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We review recent advances in nanoelectrode architecture for photochemical hydrogen production by
water splitting. Today, solar energy is recognized as one of the most important renewable energy
sources that humanity must harness in addressing the future energy sustainability issues. Of the
different strategies for solar energy conversion, solar fuel or solar hydrogen conversion is attractive in
that one can store the harvested energy in chemical bonds. Recent work in this field has focused on the
use of nanoarchitecture designs that aim to increase photocatalytic activity, enable visible light
harvesting, and ensure chemical stability and cost-effectiveness. In this perspective review, we focus on
selected work in the following areas: (1) oxide semiconductor nanoelectrodes; (2) sensitization of
semiconductor nanowire/nanotube arrays; (3) bioinorganic conjugate architectures; and (4) hybrid

nanoarchitectures.

I. Introduction

The prospect of future energy shortages is a major global chal-
lenge that calls for immediate attention. Increased population
and economic growth in many parts of the world have caused
a drastic surge in worldwide energy demand during the last
century, leading to an exhaustion of the economical supplies of
fossil fuels at an alarming rate.! Due in part to potential detri-
mental environmental impacts, these global trends are driving
the search for alternative energy technologies from renewable
resources.

The size of the problem is enormous. Estimates indicate that
humanity needs around 13 terawatts of energy currently to
sustain the lifestyle of its population of 6.5 billion. It is expected
that we will need about 10 terawatts more by 2050 in order to
accommodate expected rises in population and economic
growth. The rather small portion (2.2%) of the current energy
supply to which renewable resources are contributing poses an
enormous challenge for us to explore a host of renewable energy
technologies in efficient and economically viable ways.
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Among various available renewable energy resources, solar
energy is by far the most abundant in terms of installed capacity,
but is still not being fully utilized. Our potential solar capacity,
derived from the total solar energy influx on the planet, is
approximately 120 000 terawatts, a figure orders of magnitude
higher than offered by any other renewable resource. Despite
this, solar energy represents only 0.01% of our total energy
production. Major hurdles for the widespread acceptance of
solar energy include low efficiency and lack of cost effectiveness.
Solar energy can be harvested through three different pathways:
solar-electricity, solar-fuel and solar-thermal. Represented by
solar cells, solar-electric conversion involves the use of photo-
excited electrons and holes (excitons) to directly generate elec-
tricity by separating them before those carriers recombine,
allowing them to circulate through an external circuit. Solar-fuel
conversion uses chemical reactions involving these excitons, and
stores the energy in the form of chemical bonds in molecules such
as hydrogen. In solar-thermal conversion, solar energy is
concentrated to provide heat to thermal engines and chemical
reactors that do useful work and can produce chemical bonds.
Depending on the intended application, each of these three
schemes has their pros and cons that need to be considered
in order to attain market-acceptable efficiency and cost effec-
tiveness.

Advanced concepts of solar-fuel conversion share much in
common with many third-generation concepts for solar cells,

Broader context

Among various renewable energy sources, solar energy is by far the most abundant in terms of installed capacity, but is not being
fully utilized. Solar-electric conversion, represented by solar cells, is the most familiar solar energy technology. Less well known is
solar-fuel conversion where photogenerated carriers can be stored in the form of chemical bonds, as opposed to directly driving
a load as is common in a conventional solar cell. Specifically, hydrogen generation is promising for solar-fuel conversion given the
relative abundance of its source (water) and high gravimetric energy density. Many of the challenges to efficient production of
hydrogen through solar-fuel conversion concern the properties of the electrode materials used. Recent work in this field has focused
on the use of nanoscale and biomimetic architectures to meet these challenges and this perspective review will focus on this work.
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particularly photoelectrochemical cells such as the dye sensitized
solar cell. In both, excitons are created, and those excited elec-
trons and holes need to be separated and used in reactions before
recombination. Solar-fuel conversion is advantageous in that it
may “store” photoconverted energy in chemical bonds, in
contrast to the difficulty in storing electricity produced in
conventional solar cells. Hydrogen is one of the most useful
molecules that can be produced via solar-fuel conversion for
a number of reasons: (1) the relative abundance of its source of
generation (water), (2) its high gravimetric energy density, (3) its
small environmental footprint, emitting no post-combustion
pollutants and no carbon dioxide, (4) the ease in its conversion to
electricity with relatively high efficiency, (5) the ease of its
conversion to other forms of fuel and (6) the ease of its storage
and transmission compared with electrons.? It is worth noting
that hydrogen is often mentioned as an energy carrier rather than
a fuel because it does not exist in the environment in molecular
form in high concentrations and thus has to be produced by
other fuels including water.® Correctly speaking, therefore, solar
hydrogen generation by photoelectrochemical water splitting
should be regarded as “solar-carrier” conversion.

Applying the methods of photochemical and photo-
electrochemical conversion to hydrogen generation by water
splitting requires several desirable material properties that
include: a band gap of at least 1.6-1.7 eV, a higher conduc-
tion band edge than the H,O/H, potential, high quantum
yield (>80%), rapid charge transfer, and stability in aqueous
solution. The first step in the solar production of hydrogen is
the excited electron—hole pair generation. In this step, irradi-
ation of light to a photosensitizer material generates excited
electrons. The photosensitizer materials such as dyes, semi-
conductor surface or nanostructures must be able to generate
excited electrons efficiently (high quantum yield) in their
conduction band that is higher in electron potential than that
of the next material in the electron transfer pathway

(appropriate band gap and band edge location). Once gener-
ated, these electrons should travel rapidly, without loss,
downhill in the energy landscape to a relevant electrolyte or
water in order to reduce it and to evolve hydrogen (rapid
charge transfer). On the other hand, the holes left in the
sensitizer should be efficiently filled with electrons either from
another semiconductor material in the device design or from
another electron donor in the electrolyte or in the aqueous
solution (rapid charge transfer). When the electron supply to
these holes is made by water, the band edge of the material
contacting water must be lower than the H,O/O, potential so
that water evolves oxygen. As the total device is under both
reducing and oxidizing environments, chemical stability is one
of the desirable properties for the solar hydrogen generation
cell materials. Details of the carrier dynamics for photo-
chemical or photoelectrochemical hydrogen generation by
water splitting are well documented in the literature.>™*

In this perspective review, we will concentrate on photo-
electrochemical conversion of solar energy to fuel, principally
hydrogen. We will focus on recent nanotechnology-based
developments in photoelectrode architecture. These develop-
ments can potentially contribute to the achievement of photo-
electrochemical devices having practical efficiencies, visible-light
harvesting and long lifetimes. As some of the underlying prin-
ciples in photoelectrochemical conversion are similar to those in
photo-electric conversion, we also review work that has potential
for hydrogen generation, even though it primarily aims at solar
cell usage.

II. Oxide semiconductor nanostructures

Semiconductor nanoelectrodes provide a convenient architecture
for photoelectrochemical production of hydrogen by water
splitting. Composed of nanorods, nanotubes or nanocrystals of
metal oxides such as TiO, or ZnO, these nanoelectrodes offer the
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advantages of large surface areas, short carrier diffusion lengths
and low reflectivity. Development efforts with metal oxide
nanoelectrodes have focused on doping those nanomaterials
(anion doping) to enable visible light harvesting and increased
photocatalysis. Extensive reviews can be found in literature on
this topic.">*¢ To exemplify this architecture, carbon-doped
TiO, (TiO,_,C,) photoanodes have shown an order-of-magni-
tude enhancement in photocatalytic activity under visible light
illumination.” Nitrogen doping was also effective in augment-
ing photoactivity under visible-light excitation.’®'* Other
dopants effective for this purpose include bismuth,'® boron,'*
halogens>¢ and sulfur.’” These dopant materials are currently
being used to enhance the photocatalytic performance of the
TiO, nanoelectrodes.

The doping of other semiconducting nanomaterials such as
ZnO and In,03 is also being investigated.'®!® Yang er al.*® doped
ZnO nanowire arrays with nitrogen to exhibit an order-of-
magnitude increase in photocurrent density (ca. 0.2 mA cm~—2) as
compared to values of undoped ZnO, with a photon-to-hydrogen
conversion efficiency of 0.15% at AM 1.5 (100 mW cm?) illu-
mination and +0.5 V applied voltage.

Electrolyte

Illumination

(@)

n-typeTiO, '\_l‘\ p-type Cu-Ti-O

Similar to the concept of band gap rectification in order to
increase the photoconversion efficiency and to minimize photo-
corrosion is the use of mixed metal oxides. Mor et al.?° employed
a Cu-Ti-O nanotube array as a p-type photocathode, with
a TiO, nanotube array as an n-type photoanode. As shown in
Fig. 1, a glass substrate coated with fluorine-doped tin oxide
(FTO) chemically separates these two nanoelectrode films and
connects them electrically and optically. In this way, the n-type
TiO; anode absorbs in the UV to generate excited electrons, and
transmits UV-filtered light into the p-type photocathode to
protect Cu from dissociation. Excited electrons from the anode
move over to the cathode and reduce water in order to evolve
hydrogen. Under solar illumination (AM 1.5), this effective p—n
junction photoelectrochemical diode cell achieved UV to full-
visible-range light harvesting with a photocurrent of 0.25 mA
cm~2 and a photoconversion efficiency of 0.30%. By forming
a Fe-Ti~O nanotube electrode array with a similar design,?* the
same group has obtained very high photocurrent (2 mA cm2)
which indicates high photocatalytic activity. Recently fabricated
W-Ti-O nanotube arrays® are also promising in terms of their
photocatalytic activity. For the photocathode application, it can

o
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Fig.1 (a) Illustration of a photoelectrochemical cell splitting electrolyte or water to evolve hydrogen and oxygen. A UV spectrum of the illumination is
first absorbed by n-type TiO, photoanode generating excited-electrons and holes. Holes oxidize water to evolve oxygen. Electrons move over to the
p-type Cu-Ti—O photocathode and reduce water to evolve hydrogen. (b) SEM images of Cu-Ti-O nanotube array. (Reproduced with permission from

ref. 20. © 2008 American Chemical Society.)
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Fig. 2 (a) Illustration of charge generation and transfer in hematite (2-Fe,O3) nanotubes: (I) photoinduced charge generation; (II) charge separation
paths; (III) efficient electron transport path through nanotubes in comparison with nanoparticles. (b) As-synthesized Fe,O3 nanotubes on Fe foil:
(A) shows a thin nanotube wall (inset) and (B) exhibits vertical self-alignment. (Reproduced with permission from ref. 23. © 2009 American Chemical

Society.)
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be noted that the nanotube wall thickness needs to be reduced to
a few nanometres, comparable to hole diffusion lengths. Semi-
conducting metal oxide nanotube walls as thin as a few nano-
metres will enable higher performance; however, such
a nanoarchitecture may pose manufacturing challenges.?

Visible-light harvesting solely with semiconducting nano-
structures is attractive because of the minimal fabrication steps
involved. For example, iron oxide (a-Fe,O3 or hematite) nano-
tubes with low band gaps absorb light up to 600 nm, are low in
cost, and offer high chemical stability, making them a promising
candidate for a semiconducting nanoelectrode (Fig. 2).2372¢
Mohapatra et al.?® fabricated self-aligned, thin-wall (5-7 nm),
vertical iron oxide nanotube arrays (3—4 pm long) on an iron foil
through a simple sonoelectrochemical anodization method.
A large photocurrent density of 1.4 mA cm~? and a maximum
photon-to-hydrogen conversion efficiency of 0.84% were
obtained under AM 1.5 illumination, more than a half of which
was contributed by the visible light components of the solar
spectrum.

III. Sensitization of a semiconductor nanowire/
nanotube array

Other intriguing nanostructure architecture can be obtained
based on well-ordered arrays of one dimensional semiconductors
such as nanowires and nanotubes. The concept is to harvest
a wider spectrum of light by physically or chemically attaching
light sensitizers with low band gaps on those semiconductor
nanostructures, instead of the dopant addition to achieve the
rectification of the band gap of nanostructures at the lattice level.
The requirements for a sensitizer include a low band gap for
visible light exploitation, large quantum efficiency, higher (or
more negative) energies for conduction band electrons (as
compared to electrons in the semiconductor scaffold) for facile
transmission of photoexcited electrons, and chemical stability.
Depending on fabrication methods, TiO, nanotubes have
diameters of around 50-200 nm and are several micrometres
long. For effective harvesting of incident illumination, this
nanoscale semiconductor scaffold array is decorated with one- or
two-order-of-magnitude smaller sensitizer materials such as
quantum dots and dyes. Advantages of the use of a self-assem-
bled, one-dimensional TiO, scaffold array combined with low-
band-gap compound semiconductors include efficient carrier
transport and visible light harvesting (e.g. <510 nm for CdS).
Sensitization of a TiO, nanotube array with other quantum dot
materials such as CdSe and CdTe has demonstrated an order of
magnitude enhancement in photocurrent generation,?” indicative
of an improvement in photocatalytic activity.

Use of plasmonic particles such as silver nanoparticles with
these nanoarchitectures?® may further advance the design toward
visible-light active photocatalysis. In this construct, one mecha-
nism suggests that metal (Ag) plasmonic nanomaterials help
visible-light absorption by creating visible-light-driven photo-
excited electrons assisted by both plasmon resonance and effec-
tive electron transfer to the attached TiO, nanotube array.? It is
the Cl1- ions of the solution in the vicinity of silver nanoparticles
that compensate for the electron deficit of the plasmonic nano-
particles (Ag) and reduce themselves with surface-trapped elec-
trons on the TiO, surface.?® With the judicious choice of

a sensitizer material, this architecture may also enable efficient
light harvesting. In addition, it has been proposed that TiO,
nanotube arrays may potentially serve as a membrane platform
for solar-to-fuel energy harvesting.®3°

a. Quantum dot-decorated semiconductor nanoelectrode

Semiconducting quantum dot materials such as CdS, CdSe and
CdTe can be employed as light sensitizers (exciton generators) in
the quantum dot-decorated semiconducting nanomaterial archi-
tecture.33 For example, by impregnating cadmium sulfide (CdS)
quantum dots in TiO, nanotube arrays, Banerjee et al.*” reported
an 8- to 9-fold enhancement in photoactivity compared to both
pure TiO, nanotubes and commercial TiO, nanoparticles. This
improvement is attributed to the increased surface area and the
smaller band gap of CdS (2.43 eV) compared to that of TiO,
(3.02 eV). Photogenerated electron-hole pairs are separated in
such a way that electrons should hop from CdS to the TiO,
conduction band and transfer through the direct one-dimensional
electrode pathway of the nanowire/nanotube with limited
recombination loss. Meanwhile, holes on the surface of CdS and
TiO, oxidize the electrolytes present. As their size decreases, the
energy of the conduction bands of those quantum dots increases,
thereby enlarging the band gaps. The increased conduction band
energy level is advantageous to electron transfer from quantum
dots to TiO,, as it can effectively provide the electron transfer with
alarger driving force. On the other hand, the enlarged band gap as
a result of the rising conduction band and falling valence band is
less beneficial for visible light absorption.** Gao et al.** pointed
out that optimal conditions for electron transfer and visible light
absorption could be obtained through sensitization of a TiO,
nanotube array with quantum dots that have a maximum
absorption peak of ca. 540 nm. A similar concept on quantum dot
size-dependent absorption has been proposed by Kongkanand
et al* in the design of a “rainbow solar harvester” for application
in solar cell technology. The multiple-wavelength harvesting
scheme is illustrated in Fig. 3.

Having a more negative conduction band potential (e.g.
—0.6 V vs. NHE for CdSe) compared with that of TiO, (—0.5 V
vs. NHE), electrons photoexcited on a quantum dot can easily
transfer to TiO,. Additionally, quantum dots have a wider

#70

TiO, cdse

@)

Fig. 3 Illustrative concept of a “rainbow” quantum dot solar harvester.
(a) Size-dependent exciton generation of quantum dots and a transfer
cascade of photoexcited electrons. (b) Geometry of a “rainbow” solar
harvester. Smaller-wavelength irradiation is absorbed in the upper region
of an array and harvested by smaller-size, larger band-gap quantum dots.
Larger wavelength irradiation can penetrate into the bottom of the array
where larger-size, smaller band-gap quantum dots harvest it. (Repro-
duced with permission from ref. 34. © 2008 American Chemical Society.)
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absorption band at visible wavelengths than TiO,.>* In this
architecture, the role of TiO, in the vectorial transfer of electrons
is two-fold: an efficient electron pathway and transfer rectifier. It
transmits electrons from the quantum dot source to a redox pair
(e.g. MV**/MV™). At the same time, it prevents an undesirable
backward electron transfer from the redox pair to quantum dots
(TiO, + MV™" — TiOy(e) + MV?").3® Although picosecond-level
fast electron shuttling has been reported,®-*¢ very broad time
scales for charge stabilization events (nanoseconds to seconds)
and difficulties in hole scavenging®” increase the degree of intri-
cacy associated with the nanoarchitecture design. In order to
improve electron transfer and stabilization, architectures
involving semiconducting ZnO nanowires*® and TiO, nanotube®
arrays, respectively sensitized with CdSe and CdS quantum dots,
were reported as having promising photoanode characteristics.
Addition of a trace amount (0.2 wt%) of MoS, co-catalyst onto
CdS (MoS,/CdS) was reported to result in an order of magnitude
increase in hydrogen evolution.*® Variations of quantum dot
sensitization of 1D arrays of nanomaterials, such as CdS or CdSe
sensitization of an iron oxide nanowire array,**' are under
investigation as well.

Architectures that incorporate two different semiconducting
nanomaterials can mimic natural photosynthesis in an inorganic
platform. Tada et al** developed a CdS-Au-TiO, three-
component system by connecting half-spheres of Au/CdS core/
shell structures on a TiO, nanoparticle. In this construct, TiO,
and CdS respond to the UV and visible spectra, respectively, and
both generate photoexcited electrons. Then, Au shuttles them
from TiO, to CdS as illustrated in Fig. 4. This vectorial electron
transfer (TiO, — Au — CdS) enables the effective separation of

Vacuum level (eV)

Reduction

L~

EYR0)

B [P |

Fig.4 Energy band diagram scheme of the CdS-Au-TiO, system. Upon
irradiation, both TiO, and CdS generate excited electrons by using UV
and visible ranges of the irradiation spectrum, respectively. It is the
interaction between excited electrons of CdS and MV?* ions in the elec-
trolyte that determines the direction of electron transfer. Because CdS
nanoparticles have a large surface to volume ratio, they tend to reduce
MV?* ions into MV* rather than to transfer their excited electrons to Au.
The hole of CdS is in turn filled with electrons supplied by Au. Then, the
compensation of Au’s loss of electrons is supplied by the conduction
band electrons of TiO,. Finally, TiO, refills its electrons by oxidizing
nearby electrolytes (MV™*). E°(R/O) is the standard electrode potential of
MV*/MV?*. Dgeq, and Doy, represent the distribution function for
occupied and unoccupied states, respectively, and A is the reorganization
energy. (Reprinted by permission from Macmillan Publishers Ltd:
Nature Materials ref. 42 © 2006.)

photoinduced charges, rendering TiO, and CdS to act as
oxidation and reduction reaction sites, respectively. The contin-
uous supply of electrons from TiO, during the photoreaction
also helps protect CdS from photocorrosion.

b. Dye sensitization of nanostructures

External sensitization of an oxide semiconducting nanostructure
with dyes and polymers has been successfully employed in
photovoltaic cells in order to increase photon-to-electron
conversion efficiencies. Nevertheless, this design scheme has not
been fully utilized in hydrogen generation by water splitting
because of issues with sensitizer degradation and detachment
associated with a rather harsh redox environment in aqueous
solutions.® Recent reports are appearing, however, about
hydrogen evolution through water splitting on dye-sensitized
oxide semiconductor electrodes. Hexaniobate (H4NbgO;7)
nanoscrolls and calcium niobate (HCa,Nb3;O;9) nanosheets,
along with Ru-based dyes, EDTA electron donors and Pt cata-
lyst, were trialed in order to evolve hydrogen from photosplitting
of water.** Photoinduced hydrogen evolution was observed
under visible-light illumination. Importantly, formation of
a covalent bond between dye and oxide semiconductors led to
larger efficiencies compared with electrostatically bound dyes,
attributed to facile electron transfer when they are covalently
bonded. Youngblood et al.* demonstrated a capability of dye-
sensitized solar cells in hydrogen evolution that was induced by
photosplitting of water. In their architecture (Fig. 5), a Ru**-
containing dye molecule is covalently tethered to both TiO, film
and IrO; electron donor. After transferring photoexcited elec-
trons to the TiO, film, a dye molecule makes up for its electron
deficiency with the IrO, electron donor. IrO, nanoparticles, in
turn, oxidize exposed electrolytes or water, evolving oxygen in
the electrolyte. These electrons, on the other hand, travel further
to the Pt cathode and evolve hydrogen there. With a small
applied voltage, the researchers demonstrated the use of visible
light to convert water to hydrogen and oxygen, although the
efficiency was not very satisfactory. The low efficiency was
attributed to rather slow electron transfer (2.2 ms) from the
electron donor (IrO,) to the dye molecule, compared to electron

bias voltage
e— /2
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Dye- / Tio, H20§
sensitized - TiO, H
TiO, film o~ 2
/ Op. ~ N | e
a2 o Y\ N
& N -‘Q\ H:0
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Fig. 5 Schematic of the water splitting dye-sensitized solar cell.
(Reproduced with permission from ref. 44. © 2009 American Chemical
Society.)
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transfer between dye and TiO, (0.37 ms). Thus, backward elec-
tron transfer from the dye-released electron to the oxidized dye is
not negligible and lowers the photoconversion efficiency. One
possible solution to this efficiency issue could be found in TiO,/
Al,O5 core/shell photocatalyst.** Reportedly, sensitized with dye
molecules and attached to a Pt catalyst, the TiO,/Al,O5 core/shell
structure can prevent back electron transport between released
excited electrons and oxidized dyes, with little affecting the
injection of excited electrons from the dye to the conduction
band of TiO,. By slowing down the undesired charge recombi-
nation, this study*® implies that alumina overcoat of TiO, has the
potential to increase the photoelectrochemical cell efficiency of
splitting of water to hydrogen and oxygen. Alumina overcoating
of TiO, is a good example of applying the findings obtained in
the solar-electricity conversion area*® to photochemical
hydrogen generation.

¢. Plasmon-enhanced nanoelectrode architecture

Upon irradiation, certain metal nanostructures, e.g. nano-
particles, will produce highly confined, collective electron oscil-
lations on their surface, also known as localized surface plasmon
resonance (LSPR). LSPR of two nanostructures in close prox-
imity to each other may occur in phase, thereby enhancing local
electric fields. Nanoelectrode architectures that exploit this effect
can benefit from an effective increase in light absorption. Efforts
in this area focus on producing a local electric field enhancement
to increase photocurrent by using silver?®*” and gold*** nano-
particle arrays. Both works reported augmented photocurrents,
demonstrating the effect of localized electric field enhancement
on increased light sensitization. For example, Yamada and
colleagues* measured photocurrent action spectra of PdPc
(palladium phthalocyanine) dye that is immobilized on the
surface of gold nanoparticle arrays on top of indium-tin oxide
(ITO) electrodes. They observed the 14-fold increase in the
photocurrent generation, compared to PdPc on top of ITO
without the presence of gold nanoparticles. Yamada et al. are
pointing out that it is mainly the highly confined, enhanced
electric field caused by LSPR that assists the increase of the
excitation efficiency of immobilized dyes.*® Since LSPR and the
resulting electric field enhancement in the studies to-date operate
in the red and far-red regions, whose energies (>1.6 eV) are still
sufficient to generate carriers for water splitting, this photo-
electrode scheme offers a potential advantage for harvesting
a range of wavelengths that conventional semiconducting
materials cannot. One requirement for the success of this scheme
would be to choose an optimal sensitizer material suited for these
wavelengths, such as phthalocyanine.*”4%°

IV. Bioinorganic conjugate architecture

Biomimetic utilization of enzymes and chloroplasts is part of the
“generalized three-component photocatalytic system for H,
production” proposed by Esswein and Nocera,”® the first
implementations of which were made in late 1970s.5*5 Nature’s
water photosplitting method, photosynthesis, follows a multi-
electron excitation process that is powerful in oxygen evolution.
In photocatalytic hydrogen generation, at least two-electron
excitation is desirable for efficient creation of an H-H bond. In

e
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S s s
) '3 Hy
o D
(@)

Fig. 6 (a) A generalized three component photocatalysis concept for H,
production. S: light sensitizer, D: sacrificial electron donor, M: electron
relay medium, and Cat: proton reduction catalyst (reaction center).3-53-6°
(b) Photosystem I, a Nature’s photosensitizer (chloroplast), bonded on
top of an n-type GaAs substrate as an example of the three component
system. Upon irradiation, Photosystem I absorbs the 700 nm spectrum to
excite electrons that transfer to the substrate within a picosecond time
frame.* (Reproduced with permissions from ref. 51 and 56. © 2007 and
2009 American Chemical Society.)

the absence of such novel excited states, the one-electron excited
state must be conveyed to a catalyst site that can store multiple
redox equivalents. The generalized three-component system is
designed for this purpose. It incorporates a light sensitizer,
electron relay medium and reaction site, as shown in Fig. 6.
When a sensitizer generates excited electrons upon illumination,
an electron relay medium transmits them to the catalytic reaction
center. A sacrificial electron donor reduces the oxidized sensitizer
and decomposes to complete the process cycle. Efforts are being
made to marry inorganic nanomaterials and components of
biological materials in order to create a novel conjugate useful in
the construction of a three-component system. One of these
efforts utilizes enzymes such as hydrogenase as the catalyst
reaction center. Through a bioinorganic hybrid architecture
comprising single wall carbon nanotubes (SWCNTs) and
hydrogenase, McDonald er al.** suggested one way of realizing
the electron relay and catalyst connection. Although the entire
structure for hydrogen generation has not been completely
synthesized, this architecture promises the advantage of pro-
longed catalyst lifetime of over a month.>* Exploitation of iso-
lated chloroplasts, nature’s photosensitizer, is a way of realizing
the other component of the generalized three-component
photocatalytic system. Through this effort, picosecond-order
electron transfer from Photosystem I (a sensitizer) to an n-type
GaAs electrode was reported.® Hydrogen generation from Au
and Pt catalysts connected to Photosystem I through an electron-
relaying molecular wire such as 2-mercaptoethanol was also
demonstrated.5” In addition, rapid assembly methods of dense
Photosystem I monolayers on gold electrodes are under devel-
opment, working toward facile harvesting of excited electrons
from the Photosystem I sensitizer.>®>°

V. Hybrid architecture of nanomaterials
a. Carbon nanotube—semiconducting nanomaterial hybrid

Single wall carbon nanotubes (SWCNTs) also present a very fast
electron transfer pathway (Fig. 7). Once a TiO, light sensitizer
generates excited electrons, they are captured by highly
conductive SWCNTs. A separated state of photoinduced charges
from TiO; is elongated through this process, thereby suppressing

This journal is © The Royal Society of Chemistry 2010
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Fig. 7 Hybrid architecture of nanomaterials for potential solar-hydrogen conversion methods. (I) CNT-TiO, hybrid.®® CNT can provide a very fast
electron transfer path. Surface morphology of a carbon fiber electrode coated with different layers: A—no coating; B—TiO, nanoparticle coating;
C—CNT coating; D—CNT-TiO, hybrid coating. (II) Si-TiO, core/shell structure:*® (a) current density of different combinations; energy diagram of n-
Si/n-TiO, (b) and p-Si/n-TiO, (c) combinations, with the n-Si/n-TiO, combination proving to be the best pair. (III) CdSe-Au nanodumbel.®’ (a)
Photoinduced electrons at a CdSe nanowire are readily captured by Au nanoparticles at the tips of the nanowire. (b) As-synthesized nanodumbel of
CdSe nanowire and Au nanoparticles. (Reproduced with permission from ref. 61,66 and 67. © 2007, 2008 and 2009 American Chemical Society.)

charge recombination. Hence, a large portion of electrons can
shuttle through SWCNTs to either the photoanode®! or to the
reducing agents such as dye molecules.®* For example, SWCNT
scaffolds impregnated with TiO, nanoparticles have shown
a two-fold increase in photoconversion efficiency.®' As an elec-
tron shuttle from TiO,, SWCNT provides a one-dimensional
pathway of large conductance without as much electron scat-
tering as often occurs in an aggregate film of gold nanoparticles
of roughly the same size.®® Even with the difference in photoex-
citation wavelength and electron relay capability, this TiOy—
SWCNT combination is similar to the quantum dot-TiO,
nanotube pair described in Section III-a. Another interesting
geometry consists of a tube-in-tube structure, and was recently
reported as a method of minimizing recombination. Yang et al.®*
fabricated carbon nanopipes inside a TiO, nanotube by

annealing the TiO, array in a carbon environment. The resultant
tube-in-tube structure offered the advantage of maximizing the
contact area between the excitation site and electron shuttle.

It is reported that other hybrid architecture can also capture
electrons photoexcited at TiO, before carrier recombination.
Examples include combinations of CNT arrays decorated with
TiO5 nanoneedles.®®

b. Corelshell 1D nanowires

Double photoexcitation of electrons using concentric core/shell
nanowires becomes attractive if both core and shell materials can
complement each other. TiO, has chemical stability in aqueous
solutions though it cannot harvest visible light. Having a smaller
band gap (1.12 eV), Si can harvest the visible range of the
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spectrum, yet it can be etched away when it is generating excited
electrons in the vicinity of aqueous solutions. By making Si/TiO,
core/shell nanowire structures, the disadvantages can be over-
come while retaining the beneficial characteristics. For example,
Hwang et al. employed ALD (atomic layer deposition) to deposit
a thin layer of anatase crystalline TiO, on the surface of elec-
troless-etched nanowires of Si.®® The outer TiO, shell absorbs
UV component of the irradiation in order to excite electrons,
while passing through the visible component. The core Si
nanowire, in turn, can generate excited electron—hole pairs from
the visible range of the irradiation spectrum. Chemically stable
TiO, layer protects the Si core from being etched away in the
strong redox environment of an aqueous solution. They identi-
fied the n-Si/n-TiO, core/shell structure as a candidate for
a photoanode for augmenting photocurrent mainly because of its
low reflectivity and increased active surface area.*®

c. Other designs

Other strategies of photosplitting of water with nanomaterials
and designs are evolving in efforts toward visible light harvesting.
Carbon nitride material in the form of ordered mesoporous
graphitic®® and polymeric® films has shown hydrogen generation
under visible light illumination (>420 nm). When impregnating
Pt as a co-catalyst, hydrogen generation increased to as high as
85 umol h='.%® The role of Pt as an electron donor®® or a localized
accepter of electrons excited at C3N4* remains to be further
examined. Another material under study is SnWO,. Tests veri-
fied that SnWO, polymorphs™ have a higher photocatalytic
activity than WO; and nitrogen-doped titania have, which was
attributed to smaller gaps and unique structures of the SnWO,
polymorphs energy band. Finally, an example of the use of
a designed nanostructure involves gold-tipped CdSe nanowires,
called “nanodumbels”.*”7*-73 In this construct, a CdSe nanowire
absorbs UV and visible light to generate excitons. Then, it is the
gold nanoparticles at the tips of the nanowire that store the
excited electrons at the CdSe conduction band and impede
charge recombination. Recent progress in making aligned
nanodumbels™ is further advancing solar energy harvesting and
hydrogen production based on this scheme.

VI. Conclusion

Improvement in hydrogen generation by photocatalytic water
splitting is a crucial part in the grand vision of solar energy
harvesting to address current and future energy sustainability
issues facing the world. Nanoscience can contribute to this solar
carrier (hydrogen) conversion through a variety of unique
nanomaterials and nanoarchitectures. Desirable attributes for
successful nanoarchitecture include large photocatalytic activity,
a wide range of harvested light wavelengths, chemical stability
and cost effectiveness. Recent advances in nanomaterials have
facilitated a number of nanoscale designs for efficient solar
hydrogen conversion. In this review, we selected four important
categories of nanoarchitectures that have the potential to evolve
into solar energy harvesting nanoelectrodes: (1) oxide semi-
conductor nanostructures, (2) sensitized nanowire/nanotube
arrays, (3) bioinorganic conjugate and (4) hybrid nanomaterial
architecture. Nanotechnologies are often labeled as impractical

due to material costs and/or lack of scalability. Several of the
approaches highlighted in this review offer the potential to solve
these problems and make photochemical hydrogen production
a viable method of energy generation along with conventional
photovoltaics.
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