation
Catalysts. In addition to its efficiency, an important property
of the all-inorganic TiOCr-IrO2 unit is its chemical stability.
Yet, the photocatalyst would not be viable for large-scale
application because iridium is not an earth-abundant element.
By contrast, oxides of metals like Co and Mn are known to
exhibit catalytic activity for water oxidation when used as anode
coatings in electrochemical cells119 or in particulate form when
driven by a chemical oxidant either generated photochemically
or directly added to the solution.118,120 The previous works
suggest that these abundant metal oxides might form robust,
efficient nanometer-sized catalysts for water oxidation if very
large surface area nanostructured forms with highly active
surface metal sites can be developed.

Using wet impregnation (Co(NO3)2 in ethanol, 4 wt %
loading) followed by controlled calcination, we prepared 35 nm
Co3O4 clusters consisting of parallel bundles of nanorods (8 nm
diameter) interconnected by short bridges inside the pores of
SBA-15 silica support, shown in Figure 29a-c.33 Close inspec-
tion of the TEM images of the clusters inside the silica scaffold
and in bare form (after removal of the silica scaffold by etching)
shows that the nanorod bundles are perfect replicas of the SBA-
15 mesopore structure. XRD and EXAFS spectra confirmed the
spinel structure of the Co oxide catalysts (Figure 29d). Suspend-
ing the SBA-15 particles containing Co3O4 clusters in aqueous
solution (pH 5.8, room temperature) and driving the catalysts
by visible light-generated Ru3+(bpy)3 species (a standard
technique for comparing efficiencies of various water oxidation
catalysts) resulted in rapid evolution of O2 in the headspace of
the aqueous solution as monitored by mass spectroscopy. As
can be seen from Figure 29e,f, oxygen generation leveled off

due to consumption of the persulfate acceptor but resumed at
the initial rate after addition of fresh S2O8

2- acceptor. From
these measurements, a TOF of 1140 s-1 per cluster was
calculated (pH 6, overpotential 350 mV, 295 K). Taking into
account the geometrical projection of the 35 nm diameter cluster
onto a plane, the TOF corresponds to 1 O2 molecule s-1 nm-2.
The high rate, mild catalytic conditions, low overpotential,
robustness, and abundance of the material make this a promising
catalyst for water oxidation in solar fuel-generating systems.

Comparison of the rates of O2 production of nanostructured
catalyst clusters and micrometer-sized Co3O4 particles (Figure
29f), normalized to equal weight, furnishes insight into the
factors responsible for the high efficiency. The nanoclusters are
1550 times more efficient than the micrometer-sized particles.33

Two factors contribute to the 3 orders of magnitude higher rate
of the nanoclusters: a factor of 96 is due to the much larger
surface area of the nanostructured cluster, with the additional
factor of 16 is attributed to the higher activity of Co sites on
the steeply curved nanorod surface.

While we focus here on multi-electron catalysts in the form
of Co oxide nanoclusters, there are other interesting recent
developments in the field of all-inorganic water oxidation
catalysts. Electrodeposits on anodes generated from Co phos-
phate solution were discovered to form a durable oxygen-
evolving electrocatalyst that operates under mild conditions.121

Polyoxometallates are emerging as another form of robust, all-
inorganic catalyst for water oxidation.122,123

4.2.4. Closing the Photocatalytic Cycle. A crucial property
of photocatalytic units made of a binuclear charge-transfer
chromophore coupled to a multi-electron catalyst is the flexibility
in selecting the donor and acceptor metal centers and oxidation
states. The synthetic techniques for assembling the oxo-bridged
units afford selection from a variety of abundant first-row metals
such as Cr(III), Mn(II), Co(II), and Ce(III),114,124,125 which
allows us to match the redox potential of the donor centers with
the potential of catalysts driving water oxidation. This is
essential for maximizing the fraction of the photon energy
converted to chemical energy of the products, a persistent
challenge in the development of efficient photocatalysts for
artificial photosynthesis. The ability to carefully select the redox

Figure 28. Oxygen evolution in liquid water driven by visible light TiOCr(III)-IrO2 photocatalyst in MCM-41. (a) O2 evolution monitored by oxygen-
selective electrode. (b) FT-Raman spectra of superoxide species formed upon water oxidation. (c,d) EPR spectra showing light-induced formation of Ti(III)
and of superoxide interacting with the Ti acceptor site. Adapted with permission from ref 116. Copyright 2008 American Chemical Society.
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potential of the donor and acceptor center of an MMCT
chromophore is equally important for closing the photocatalytic
cycle by driving the CO2 reduction with electrons generated by
the water oxidation reaction. In order to accomplish directional
electron transport from the water oxidation site to the CO2

reduction photocatalyst with minimum loss of energy, the redox
potentials of the two photocatalytic sites need again to be
carefully matched. The selective methods for assembling
binuclear chromophores and metal oxide nanocluster catalysts
in silica nanopores offer a new approach for addressing this
long-standing challenge.

5. Conclusion and Future Perspective

The development of techniques that use photons and electrons
that are uniquely surface-sensitive has enabled researchers to
determine surface composition, atomic and molecular structures,
electronic structures, charge states, and reaction dynamics at
surfaces in a vacuum, at buried interfaces, and at solid-gas,
solid-liquid, solid-solid, and liquid-liquid interfaces.

The rapid evolution of nanosciences made possible the
synthesis of monodispersed nanoparticles with controlled size,
shape, and composition. Catalysts are NPs in the 1-10 nm size
range, and reaction selectivity can be achieved by synthetic
control of the molecular factors that influence reaction dynamics.
This is the foundation of green chemistry: the production of a
desired molecule as fuel or chemical while suppressing the
formation of other thermodynamically possible molecules that
would be waste byproducts.

Biointerfaces that form when implants are inserted in the
human body must be biocompatible to function properly, and
this requirement guides the rapid advancements in the under-
standing of adsorption processes in this application of surface
science.

Renewable energy conversion is the challenge of the 21st
century. Nanomaterials provide means to convert heat liberated

in exothermic reactions or by absorption of light to electron
flow. The photosplitting of water to H2 and O2 and photosplitting
of CO2 to CO and O2 are important directions of research. CO2

reduction with electrons generated by water oxidation would
close the photocatalytic cycle, and research is focused on using
chemically stable inorganic catalysts.

As the techniques of molecular surface science become
increasingly diverse and available, many other applications of
surfaces and interfaces can be explored on the atomic and
molecular scale. In addition to nanocatalysts, biointerfaces, and
renewable energy conversion that are the focus of this Perspec-
tive, electrochemistry, corrosion, tribology, and colloids come
to mind. As the surface techniques achieve improved time
resolution, spatial resolution, and energy resolution, new surface
phenomena will be discovered. There are exciting opportunities
to develop new science at surfaces and interfaces.
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