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Recent Progress in Energy-Driven Water Splitting

Si Yin Tee, Khin Yin Win, Wee Siang Teo, Leng-Duei Koh, Shuhua Liu, Choon Peng Teng,

and Ming-Yong Han*

Hydrogen is readily obtained from renewable and non-renewable resources
via water splitting by using thermal, electrical, photonic and biochemical
energy. The major hydrogen production is generated from thermal energy
through steam reforming/gasification of fossil fuel. As the commonly used
non-renewable resources will be depleted in the long run, there is great
demand to utilize renewable energy resources for hydrogen production. Most
of the renewable resources may be used to produce electricity for driving
water splitting while challenges remain to improve cost-effectiveness. As
the most abundant energy resource, the direct conversion of solar energy
to hydrogen is considered the most sustainable energy production method
without causing pollutions to the environment. In overall, this review briefly
summarizes thermolytic, electrolytic, photolytic and biolytic water splitting.
It highlights photonic and electrical driven water splitting together with

promising renewable energy resource
when it can be produced efficiently and
cheaply. Also, hydrogen is more efficient
than conventional energy sources to pro-
duce 2.5 times more energy per unit mass
of fuel.”l Nowadays, it takes a substan-
tial amount of non-renewable energy to
produce hydrogen at industrial scale for
practical applications. It remains very chal-
lenging to achieve highly efficient produc-
tion of hydrogen with the use of renewable
energy.

Today, hydrogen production is readily
generated from thermal energy at high
temperature through steam reforming via
reacting fossil fuel with steam (e.g. CH, +

photovoltaic-integrated solar-driven water electrolysis.

1. Introduction

The world’s population has surpassed seven billion and is esti-
mated to reach more than nine billion by this mid-century,
which will account for more than doubled energy consump-
tion.! As such, there is an increased demand to develop
renewable energy resources because the commonly used non-
renewable energy resources will be exhausted eventually. As
the most abundant element in the universe, hydrogen is com-
busted to produce only water and thus it is regarded as a future
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H,0 — CO + 3H,) or coal gasification via

reacting fossil fuel in the presence of a

controlled amount of oxygen and/or steam

(e.g. 3C + O, + H;0 — H, + 3CO). In the
pursuit of carbon-free energy, electrical energy is promisingly
used to electrolyze water to hydrogen, which account for 4% of
the world’s hydrogen production as compared to more than 90%
driven by thermal energy. Recently, there is an increased focus
on photonic energy driven hydrogen production. With the most
abundant solar and water resources on Earth, solar hydrogen
production can acquire hydrogen directly from water splitting
under sunlight to obtain the endless clean fuel for various
applications. It is worthy to note that biochemical energy can
also convert biomass to hydrogen by microorganisms via biolog-
ical processes including dark-fermentation, photo-fermentation
and biophotolysis. So far, thermal and electrical energy are
the major non-renewable energy for hydrogen production,
which are dominantly produced by burning of fossil fuel. As
fossil fuel will become scarce and expensive within lifetimes
of humans, there will be an inevitable transition to renewable
energy resources, which can generate thermal, electrical, pho-
tonic and biochemical energy for hydrogen production.

In this review, we first provide a brief summary on the var-
ious energy-driven hydrogen production routes with the utili-
zation of thermal, electrical, photonic and biochemical energy.
Hydrogen production is not only limited to thermolysis, elec-
trolysis, photolysis and biolysis of water, but also depends on
thermoelectrolysis, photoelectrolysis and biophotolysis of
water. To improve the efficiency of hydrogen generation, cata-
Iytic water splitting is emphasized in recent research including
electrocatalysis, photocatalysis, thermochemical cycle and
enzymatic reaction. Here, we pay more attention to highlight
the new advances in catalyst fabrication and recently focused
photonic and electrical driven water splitting. Overall, this is a
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timely review to summarize various renewable hydrogen pro-
duction routes and also deliberate more on photovoltaic-inte-
grated solar driven water electrolysis.

2. Renewable Hydrogen Production

The world’s energy resources can be categorized into fossil
fuel, nuclear fuel and renewable ones. Renewable resources
are available all year round, whereas non-renewable resources
will be depleted eventually. The overuse of the non-renewable
energy has caused serious effects to our environment due to
the toxic gas emission (e.g. CO,,NO,, SO,, C;H,) and radioac-
tive pollution.! There are different forms of renewable energy
resources including wind, water, sun and biomass, which can
be used directly/indirectly to generate sustainable thermal,
electrical, photonic and biochemical energy for hydrogen gen-
eration via water splitting reaction. Currently, thermal energy
is still the major driving force to produce hydrogen dominantly
through steam reforming of fossil fuel, compared to only 4%
production through electrolysis using electrical energy. The
pollution problem of fossil fuel and the finite nature of con-
ventional fuels have forced the world to look for alternative
renewable energy resources. From past progress, electricity can
also be readily powered by natural renewable resources besides
the non-renewable fossil/nuclear fuel. The electrolysis of water
is one of the most promising environmentally benign processes
for future hydrogen production. The energy input to drive
hydrogen production can also be retrieved from solar radiation.
Meanwhile, biological hydrogen production can be achieved by
microorganisms through dark or photo-fermentation.!

3. Energy-Driven Water Splitting

Thermodynamically, water splitting is an uphill reaction rather
than a spontaneous process that requires an external energy
to drive it because a back reaction proceeds easily. Hydrogen
production is readily obtained by using different forms of
energy from renewable and non-renewable resources. Figure 1
summarizes various water splitting routes that are driven by
thermal, electrical, photonic and biochemical energy through
thermolysis (e.g. thermochemical cycles), electrolysis (e.g.
electrocatalysis), photolysis (e.g. photocatalysis) and biolysis
(e.g. dark-fermentation), respectively. Hydrogen production is
also readily obtained by using two or more forms of energy.
A number of important hybrid energy systems are defined as
thermal + electrical (e.g. thermoelectrolysis, high-temperature
electrolysis), electrical + photonic (e.g. photoelectrolysis, photo-
voltaic electrolysis), and photonic + biochemical (e.g. biophotol-
ysis, photo-fermentation). In comparison with the non-hybrid
systems, the hybrid systems are generally more thermodynami-
cally favorable as a part of the required energy is substituted
with a cheaper or renewable resource, consequently lowering
the overall operation cost and activation barrier and improving
the chemical reaction kinetics and hydrogen production rate.
Together with four non-hybrid systems, four hybrid systems
are also described in this review including thermoelectrolysis,
biophotolysis, photoelectrolysis and photovoltaic-integrated solar
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driven water electrolysis. With the recent development of
advanced catalysts, more emerging electrocatalytic, photocata-
Iytic, photoelectrochemical and photobiological water splitting
have been extensively explored to produce hydrogen, which are
described in this review as well. It is noted that nuclear energy
is also used to dissociate water into hydrogen and hydroxyl

Thermal Energy

Thermal + Thermal
Electrical Biochemical
- Energy driven _
El A | i :
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—  Artificial photosynthesis

— Photoelctrochemical -
— Photovoltaic electrolysis  —
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Figure 1. Various energy driven water splitting routes by using thermal,
electrical, biochemical and photonic energy or their combinations.
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radicals under nuclear (mainly alpha) radiation. These radi-
cals are chemically reactive, and in turn recombine to produce a
series of highly reactive combinations instead such as superoxide
(HO,) and peroxide (H,0,).

3.1. Non-Hybrids

Thermal Energy: Thermolysis of water involves the chemical
dissociation of water into hydrogen and oxygen when thermal
energy is applied at high temperature (>2500 K).[*! As the disso-
ciation of water is reversible, hydrogen and oxygen are required
to be separated effectively so as to prevent their recombination
back to water. As the thermolysis of water occurs at high tem-
perature, intermediate substances (catalysts) are used in ther-
mochemical cycle to greatly reduce the temperature (<1200 K)
for water dissociation into hydrogen and oxygen.[** The devel-
opment of a practical thermochemical cycle for water splitting
is still facing issues such as great complexity of reaction kinetics
and continuous recovery of the intermediate substances.!”!

Electrical Energy: Electrolysis of water involves the chemical
decomposition of water into hydrogen and oxygen at the respec-
tive electrodes when an electric current passes through water.
There are three main types of electrolytic cells for water splitting
including alkaline electrolysis cells, polymer electrolyte mem-
brane (PEM) cells and solid oxide electrolysis cells (SOECs). In
recent years, electrocatalytic water splitting becomes important
for improving its efficiency and cost-effectiveness.

Photonic Energy: Photolysis of water involves the chemical
breakdown of water into hydrogen and oxygen by photonic
energy. As the potential for water splitting process is 1.23 eV that
corresponds to the light of 1008 nm, this indicates that the disso-
ciation of water can theoretically reach down into infrared light.
That is to say, =70% of the solar-irradiated photons are eligible for
driving water splitting. On the other hand, water itself does not
absorb appreciable radiation in visible and near ultraviolet ranges.
The dissociation of water is technically possible by exposing water
to ultraviolet light, X-rays or gamma rays to transduce the radiant
energy to chemical energy. Today, this direct water splitting under
the high-frequency radiation holds less interest in industrial
application since visible and infrared light are the major constit-
uent of solar light. In recent years, the photocatalytic water split-
ting under the low-frequency radiation becomes important for
improving its efficiency and cost-effectiveness.

Biochemical Energy: Fermentative conversion of carbohy-
drates to hydrogen can be manifested in dark by a diverse
group of anaerobic bacteria. The dark-fermentation can pro-
duce hydrogen through an anaerobic process in the absence of
oxygen (i.e. C¢Hy,04 + 2H,0 — 2CH3COOH + 2CO,; + 4H,).
This fermentative production of hydrogen takes place through
enzymatic hydrolysis of high molecular weight organics to
water-soluble organics followed by the production of hydrogen
together with carbon dioxide and fatty acids.!

3.2. Hybrids
Thermoelectrolysis: Thermoelectrolysis of water involves the

chemical dissociation of water with the combined use of
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electrical and thermal energy. It is more efficient and economic
at high temperature because a substantial part of the required
energy is supplied with cheaper thermal energy, and this con-
siderably reduces the demand of electrical energy and acceler-
ates the electrolytic reaction kinetics at high temperature.!®!
Alkaline electrolysis optimally operates at high temperature of
near 200 °C and is used for hydrogen production at industrial
scale. PEM electrolyzers typically operate below 100 °C (more
efficient than alkaline electrolysis) and become increasingly
available for commercial application. SOEC electrolyzers are
the most electrically efficient but the least developed. SOEC
technology faces challenges with fast material degradation and
limited long term stability.”

Biophotolysis: Biophotolysis of water involves oxygenic photo-
synthesis by microorganisms (i.e. green microalgae and cyano-
bacteria) with the combined use of biochemical and photonic
energy for hydrogen production via direct and indirect method.
In direct biophotolysis, when microorganisms split water into
hydrogen ion and oxygen through capturing solar light, the
generated hydrogen ions are further converted into hydrogen by
hydrogenase enzyme (i.e. 2H,0 + solar — 2H, + O,). In indirect
biophotolysis, solar energy is captured by microorganisms via
photosynthesis and stored in some form of carbohydrate (e.g.
6CO,; + 12H,0 + solar — C¢H,04 + 60,), which is later used to
produce hydrogen (e.g. CsH1,04+ 12H,0 +solar — 12H, +6CO,).
There is another biophotolytic process, photo-fermentation,
which involves the capture and conversion of solar energy
using photosynthetic bacteria to degrade carbohydrate (organic
aids as electron donors) into hydrogen and carbon dioxide (e.g.
CH;COOH + 2H,0 + solar — 4H, + 2CO,).

4. Photocatalytic Water Splitting

Photocatalytic water splitting has fundamental requirements for
photocatalysts including their band gaps and band levels. For
water reduction reaction, the conduction band needs to be at a
potential less than 0 V vs. NHE (H*/H,) while the valence band
needs to be at a potential more than 1.23 V that corresponds
to light of 1008 nm (Figure 2). As ultraviolet light has much
higher photonic energy than visible light, ultraviolet-based pho-
tocatalysts perform better per photon for hydrogen production
via solar water splitting than visible light-based ones. So far,
most of the reported photocatalysts are only active under ultra-
violet light irradiation. However, ultraviolet light (<400 nm)
only accounts for 4% of the total solar energy whereas visible
light (400-800 nm) and infrared light (>800 nm) account for
53% and 43% of the total solar energy, respectively. As ultra-
violet light accounts for only a small portion of solar energy, it
is critical to rationally design and fabricate photocatalysts that
are not only active to harvest more visible or infrared light but
also effective to improve their low solar-to-hydrogen conversion
efficiency over a broad spectral range. It is understandable that
even a less efficient photocatalyst that absorbs visible light can
be more useful than a more efficient photocatalyst absorbing
solely ultraviolet light.

Design of Photocatalysts: Typically, photocatalysts are semi-
conductor materials in powders or colloidal forms, which
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Figure 2. Photocatalytic water splitting. A) Schematic of water splitting using semiconductor photocatalyst. B) Band structure of semiconductors and
redox potentials of water splitting. Reproduced with permission.l33l Copyright 2009, RSC.

can integrate with dopants and/or cocatalysts to optimize
their performance. When irradiated with photons that have
energy equal to or above the band gaps of semiconductors, the
photogenerated electrons and holes in the respective conduc-
tion and the valence band can cause redox reactions. In case
that they are transferred to water molecules for water splitting,
the electrons reduce water to form hydrogen while the holes
oxidize water to form oxygen. However, it should be noted that
recombination with the opposite charges can happen and this
significantly lower the water splitting efficiency.®®! In addition to
the band structure of semiconductors, other bulk and surface
properties that also strongly affect the recombination process of
photogenerated electrons and holes are to be taken into consid-
eration.®l The crystalline photocatalysts with a low number of
defects are beneficial for water splitting because the defects can
act as recombination sites between photogenerated electrons
and holes. For example, Kong et al. demonstrated that high
temperature calcination can eliminate lattice stress in TiO, to
reduce defects and achieve better photocatalytic efficiency.
On the other hand, the crystalline photocatalysts with smaller
particle size have the shorter distance for the photogenerated
electrons and holes to quickly migrate to the active reaction
sites on the surface as compared to those with bigger particle
size, thus lowering the recombination probability before water
splitting. Meanwhile, different shapes such as two dimensional
nanostructures are expected to lower the recombination rate of
photogenerated electron-hole pairs for giving higher photocata-
Iytic activity.'% In case that the photogenerated electrons and
holes possess thermodynamically sufficient potentials for water
splitting, the recombination may still occur when there is lack
of suitable active sites on the surface for water splitting. There-
fore, the loading of cocatalysts on semiconductors is impor-
tant to introduce the active sites while suppressing the charge
recombination and the reverse reaction in water splitting.'!
In addition to the cocatalysts, sacrificial agents such as various
organic/inorganic electron donors also play a significant role
in influencing their photocatalytic activity for water splitting
reaction. The use of sacrificial agents can greatly minimize
the charge carrier recombination by scavenging the photogen-
erated holes. Moreover, in the absence of oxygen, the back reac-
tion to produce water is suppressed and thus hydrogen yield is
improved.l'

Choices of Photocatalysts: Photocatalysts are made up of dif-
ferent elements with different purposes to pursue the ultimate
goal for improving water splitting performance. Generally, most
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photocatalysts including metal oxides, sulfides and nitrides for
water splitting contain metal cations with d® and d'° configura-
tions. For examples, transition metal oxides with d° configura-
tion mainly consist of empty d orbitals of metal cations in their
conduction bands, whereas metal oxides with d'° configura-
tion consists of hybridized orbitals of empty s and p orbitals of
metal cations in their conduction bands. On the other hand, the
valence bands of metal oxides is mainly composed of an O 2p
orbital while the valence bands of metal sulfides and nitrides
are usually composed of S 3p and N 2p orbitals, respectively.['3]
Alkali, alkaline earth and some lanthanide ions are also used as
components in photocatalysts though they do not directly con-
tribute to the band formation but simply construct the crystal
structure (e.g. perovskite). Moreover, a number of transition
metal cations with partially filled d orbitals such as Cr3*, Ni?*
and Rh3" are used to dope photocatalysts so as to form some
impurity levels in band gaps. In addition, some noble metals
and transition metal oxides (e.g. Ru, Rh, Pd, Pt, Au, Ag, NiO)
are used as cocatalysts for hydrogen evolution reaction (HER),
while noble metal oxides (e.g. RuO, and IrO,) work as excellent
cocatalysts for oxygen evolution reaction (OER).[11138.14]

4.1. Metal Oxide Photocatalysts

Various water splitting photocatalysts are mainly those transi-
tion metal oxides containing metal cations with d° and d'° con-
figurations. The d° metal oxides are from IVB group (Ti*", Zr*!),
VB group (Nb>*, Ta**) and VIB group (Mo®, W®) while the d'°
metal oxides are from IIIA group (Ga3*, In**), IVA group (Ge*,
Sn**) and VA group (Sb°*) (Figure 3).

4.1.1. Group IVB Metal Oxides

Group IVB metal oxides such as TiO,"*! and ZrO,["% have been
widely investigated as photocatalysts for water splitting reac-
tion. TiO, is more photoactive in the form of anatase as com-
pared to rutile probably due to higher reduction potential of
photogenerated electrons resulting from the more negative con-
duction band of anatase than that of rutile. With a large band
gap (3.0 eV for rutile and 3.2 eV for anatase), TiO, can only
absorb ultraviolet light under solar illumination.'”] TiO, was
first employed as photocatalyst for water splitting with the assis-
tance of an external bias. As TiO, is incapable of splitting water,
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response in visible spectral region, resulting

Figure 3. d° and d'° transition metal photocatalyst for hydrogen production.

much work has been devoted to modify the electronic structure
of TiO, by modifications such as doping with other elements or
loading with cocatalysts, which can achieve better photocatalytic
activity in visible light region through disrupting the ordered
lattice structure of TiO, and building new energy states within
the band gap for photoexcitation with lower energy. However, it
remains challenging to develop a simple and economic strategy
to synthesize excellent TiO,-based photocatalysts for efficient
hydrogen production under visible light irradiation. In this sec-
tion, we summarize the recent progress in the fabrication of
various TiO,-based materials for enhancing photoconversion
efficiency in visible light region through doping with anions,
incorporating with cations, loading with cocatalysts, reducing/
disordering processes, hybridizing with other materials, etc.
Nonmetal-Doped TiO,: Tremendous efforts have been made
to introduce nonmetal elements (i.e. B, C, N, P, S, halides)
into TiO, as acceptor states above the valence band for greatly
improving light absorption and charge transport properties.[®!
The substitution of O with N into TiO, for mixing N 2p with
O 2p states, which can narrow the band gap of TiO, by shifting
upward the edge of valence band.'® The doping greatly
improved visible light absorption with a shift of absorption
onset from 380 to 600 nm.['8Y! The doping also controlled the
preferred orientation with a large percentage of exposed (211)
facet, resulting in a remarkable increase in hydrogen produc-
tion rate.'8 With large ionic radius, it is difficult to incorporate
S into TiO, for inducing a similar narrowing of band gap. This
is also supported by a much larger formation energy required
for the substitution of S than that of N.['8! [t was also reported
that C and P dopants introduce deep states in the band gap of
TiO,, which suppress the transfer of photogenerated charge
carriers to the surface of photocatalysts.['® The doping of hal-
ides such as F~, CI” and Br™ into TiO, also increase the optical
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been made to introduce metal ions into TiO,

as donor states below the conduction band

— for effectively enhancing the photocatalytic

T | d° metal activity of water splitting reaction. There is

34" oxide an earlier report on a systematic doping of

v | Nb* | Mo various metal ions in TiO, nanoparticles.']
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=it : Mo*, Ru**, Rh*, Re** and Os*" increased

T [ W the photoactivity of TiO, while the doping

Sdiest | savgst with AI** and Co** reduced the photoac-

tivity of Ti0,.l') The photoactivity is associ-
ated with the ability of dopants to trap and
transfer electrons or holes, which depends
on the concentration, distribution and energy
level of dopants in TiO, together with their d electron configu-
ration. In comparison, the doping with Li*, Mg?*, Al**, Zn?*,
Ga®t, Zr**, Nb>*, Sn**, Sb and Ta®" exhibits a little effect on
photoactivity because of their closed shell electron configu-
rations that are very stable to make electrons/holes trapping
unfavorable. To date, there are many emphasized studies on
the photoactivity of 3d transition metal-doped TiO,?% because
the incorporation of such dopants can extend the light absorp-
tion edge of TiO, from ultraviolet to visible spectral region
(Figure 4).2%! The doping with a series of lanthanide ions (e.g.
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Figure 4. Picture and UV-vis absorption spectra of various transition
metal-doped TiO, nanowires. Reproduced with permission.?®! Copyright
2013, ACS.
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Eu’t, Gd**, Ho*" and Yb*") and the co-doping
with Nd3**/Er®*, Nd**/Eu®" or Eu*"/Ho** pairs A
were reported to improve the photocatalytic
activity of TiO,.2! The combined use of TiO,
with a second oxide in heterostructures such
as Sn0,/Ti0, 22 Zr0,/Ti0,,?% Cu,0/Ti0,,4
Zn0/Ti0,,?5) Ag,0/Ti0,,26 and MTiO;/TiO,
(M = Ca, Sr, Ba) also improved the photocata-
lytic activity of TiO, to exhibit superior photo-
catalytic HER.[?]

Cocatalyst-loaded TiO,: Besides the band
gap engineering to tune the light absorption
of TiO,, the loading with cocatalysts can also
enhance the photocatalytic activity of TiO, for
water splitting reaction. The cocatalysts play
a role in extracting photogenerated charge
carriers, hosting active sites for photocatalytic
water reduction or oxidation reaction, sup-
pressing photocorrosion, and thereby improving the stability
of photocatalysts. Noble metals such as Ru, Rh, Pd, Ag, Pt and
Au are commonly used as efficient cocatalysts for photocata-
lytic water reduction reaction.'"1428 As the noble metals have
lower Fermi level than that of TiO,, the photoexcited conduc-
tion band electrons of TiO, can transfer to the metals (i.e. the
metals can trap the photoexcited electrons of TiO,) when in
contact while the photogenerated valence band holes remain on
the TiO,. Hence, the presence of such cocatalysts greatly mini-
mizes the possibility of electron-hole recombination, resulting
in efficient electron-hole separation and strong photocatalytic
reaction.l?”! Among these different cocatalysts, Pt is the most
effective promoter for HER due to its large work function and
low overpotential.[111428<] Sreethawong et al. reported enhanced
photocatalytic hydrogen production over Pt-supported TiO,
while no appreciable HER was observed from pure TiO,.5% Wu
et al. reported that N-doped TiO, nanofibers loaded with Pt nan-
oparticles exhibited high photocatalytic efficiency in hydrogen
production under ultraviolet light irradiation.*! Zhao et al. con-
ducted a computational investigation of Pt-loaded anatase TiO,
to imply that the Pt cocatalyst is able to suppress the recombi-
nation of photogenerated electron-hole pairs and also promotes
visible light absorption due to the surface plasmon resonance
occurring on the surface of Pt/TiO, photocatalyst.[*?

Similarly, Au has also been widely investigated as a cocata-
lyst on TiO, for photocatalytic hydrogen production. Murdoch
et al. studied Au-loaded TiO, photocatalyst and revealed that Au
nanoparticles in the size range of 3 to 30 nm were very active in
hydrogen evolution while Au nanoparticles in the size range of
3 to 12 nm did not affect the hydrogen evolution rate.[33l Rosseler
et al. observed the enhancement of hydrogen evolution rate
at an increased loading of Au nanoparticles on TiO,, which is
partially due to the increase of particle size from 3 to 8 nm.B
Sakthivel et al. reported that the photocatalytic activity increased
with the increase of noble metal loading up to an optimal level
due to the decreased recombination of electrons and holes.’]
In addition to the reduced photoabsorption of TiO,, the over-
loaded noble metals on TiO, acted as recombination centers of
electrons and holes, causing detrimental effect to photocatalyst
performance.® On the other hand, noble metal oxides such
as RuO, and IrO, are used as efficient cocatalysts on TiO, for
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Figure 5. A) Unmodified white and hydrogenated black TiO, nanocrystals and B) spectral
absorbance of the white and black TiO, nanocrystals. Reproduced with permission.?%a Copy-

water oxidation reaction through improving its photocatalytic
activity in oxygen production. Although these noble metals or
their oxides as cocatalysts exhibited excellent photocatalytic
activity, they are not practical materials to be used for hydrogen
production at large scale due to their high cost. Therefore, in
recent years, great efforts have been made to construct other
kinds of cocatalysts from cheap and earth-abundant elements
for assisting the photocatalytic water splitting.[4]

Disordered TiO,: Black TiO, was synthesized by hydrogena-
tion process for greatly shifting the top edge of valence band
of white TiO,, drastically narrowing its band gap and thus dis-
playing strong absorption in visible and infrared regime.(®!
Naldoni et al. reported the band gap narrowing of black TiO,
nanoparticles (crystalline core and disordered shell) in the co-
presence of surface disorder and oxygen vacancies.’%d The
hydrogenated TiO, exhibits excellent solar-driven activity
and stability for the photocatalytic production of hydrogen.>”)
Chen et al. engineered the surface disorder of TiO, (crystal-
line nanocrystals as a core and disordered surface layer where
dopants was introduced) for improving visible and infrared
absorption (Figure 5).3%! In addition to the hydrogenation
process, Wang et al. employed aluminum reduction to syn-
thesize black TiO, with crystalline core and amorphous shell
structure to significantly improve visible and near-infrared
photoabsorption.>f] The oxygen-deficient shell was responsible
for wide-spectrum light absorption that consequently boosted
the photocatalytic activity of water splitting. By combining
hydrogenation and nitridation treatments, the absorption edge
of TiO, was shifted further to longer wavelength region and
its photocatalytic activity was significantly enhanced due to the
synergistic effect of co-doping with H and N.(3¢¢]

Reduced TiO, Optical absorption of TiO, from ultraviolet
to visible spectral region can also be improved by introducing
surface defects, which are dominated by Ti** defects together
with oxygen vacancies.® Self-doping with Ti** avoids the intro-
duction of unfavorable carrier recombination centers as well
as thermal instability associated with the dopants. The role of
Ti3* defects in TiO, shifts the top of valence band upwards for
narrowing its band gap.*% It is demonstrated that the reduced
structure such as Ti**-doped TiO, can potentially lower the
recombination rate of electron-hole pairs due to the presence of
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Ti** and oxygen vacancies that are able to trap
photoexcited electrons on the surface.>3<!

Metal/TiO, Hybrids: With a large band gap,
TiO, only has strong absorption in ultravi-
olet spectral region, limiting its solar photo-
catalytic efficiency by its inability to absorb
visible or infrared light. The integration of
TiO, with plasmonic metal nanoparticles
(e.g. Au and Ag) is expected to improve its
photocatalytic performance via plasmon-
enhanced light harvesting in longer wave-
length with enhanced charge separation.[2840]
Kowalska et al. showed that the visible light-
induced photocatalytic activity of Au/TiO,
hybrids was attributed to the surface plasmon
excitation of Au on TiO,.[!! Christopher et al.
demonstrated that the photocatalytic activity
of Au/TiO, hybrids was strongly dependent
on the size and shape of optically active Ag
nanostructures. For instance, Ag nanocubes
offer higher enhancement compared to Ag
nanospheres and nanowires of similar size
with identical Ag mass due to higher scat-
tering efficiency.

Awazu et al. prepared plasmonic photo-
catalysts by depositing TiO, on silica-coated
Ag nanoparticles (i.e. Ag@SiO,), demonstrating the enhanced
photocatalytic activity of TiO, under near-ultraviolet light irradi-
ation. The photocatalytic activity was enhanced with a decreased
thickness of silica shell because the near field enhancement
of Ag nanoparticles was strongest in close proximity to their
surface.?l Kumar et al. also investigated the proximity effects
of near field enhancement by fine-tuning silica thickness to
separate Ag nanoparticles from TiO, thin films. Similarly, there
is an increased near field enhancement with decreasing silica
thickness, leading to an enhanced photocatalytic efficiency.[*3]
Lee et al. investigated the photocatalytic behavior of bare and
silica-coated Au nanoparticles (i.e. Au@SiO,) loaded onto TiO,
by varying the size of Au nanoparticles (3, 7 and 17 nm) and the
thickness of silica shells.*l Interestingly, 3-nm Au-loaded TiO,
shows the highest activity among all the bare Au-loaded TiO,
whereas 17-nm Au@ SiO,-loaded TiO, show the highest activity
among all the Au@SiO,-loaded TiO,. In these Au/SiO,/TiO,
systems, the space charge separation is blocked by insulating
silica shell and thus localized surface plasmon resonance plays
a major role in enhancing photocatalytic activity.

Seh et al. also reported the enhanced photocatalytic activity
via the strong localization of plasmonic near fields in Janus
Au/TiO, nanostructures with uniform size of Au nanoparticles
ranging from 30 to 70 nm, which were found to outperform
those using 5 nm Au nanoparticles with a 4-7 fold increase
in hydrogen generation under visible light irradiation.*”] The
disparity in photocatalytic activity is attributed to the stronger
plasmonic near-field enhancements and optical absorption
enhancements of the larger Au nanoparticles in greater con-
tact with TiO, nanoparticles (Figure 6). Cronin et al. demon-
strated that the integration of Au nanoparticles with TiO, films
yielded up to 66 times increase in photocurrent under visible
light irradiation.*! A reverse trend with a 4-fold decrease under
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Figure 6. TEM images of Janus (A) and core-shell (B) Au-TiO, nanostructures. C) Volume of
hydrogen generated (Vyy,) under visible-light irradiation from a tungsten halogen lamp using
Janus and core-shell Au-TiO, nanostructures, as well as amorphous TiO, and bare gold nano-
particles (50 nm). Reproduced with permission.

[43]

ultraviolet light irradiation was observed instead via the integra-
tion of Au nanoparticles. By simulating electromagnetic field
enhancements, the increase in photocatalytic activity was attrib-
uted to the enhanced local electric fields near the TiO, surface
as opposed to direct charge transfer.

Ti-Based Perovskite: With a cubic perovskite-type structure,
SrTiO; has been widely used to split water under ultraviolet
light illumination without external bias due to its high conduc-
tion level. The redox potentials of the photogenerated electrons
and holes are powerful enough to facilitate the production of
hydrogen and oxygen.[*’] Different dopants have been intro-
duced as cocatalysts for SrTiO; photocatalysts to effectively
enhance the water splitting reaction.*¥] Puangpetch et al.
designed various SrTiO;-based photocatalysts loaded with dif-
ferent metal cocatalysts (e.g. Fe, Ni, Ag, Pt, Au, Ce) for photo-
catalytic hydrogen production under both ultraviolet and visible
light irradiation.!*¥*Y! Among these metal cocatalysts, Ni, Ag, Pt
and Au showed positive effect on the photocatalytic activity.*"!
Au was found to be the best cocatalyst (1 wt% Au exhibited
the highest photocatalytic activity for hydrogen production)
due to its electrochemical properties compatible with SrTiO;—
based photocatalysts together with its visible light harvesting
enhancement. Also, NiO/8 and Rhi*! are suitable cocatalysts
for SiTiO; photocatalyst. In particular, NiO, did not cause the
backward water splitting reaction between H, and O, to form
water, being different from Pt.'*® In addition, the doping of
C, N and S into SiTiO; exhibited effective enhancement in vis-
ible light absorption.’% The co-doping of C and S into SrTiO;
was reported to shift the absorption edge from 400 to 700 nm,
exhibiting higher photocatalytic activity than pure SrTiO;.>%]

With a cubic perovskite-type structure, La,Ti,0; has also been
widely studied in water splitting reaction under ultraviolet light
irradiation due to its wide band gap of 3.8 eV.P! To enhance
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visible light absorption, metal elements are used to dope into
La,Ti,0, by tuning the band gap levels to significantly narrow
its band gap. Hwang et al. reported that transition metal-doped
La,Ti,O0; such as Cr or Fe has visible light absorption because
their 3d states appeared in the band gap.? Similarly, Kim et al.
reported that alkaline earth metal-doped La,Ti,O; such as Ba,
Sr or Ca remarkably enhanced the photocatalytic activity for
water splitting reaction.l”® Liu et al. investigated mono- and co-
doping with cationic (V, Nb, Ta) and anionic (N) elements into
La,Ti,0; for tuning electronic structure through hybrid den-
sity functional study.>¥ It was found that mono-doping created
impurity states in the band gap that promoted the photogen-
erated electron-hole recombination. However, the cationic—
anionic mediated co-doping could remove such impurity states
by charge compensation, and this is promising for visible light
photocatalysis. It was suggested that the water oxidation and
reduction reactions were thermodynamically favorable for the
anionic-cationic [(N, Nb) and (N, Ta)] co-doped La,Ti,O; sys-
tems. On the other hand, with a higher p orbital energy than
that of oxygen, nonmetal elements were used to dope into
La,Ti,0; for improving visible light photocatalysis. Liu et al.
reported the anionic-anionic mediated co-doping in La,Ti,O5
for visible light photocatalysis, which lowers its band gap much
more as compared to the anionic mono-doping. Moreover, the
calculated defect formation energy showed that the co-doped
systems were more stable than their respective mono-doped
systems.>’]

4.1.2. Group VB Metal Oxides

As two important metal oxides of Group VB, Ta,Os is weakly
active but Nb,Os is not active at all for water splitting reaction
under ultraviolet light irradiation. Their modifications with
cocatalysts (e.g. Pt, Au, NiO, RuO,) are required to greatly
stimulate the water splitting reaction. On the other hand, metal
niobates and tantalates (alkaline, alkaline earth and transi-
tion metals) are demonstrated to exhibit photocatalytic activity
for water splitting. Also, vanadium dioxide and mixed metal
vanadates were reported as water splitting photocatalysts for
hydrogen generation.®!

Cocatalyst-Loaded Nb,Os and Ta,05. With a wide band gap of
=3.4 eV, Nb,0O5 only becomes active for water splitting under
ultraviolet light irradiation when loaded with metals or metal
oxides as cocatalysts, which effectively delay electron and hole
recombination rate for enhancing hydrogen production effi-
ciency.””! Lin et al. studied a series of cocatalysts such as Pt,
Au, Cu and NiO nanoparticles loaded on mesoporous Nb,Os
for hydrogen evolution in an aqueous methanol solution under
ultraviolet light irradiation.”" The photocatalytic activity of Pt-
loaded ND,Os exhibited the highest hydrogen production effi-
ciency, which was 2.2, 2.9 and 6.5 times as much as that when
loaded with Au, Cu and NiO cocatalysts, respectively. In addi-
tion, CuO was also used as an effective cocatalyst in porous
Nb,Os for hydrogen production.l’l In comparison, Ta,Os alone
can only produce a very small amount of hydrogen from water
splitting under the band gap irradiation of 4.0 eV. Cocatalyst
such as NiO and RuO, are required to improve the photocata-
Iytic activity for water decomposition. For example, mesoporous
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Ta,05 loaded with NiO was an active catalyst for photocatalytic
water decomposition.®!

Metal Niobates: Alkaline metals are used to prepare alkaline
niobates including lithium, sodium, potassium and rubidium
niobates as photocatalysts for water splitting under ultraviolet
and visible light irradiation.”” Saito et al. reported higher
hydrogen evolution activity of lithium niobate (LiNbO;) nanow-
ires than that of bulky counterpart, which were required to be
milled for increasing surface area but this process also caused
mechanical destruction which resulted in a decrease in pho-
tocatalytic activity.’d Li et al. reported the increased photo-
catalytic activity of NaNbO; corresponding with a decrease in
particle size due to shorter diffusion length of photogenerated
electrons.>®! Also, the rectangular prisms and cubic particles
have higher photocatalytic activity than that of spherical parti-
cles because of a larger number of edges and corners on their
surface that usually worked as active sites for catalytic reac-
tions. Domen et al. demonstrated the first example of alkaline
niobates, potassium niobate (K,NbsO;;) as a photocatalyst to
achieve high activity of water splitting in an aqueous methanol
solution without any assistance from cocatalyst such as noble
metals.%] The loading with various metals such as Ni,1% Ay, [61]
Pt and Csl%! as cocatalysts effectively improved the photocat-
alytic activity of K;NbsO;; for HER. Further, rubidium niobate
(RbyNbgO7) was also reported to exhibit a high photocatalytic
activity for water splitting.[®

Alkaline earth metals are also used to prepare alkaline earth
niobates including calcium, strontium and barium niobates
as photocatalysts for water splitting under ultraviolet and vis-
ible light irradiation.® The alkaline earth niobates such as
Ca,Nb,05,1 Sr,Nb,0,,10067] SriNb,O45l% and BasNb,O45%
exhibited high photocatalytic activities in water splitting under
ultraviolet light irradiation. Particularly, Ca,Nb,0; and Sr,Nb,O,
with highly donor-doped (110) layered perovskite structures
demonstrated high quantum yields of 7% (<288 nm) and 23%
(<300 nm), respectively.l®® Chen et al. synthesized Sr,Nb,0,
nanoribbons and Sr,Nb,O¢ nanorods as efficient water split-
ting photocatalysts under ultraviolet light irradiation.l”’! Pt
loaded Sr,Nb,0; nanoribbons and Sr,Nb,Og nanorods with
large Brunauer-Emmett-Teller surface areas exhibited high
quantum yields of 32% and 19%, respectively. Further, NiO-
loaded BasNb,O;5 plate-like nanostructures with a layered per-
ovskite structure were reported to exhibit a high quantum yield
of 17% at 270 nm for water splitting.[®® Recently, Rh-doped
calcium niobate nanosheets were prepared by exfoliating lay-
ered KCa,Nb;_Rh,0O;y_6 and demonstrated high photocatalytic
activity for hydrogen generation in an aqueous methanol solu-
tion without loading with a cocatalyst. The hydrogen produc-
tion rate for the Rh-doped nanosheets was 165 times more than
that of the parent Rh-doped layered oxide. The quantum effi-
ciency at 300 nm was as high as 65%./)

Meanwhile, transition metals are used to prepare transition
metal niobates as photocatalysts for water splitting. Kudo et al.
synthesized ZnNb,O; consisting of d'° and d° metal ions, exhib-
iting negligible photocatalytic activity under ultraviolet light
irradiation. NiO-loaded ZnNb,04 showed high photocatalytic
activity after pretreatment with hydrogen reduction and subse-
quent oxygen oxidation at appropriate temperatures.’? Other
niobates photocatalyst such as Bi;sNbO; were demonstrated to
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possess photocatalytic activity to evolve hydrogen from water
under visible light.”!l Furthermore, mixed metal niobates were
also synthesized for photocatalytic water splitting. Chen et al.
demonstrated the photocatalytic activity of ABi,Nb,0q (A = Ca?*,
Sr?*, Ba?")l%3 under ultraviolet light irradiation for both HER
and OER in aqueous solutions containing sacrificial reagents
(methanol and Ag*). The photocatalytic activities decreased in
the order of SrBi,Nb,Oy > BaBi,Nb,Og > CaBi,Nb,0,. Other
mixed metal niobates including A,BiNbO, (A = In**, Ga’")l"2
and ABi,NbO, (A = AP¥, Ga*t, In*, Y**, Ce*, Gd*, Sm*,
Nd**, Pr¥*, La*")l3l were reported to split water into hydrogen
and oxygen under ultraviolet light irradiation. In particular, the
rare earth-incorporated Bi,NbO, exhibited a decreased trend
in the photocatalytic activity with increasing their ionic radius
because smaller ionic radius of rare earth led to the formation
of a narrower band gap that facilitated easier excitation for an
electron from valence band to conduction band.”3") Moreover,
BaNi; 3Nb, ;305 and BaZn,;3Nb,30; were used to split water
under ultraviolet light irradiation”* while Baln;;;Nb,/;0; and
BaCo, 3Nb, ;303 were employed to split water under visible light
irradiation.[0°><]

Metal Tantalates: Kato et al. reported high photocatalytic
activities of alkaline tantalates, ATaO; (A = Li*, Na*, K*) for
water splitting under ultraviolet light irradiation.””! The modi-
fication with cocatalysts such as NiO>d and Aul®!l enhanced
the photocatalytic activities for water splitting. Among them,
NiO-loaded NaTaO; showed the most efficient water splitting
in pure water.’®l The photocatalytic activity of the NiO-loaded
NaTaO; was drastically increased by 9 times after further
doping with La, yielding the highest quantum yield (56% at
270 nm) for water splitting under ultraviolet light irradiation
without the use of sacrificial reagents.’®! This is because the
La-doping created the ordered surface nanostructures with
characteristic steps that suppressed the recombination of the
photoexcited electron-hole pairs. Moreover, the partial substitu-
tion of Ta in NiO-loaded KTaO; with Ti*", Zr** or Hf*" in group
IVB effectively improved the photoactivity through control-
ling the charge density in KTaO;.’””] In particular, NiO-loaded
KTaO; doped with 8 mol% Zr*" exhibited higher photocatalytic
activity than the well-known Pt/TiO, photocatalyst reported in
literature.

Kato et al. reported the high photocatalytic activities of alka-
line earth tantalates ATa,O¢ (A = Mg?*, Ba?*) for water splitting
under ultraviolet light irradiation.”>¥ Liang et al. demonstrated
that strontium tantalates such as Sry,5H; 5Ta,06.H,0 exhibited
much higher photocatalytic activity than strontium niobates
due to the high reduction ability of photogenerated electron and
high electron mobility in conduction band.®! Recently, barium
tantalate composite consisting BasTa,O;5/BasTasO;5/BaTa,0¢
were found to be active photocatalysts for water splitting in the
absence of cocatalyst under ultraviolet light irradiation.””) The
addition of core-shell Rh/Cr,0;3 cocatalysts further enhanced
the photocatalytic activity of the photocatalyst for pure water
splitting, achieving up to 70% higher than that of BasTa,Oqs
itself. It was suggested that the enhanced activity for water split-
ting was induced by the combination of effective charge carrier
separation and improved electron transfer in the highly crystal-
line barium tantalate composite modified with core-shell Rh/
Cr,0; cocatalyst.
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Furthermore, mixed metal tantalates such as MLnTa,0,
(M = H*, Na*, Rb*, Cs*; Ln = La*', Pr**, Nd**, Sm>*") were
reported to demonstrate their photocatalytic activity for water
splitting.®) Under ultraviolet light irradiation, RbNdTa,0,
with partially occupied 4f shell was first reported as an active
photocatalyst for stoichiometric H,/O, evolution from pure
water without the use of metal cocatalyst loading and sacrificial
agents.®% Tt was observed that the sequence of photocatalytic
activity followed Nd > Sm >> La = Pr, suggesting that partially
occupied lanthanide 4f shell played an important role in photo-
catalytic reaction. This is attributed to the shift of 4f levels from
conduction band edge to covalent band edge with increasing
the number of 4f electrons, greatly influencing the band gap
energy.B%d Other lanthanide-doped tantalates such as La; ;TaO;
with NiO cocatalyst were also reported to evolve hydrogen
under ultraviolet light irradiation from water.!

4.1.3. Group VIB Metal Oxides

Group VIB metal oxides, in particular, W and Mo-based ones
were found to be active for water splitting under ultraviolet
light irradiation though they also have optical absorption in
visible region. It was interesting to study tetrahedral WO, as
an active site for water splitting because most of conventional
transition metal oxides were composed of octahedral struc-
ture. Photocatalytic activity of PbWO, for water splitting was
achieved with a combination of crystallized PbWO, with a high
dispersion of RuO, particles.®? The findings also suggested the
importance of hybridized d'°S? configuration of Pb?* with d°
configuration of W% in water splitting because no significant
activity was observed for CaWO, and ZnWO,. PbMoO, was also
photoactive for sacrificial water splitting with the assistance of
surface-deposited platinum.®3) Moreover, metal tungstates (e.g.
Na,W,043,84 Bi,W,0,,®] Bi,WO,® ZrW,048) and metal
molybdates (e.g. (AgBi)osMoO,,B”) (NaBi)ysMoO,*”)) showed
photocatalytic activity for water splitting under ultraviolet light
irradiation.

4.1.4. Group IlIA, IVA and VA Metal Oxides

Group I1IA metal oxides containing metal ions (e.g. Ga*t, In*")
with d!° configuration and relatively wide band gap were active
for water splitting under ultraviolet light irradiation. Ga,0; has
five different polymorph phases (¢, B, ¥, 6, €). Among them,
B-Ga,0; is the most thermodynamically stable.l®® The photo-
catalytic activity of -Ga,0; supported with Ni cocatalyst was
effectively improved by the addition of a small quantity of metal
cations such as Ca, S, Ba, Cr, Ta and Zn ions.® Particularly,
the addition of Zn ions enhanced the photocatalytic activity
most remarkably. The photocatalytic activity of bare Ga,0;
was not influenced by the incorporation of Mg, Ni and La ions
while the photocatalytic activity was negatively impacted by the
incorporation of Ti, Fe, Co, Cu, Nb and Rh ions. When loaded
with Cr,0; and CuO, as cocatalysts, the photocatalytic activity
of B-Ga,0; was greatly improved in hydrogen evolution rate.[’
It was reported that Ga,0; with tunable o—f phase junction
significantly enhanced the photocatalytic activity over o or f8
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phase structures due to efficient charge separation and transfer
across the o—f phase junction.’] On the contrary, the disor-
dered structure at the interface of yGa,03 and -Ga,0O; served
as defects and charge recombination centers to compromise the
photocatalytic activity.*!

Besides, Ga,0; and In,0; were mixed to yield mixed metal
oxide Gaj4Inggs0;, which displayed the high photocatalytic
activity for HER in aqueous solution of methanol and OER in
aqueous solution of silver nitrate.’3l In,05 and Y,0; were also
mixed to yield Y;3Ingy;03, which exhibited high photocatalytic
activity when loaded with RuO, cocatalyst. The enhancement
was attributed to the deformation of InOg/YOq octahedral units
as well as the lifting of conduction band levels.** Other mixed
metal oxides such as Caln,0,, SrIn,0,, Baln,0,, Sr,SnO, and
NaSbO; loaded with RuO, cocatalyst were studied with respect
to their photocatalytic activity in HER under ultraviolet light
irradiation. Among them, RuO,-loaded Caln,O, exhibited the
highest photocatalytic activity for hydrogen and oxygen evolu-
tions from pure water.’”” In contrast, RuO,-loaded alkaline
metal indates such as LiInO, and NalnO, were also synthe-
sized. RuO,-loaded LiInO, showed poor photocatalytic activity
while Ru-loaded NaInO, exhibited the photocatalytic ability to
decompose water towards hydrogen generation.l®l Groups IVA
and VA metal oxides (e.g. Ge*, Sb>") were applied as photo-
catalysts for water splitting under ultraviolet light irradiation.
The mixed oxides Zn,GeO, and LilnGeO, loaded with RuO,
cocatalyst exhibited the photocatalytic activity correlated with its
dipole moments."’! Likewise, RuO,-loaded antimonites such as
NaSbO;, CaSb,04, Ca,Sb,0, and Sr,Sb,0; were photocatalyti-
cally active towards hydrogen generation.®®l

4.2. Metal Chalcogenide Photocatalysts

Metal chalcogenides are attractive visible light-sensitive pho-
tocatalysts for hydrogen production due to the relatively high
conduction band position. Generally, most of the metal chalco-
genide photocatalysts consist of metal cations with d° configu-
ration (e.g. group IB: Cu, Ag; group IIB: Zn, Cd; group IIIA:
Ga, In; group IVA: Ge, Sn). In addition to binary metal chalco-
genides, multinary metal chalcogenides have also been investi-
gated recently.

4.2.1. Group 11B Metal Chalcogenides

Group IIB metal chalcogenides including ZnS, CdS and CdSe
are the most popular photocatalysts. However, the metal chal-
cogenides are prone to photocorrosion in aqueous solutions
under irradiation. Thus numerous efforts have been made to
overcome this limitation by using suitable sacrificial agents. In
general, Na,S and Na,SO; mixture has been widely used as sac-
rificial agents.

ZnS: With a wide band gap (=3.6 eV), ZnS can directly absorb
ultraviolet light to demonstrate high photocatalytic activity
in hydrogen production without the need to deposit expen-
sive charge transfer cocatalyst like Pt or RuO,.””) A number
of attempts have been made to realize visible light response
of ZnS by doping with foreign elements such as Cu, Ni or Pb
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Figure 7. UV-vis absorption spectrum of metal ions doped ZnS
photocatalyst. Reproduced with permission.l'38l Copyright 2009, RSC.

for exhibiting high photocatalytic activity in HER in the pres-
ence of hole scavenger even without noble metal cocatalyst.['?
As shown in Figure 7, metal ions were doped to significantly
improve the visible light absorption due to the transitions of
dopant levels to the conduction band of ZnS.[1321002<] Metal
cation-doped ZnS showed the photocatalytic activity for HER
without a loading with cocatalysts such as Pt, indicating that
the high conduction band of ZnS is maintained after the
doping with metal cations. Besides the doping with metal ions,
Muruganandham et al. first reported the co-doping with N and C
in hierarchical porous microspheres of Zn§ as a visible light-
responsive photocatalyst.[100d]

CdS: With a suitable band gap (=2.4 eV), CdS is one of the
most studied metal chalcogenide photocatalysts for water split-
ting under visible light irradiation. The photocatalytic activity of
CdS is not so effective because photogenerated electrons and
holes cannot be efficiently separated and transferred.l'®! To
improve the photocatalytic activity for hydrogen production,
extensive researches have been focused on the preparation of
CdS with different morphologies/structures, the modifications
with cocatalyst, and the hybridizations with other semiconduc-
tors (to be discussed in the next section).[102

CdS photocatalysts were prepared with various morpholo-
gies such as nanoparticles, nanospheres, nanorods, nanow-
ires and nanosheets to improve photocatalytic hydrogen
production.'/1>193] Sathish et al. demonstrated the size effect
of CdS nanoparticles of less than 10 nm in size to alter the
photocatalytic activity for hydrogen production. The smaller
sized nanoparticles decrease the migration distance of the
photogenerated electrons and holes to the reaction sites on
the surface, which greatly reduces the recombination prob-
ability and thus increase photocatalytic activity.'®®*P Li et al.
reported the preparation of CdS nanospheres (solid or hollow)
and nanorods in larger size for HER under visible light irradia-
tion. As compared to hollow nanospheres and nanorods, solid
nanospheres are beneficial to suppress the recombination of
electrons and holes, which can quickly migrate to the reaction
sites on surface to react with water and sacrificial agents for
improving photocatalytic activity.1%¢l Jiang et al. demonstrated
that CdS nanowires with higher crystallinity showed higher
rate of photocatalytic hydrogen production under visible light
irradiation.l'9 Xu et al. reported ultrathin CdS nanosheets
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stabilized by L-cysteine were efficient visible light-driven photo-
catalyst for hydrogen production.[101b)

CdS photocatalysts were prepared with different structures
such as crystal structure, crystallinity and defects to improve
photocatalytic hydrogen production. In an early example,
Matsumura et al. reported the photocatalytic activity of CdS
powder with different crystal structures and found that the
Pt-loaded CdS powder with a hexagonal crystal structure was
much more efficient than that with a cubic crystal structure.1%4
Bao et al. studied the photocatalytic activity of phase-controlled
CdS nanocrystals and demonstrated the highest photocatalytic
activity of hexagonal CdS with good crystallinity among dif-
ferent phases of CdS.'%! Jang et al. revealed that CdS nanow-
ires with higher crystallinity exhibited higher photocatalytic
efficiency because of less defects which minimize the recom-
bination center of photoinduced electron-hole pairs.'®d Fan
et al. demonstrated that high temperature calcination of hex-
agonal CdS in Ar atmosphere eliminated the trap energy levels
for improving the photocatalytic activity, thereby decreasing
the recombination rate of photogenerated charge carriers. The
treated CdS exhibited 55.8 times higher in photocatalytic activity
for hydrogen production under visible light irradiation.[1%°]

Besides the control in morphologies and structures, CdS
photocatalysts were modified with cocatalysts (e.g. noble metals
or noble metal compounds) to stimulate charge transfer and
reduce the recombination rate of photoinduced charges for
enhancing photocatalytic hydrogen production. Sathish et al.
investigated various noble metal (Pt, Pd, Ru or Rh)-loaded CdS
nanoparticles on their photocatalytic hydrogen evolution rates.
Pt is found to be a favorable cocatalyst for hydrogen evolution.
It was observed that the hydrogen production activity of Ru-
loaded CdS nanoparticles is lower than that of the naked CdS
due to the strong ruthenium-hydrogen bond which inhibits
HER on the surface of ruthenium.3*P Bao et al. designed
and prepared nanoporous CdS nanostructures (i.e. nanosheets
and hollow nanorods with large surface area) loaded with Pt
nanocrystals as cocatalyst. The high hydrogen production yield
of =4.1 mmol h™! under visible light irradiation (A > 420 nm)
was achieved, corresponding to the apparent quantum yield
of =60.34% measured at 420 nm. The Pt cocatalyst is signifi-
cantly crucial for efficient charge separation, fast transport
of photogenerated carriers, and fast photochemical reaction
at the interface of CdS/electrolyte.'f] Xu et al. reported that
ultrathin CdS nanosheets loaded with 1 wt% PdS as a cocata-
lyst enhanced the apparent quantum efficiency from 1.38 to
9.629.[1010]

The simultaneous loading of suitable dual cocatalysts may
increase the photocatalytic activity of semiconductors. Yan et al.
reported that the PdS and Pt co-loaded CdS achieved extremely
high apparent quantum efficiency of 93% at 420 nm for photo-
catalytic hydrogen production in the presence of sacrificial rea-
gents. The co-existence of PdS acting as an oxidation cocatalyst
and Pt (or Pd) acting as a reduction cocatalyst is supposed to
be beneficial for the efficient separation and transfer of photo-
excited electrons and holes, thus contributing to the extremely
high quantum efficiency. The PdS can also protect CdS from
photocorrosion, and make the photocatalyst very stable under
the photocatalytic reaction conditions. This co-loading strategy
of suitable dual cocatalysts demonstrates the possibility of
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realizing visible-light-responsive photocatalytic hydrogen pro-
duction with a quantum efficiency approaching to the level of
natural photosynthesis (95%).1%7] The loading of noble metals
as cocatalysts may improve the photocatalytic hydrogen pro-
duction efficiency but the high cost may limit their practical
application. It is therefore necessary to explore new non-noble
metals as cocatalysts,'*! which make the renewable hydrogen
production more economical. Luo et al. prepared Ni-doped
CdS hollow spheres with enhanced photocatalytic activity and
durability.'%! Zhang et al. reported the synthesis and evaluation
of low cost NiS-loaded CdS photocatalysts under visible light
irradiation. In the absence of noble metals, a high quantum
efficiency of 51.3% was measured at 420 nm.['%’]

CdSe: With a suitable size-dependent band gap, CdSe is also
one of the most studied metal chalcogenide photocatalysts for
water splitting under visible light irradiation. CdSe nanocrystals
with size below 10 nm are also known as quantum dots, exhib-
iting unique quantum size effect (size-dependent band gaps).
Holmes et al. studied the relationship between the degree of
quantum size confinement in suspended CdSe nanocrystals
and their photocatalytic activity of water splitting.'1% Higher
hydrogen production rates were observed in CdSe nanocrys-
tals with diameter of 2.25-3 nm. The results emphasized the
dependency of charge transfer kinetics on thermodynamic
driving force of the reaction, as predicted by theory, and the
possibility of fine-tuning photocatalytic activity through particle
sizing. Huang et al. reported the core-shell CdSe/ZnS quantum
dots functionalized with cobaloxime for efficient hydrogen
production under visible light irradiation in the presence of a
proton source and a sacrificial electron donor.™U It was dem-
onstrated that the quantum dots have the ability to store and
donate multiple electrons to the adsorbed cobaloxime catalysts,
playing a key role in improving the photocatalytic efficiency.
Tongying et al. reported that the core-shell CdSe/CdS nanow-
ires exhibited very high photocatalytic efficiency for hydrogen
generation, which is thirty times higher than that of the bare
CdSe nanowires.'!?l CdSe is the active species responsible
for chemical reduction processes despite of the presence of
a CdS shell on it. This stems from ultrafast charge transfer
between the shell and the core in CdS/CdSe nanowires. In a
recent work, Han et al. demonstrated a robust and highly active
CdSe nanocrystals loaded with nickel as photocatalyst for solar
hydrogen generation in water. A high efficiency of >36% at the
excitonic peak (520 nm) was observed with the assistance of
sacrificial reagents.!'] (Figure 8)

4.2.2. Multinary Metal Chalcogenides

In addition to the widely studied Group IIB metal chalcoge-
nides, there are more multinary metal chalcogenides prepared
with the combined use of two or more groups from group IB
(Cu, Ag),M4 group 1IB (Zn, Cd),™ group IIIA (Ga, In)!®l
and group IVA (Ge, Sn).l'?d For example, ZnS was alloyed with
other metal (e.g. Cu, Ag, In) sulfide to produce solid solutions
such as ZnS—-CulnS,,11>171 ZnS_Cus 18 AginZn,S,,1"°
(AgIn),Zny; S, (Culn),Zny; S, M7 ZnS—CulnS,-
AgInS, M and ZnS-In,S;~CuSM?Y for improving the photo-
catalytic properties of ZnS in the visible light.'?!l Ye et al.
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Figure 8. Schematic illustration of the CdSe nanocrystals capped with
dihydrolipoic acid (DHLA) as the light absorber and relevant energies
for H, production. dHA indicates dehydroascorbic acid. Potentials are
shown versus that of an NHE at pH = 4.5. Reproduced with permis-
sion.""3] Copyright 2012, AAAS.

reported the synergistic effect of ZnS and Culn$, alloy nanorods
in visible light driven photocatalytic hydrogen production./''7"
Through alloying ZnS with CulnS,, it alleviated the limita-
tion of wide band gap ZnS for visible-light utilization and
meanwhile improved the conduction band of CulnS, for
photocatalytic reduction of water to hydrogen. This strategy

www.advancedsciencenews.com

effectively modified the band structure of the semiconductors
and improved the photocatalytic activity under visible light irra-
diation. Further, the photocatalytic activity of ZnS-CulnS, was
enhanced with the loading of cocatalyst such as Pt and Pd,S
onto ZnS-CulnS, nanorods (Figure 9).

Likewise, a series of (Culn),Zn,_yS, microspheres was also
reported to exhibit photocatalytic hydrogen evolution activity
under visible light irradiation.'?”l The change in composi-
tion greatly modified the band gap of the solid solution. The
highest photocatalytic activity was obtained from Ru-loaded
Zn, ¢Cug,Ing,S, with an apparent quantum yield of 15.45%
at 420 nm. Besides the change in the energy band structure,
surface area and crystallite size also contributed to the differ-
ence in photocatalytic performance. The alloying of CulnS,
with CuGas, also led to an enhancement towards photocatalytic
performance because the CulnS, band gap structure alone is
not appropriate to overcome the reaction overpotential.''®" The
incorporation of Ga into CulnS, effectively modified the band
structure by raising the conduction band and thus providing a
larger driving force to photogenerate carriers for activating the
water splitting reduction reaction. However, when the concen-
tration of Ga was too high, the band gap became wider and this
reduced the concentration of photogenerated carriers available
for water splitting, thus resulting in a detrimental decrease in
hydrogen conversion rate. Therefore, the optimum concen-
tration of Ga in Culng;Ga,;S, was obtained to achieve the
highest hydrogen generation rate. In a similar study, In was
substituted with Ga in the AgGa$, to modify the band gap of
AgGay_In,S,1%] The highest hydrogen evolution rate was
observed in Agln,;Gag oS, under visible light irradiation. Also, it
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Figure 9. A) TEM and B) HRTEM images of ZnS-CulnS, alloy nanorods. C) Schematic depiction of photocatalytic H, production from water with a
photocatalyst system based on a hybrid nanostructure that consists of a semiconductor nanorod and a metallic/conducting cocatalyst. D) Photocatalytic
hydrogen production under visible-light illumination by CulnS, (CIS) nanorods, ZnS—CulnS, (ZCIS) nanorods, ZCIS—Pt hybrid nanocrystals, and
ZCIS—Pd,S hybrid nanocrystals from an aqueous solution containing 0.25 m Na,SO; and 0.35 m Na,S. Reproduced with permission.I'7l
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was suggested that the unique hierarchical microarchitectures
introduced large surface area and active site, which were benefi-
cial for the photocatalytic hydrogen evolution.

5. Electrocatalytic Water Splitting

The electrolysis of water has been used commercially to pro-
duce hydrogen since early 1900s, accounting for =4% of today’s
hydrogen production.l'?l This water splitting process is tech-
nologically simple but still lacks of the significant commercial
impact due to high energy consumption. To improve the reaction
kinetics and efficiency of water electrolysis, electrocatalysts are
applied to the anode and cathode for catalyzing the electrocata-
lytic water reduction and oxidation reactions, respectively. Cur-
rently, noble metals are commonly employed as water splitting
electrocatalysts. 11?4 and Rul'?#1%] a5 well as their oxides!!'?°!
are applied at the anode to enhance OER for water oxidation
reaction while Pt is the well-known hydrogen evolution catalyst
at the cathode to enhance HER for water reduction reaction. In
the recent years, great efforts have also been made to develop
binary or ternary non-noble metals or oxides in water oxidation
electrocatalysts (e.g. Fe, 127 Ni-Fe,[1?8] Ni-Co, 2% Ni-Fe-Col!3% and
CaMn,O,!) and non-noble metal oxides, sulfides and phos-
phides water reduction electrocatalysts (MoO;_,[133 WO,,[133]
WO, 134 MoS, 1351 WS, 135 CoP, 136 Co,PI1¥7) and Ni,Pli37a138])
for cost-competitive electrocatalysis. The non-noble metal elec-
trocatalysts were also extended to bifunctional types such as
TIN@Ni;N, 13 Ni;Se,/Ni, % CoO/CoSe,"*!] and CoMnO@
CNI2 for both HER and OER in overall water splitting.

Oxygen Evolution Reaction (OER): The integration of oxides
with other metal substrates has been proven to enhance elec-
trocatalytic water oxidation reaction. Yeo et al. examined this
by depositing Co;O4 on Au as well as other metallic sub-
strates. It was found that the OER activity of Au-supported
Co30, was 40 times higher than its bulk counterpart, whereas
Co;0, with other metal substrates exhibited less significant
enhancement.!*3] The OER activity of Co;0, increased with the
increasing electronegativity of metal substrates in a sequence of
Au > Pt > Pd > Cu > Co. The more electronegative Au promoted
the oxidation of cobalt oxide to obtain an increase population
of Co*!, which was essential for the OER to occur. Meanwhile,
novel functional nanostructures have been explored as elec-
trodes to tune their properties and improve electrocatalytic
performances. A comparative study of Ru, Ir and Pt nanopar-
ticles and their bulk materials on the electrocatalytic OER was
examined.['?!l It was found that the intrinsic OER activities for
nanoparticle catalysts decreased in the order of Ru > Ir > Pt.
Ru nanoparticles showed outstanding OER performance but its
practical application was limited by its stability problem while
Pt nanoparticles suffered from additional deactivation com-
pared to its bulk catalyst. Lee et al. studied the OER activities of
noble metal oxide electrocatalysts such as RuO, and IrO, nano-
particles in acid and alkaline solutions.'?% For the two electro-
catalysts, RuO, nanoparticles were found to have slightly higher
intrinsic OER activities than IrO, in both acid and basic solu-
tions. In another study, the particle size effect on the electro-
catalytic behaviour was also investigated using nanocrystalline
RuO,.'"* It showed that the polygonal prismatic nanocrystals
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of <20 nm in size showed an enhanced activity toward OER.
This was attributed to that the smaller nanocrystals exhibited
(110) and (100) oriented faces while the larger nanocrystals
exhibited an additional (140) oriented face accompanying a
decline in oxygen evolution activity. The (110)-(100) face edge is
thus thought to be a preferential site for OER, which is a desir-
able outcome from nanocrystal synthesis. Besides the facet-
dependent catalytic activities, amorphous Ru and its oxides
demonstrated an increased OER performance in comparison
to the crystalline phase (Figure 10).'2%] This was attributed
to the higher concentration of coordinatively unsaturated sites
in amorphous Ru, which facilitated the adsorption of reactants
easier than the crystalline counterpart. Likewise, RuO, sup-
ported on Sb-doped SnO, nanoparticles also exhibited greater
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Figure 10. A) XRD pattern of Ru nanoparticles before and after annealing
at temperatures from 150 to 700°C under argon atmosphere. Black vertical
lines represent the hexagonal crystal phase of Ru (JCPDS file 06-0663).
B) Electrocatalytic properties of the as-synthesized Ru nanoparticles in
their spin-coated films (1 layer, 3 layers and 5 layers) at room temperature
and their treated films under argon atmosphere at different temperatures
including 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650 and 700 °C.
Linear sweep voltammetry experiments recorded at fluorine-doped tin
oxide glass substrate in sodium sulphate solution (0.1 M, pH 6) at a
scan rate of 0.05 Vs™'. The current densities of the films were compared
at 1.23 V (vs. Ag/AgCl). Reproduced with permission.['?] Copyright 2015,
IOPscience.
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activity for OER than RuO, nanoparticles alone.l'*¢! The Sb-
doped SnO, nanoparticles also reduced the usage of noble
metals. It was reported that IrO,-RuO, supported on Sb-doped
SnO, nanoparticles exhibited similar performance as IrO,-
RuO, nanoparticles with a loading of 20 wt%.[1260)

Apart from the noble metal-based electrocatalysts, recently
earth-abundant electrocatalysts have attracted much atten-
tion in water oxidation reaction.'3%#’] Ni-doped Ni,Co; O,
nanowire arrays with large surface area and efficient charge
transfer have been demonstrated to be superior over their nan-
oparticle film equivalents in electrocatalytic OER.I"7" Amor-
phous binary and ternary metal oxides films of Fe, Co, and Ni
with various metal composition were studied for electrocata-
lytic water oxidation.'3%148] It was found that a small amount
of Fe in the mixed oxide matrix (Fe;o_y,CoyNi,O,) produced
a significant improvement in Tafel slopes while exceeding Fe
concentration of >40% induced a detrimental effect. The binary
phases of Co and Ni did not produce optimal catalytic behavior
and the best catalytic performance was obtained for a film with
composition at Fe,yNig.'3%! In a similar report, the best amor-
phous electrocatalyst among the Fe-Ni-O, series was found to
be FegNi;gO,.1148]

Hydrogen Evolution Reaction (HER): Pt is the most ideal HER
electrocatalyst that requires a very low overpotential to generate
a large cathodic current density.'*] With high cost, it is less
competitive in practical application. MoS, becomes an alterna-
tive of active HER electrocatalysts('3515% since the first report
by Hinnemann et al. in 2005.1'! Both experimental and com-
putational results identified that the sulfur edges of MoS, are
the active sites for HER, which are structurally distinct from
the inactive bulk material. As a result, there are more research
focuses on optimising the edge sites of MoS, nanostructures.
Interestingly, amorphous MoS, nanostructures lacking of well-
defined edge sites exhibited better electrocatalytic activity than
the crystalline counterpart, which is probably attributed to the
abundant of defect sites in the amorphous structure.'>*152 To
improve the electrocatalytic performance of MoS,, tremendous
efforts have been made to engineer the electrocatalyst with
more number of exposed edges as active sites. However, the
poor intrinsic conductivity as a cathode material severely sup-
presses charge transport and thus the electrocatalysis efficiency.

Through synergistic structural and electronic modulations,
controllable disorder engineering and simultaneous oxygen
incorporation into MoS, electrocatalysts were achieved to effec-
tively improve HER performance. The short-range disordered
structure offered abundant unsaturated sulfur atoms as cata-
Iytically active sites for HER, and simultaneously the electronic
structure induced by oxygen incorporation further improved
the intrinsic conductivity.'>?"! Besides, the direct growth of
MoS, and WS, on carbon with vertically oriented nanosheet
layers was reported to increase the active edge sites, overcome
the limited electron/proton transport and facilitate fast release
of small gas bubbles to maintain a large working area.l'*® The
low bubble adhesion surface was also demonstrated from ori-
ented nanostructured superaerophobic MoS, film,[">3 which
reduce gas bubble adhesion to promote their evolution/release
from catalyst surface so as to maintain a constant working area
and enhance the electrolyte contact with catalyst.[1298140153] On
the other hand, the integration of MoS, nanoparticles with
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graphene led to a strong synergistic effect resulting from the
highly exposed edges of MoS, and excellent electrical proper-
ties of graphene.'>% The HER electrocatalysts showed excel-
lent HER activities with a small overpotential. Meanwhile,
analogous structures such as WS,['*>154 also provoked tre-
mendous interest as HER electrocatalysts for water splitting.
Besides, other oxides such as MoO;_,!'3 WO,[33l and WO,[134
also exhibited promising performance toward HER. There are
other molybdenum-based nanostructures that were studied as
HER electrocatalysts for water splitting, including MoB,[*>]
Mo,C 1351561 NiMoN,, "7 and Coy Moy 4N,.[158]

Further, a series of first-row transition metal dichalcoge-
nides (MX;, M = Fe, Co, Ni; X = S, Se) were studied as HER
electrocatalyst.'> The electrochemical studies showed that the
optimal Tafel slope of approximately 40 mV per decade were
achieved in CoS,, CoSe,; and NiS,, indicating the fast kinetics
to drive the HER among many others.'>* Meanwhile, metal
phosphide nanostructures!!36410 also expanded the family of
HER electrocatalysts, particularly CoP,[136+¢161 Co,PI137] and
Ni,P.['372138] The metal phosphide nanostructures with control-
lable size, morphology, stoichiometry and structure are very
appealing when considering that their physicochemical prop-
erties vary accordingly and thus influencing their electrocata-
lytic performance. For instance, the electrocatalytic properties
of CoP nanostructures with different morphologies, including
nanowires, nanosheets and nanoparticles were tested towards
HER, and the best electrocatalytic activity and stability were
obtained from CoP nanowires.'3% The high electrocatalytic
performance was attributed to the small charge transfer resist-
ance in CoP nanowires, which promoted fast electrode kinetics
while the catalyst stability was ascribed to the facile stacking
of 1D CoP nanowires into a 3D macroporous film on current
collector, which effectively facilitated bubble convection and
prevented accumulating hydrogen bubbles on the surface of
electrode and damaging the catalyst.

Meanwhile, the electrocatalytic of CoP was also compared to
Co,P towards HER.I'*”9 Both CoP and Co,P are highly crystal-
line and have statistically indistinguishable size, dispersibility,
faceting and overall morphological features to allow direct com-
parison on their HER activities based on their composition and
structure (Figure 11). The electrochemical analysis revealed that
the HER activities increased with increasing phosphorus con-
tent (Co < Co,P < CoP) while Co,P required a slightly higher
overpotential relative to CoP to drive HER. This suggested that
CoP with a larger Co—P bond length offered a higher density
of possible active sites that required proximal cobalt and phos-
phorus atoms on the surface.’3’ In another study, the HER
activity of Co,P was compared to that of Coq33Niye,P and
Ni,P."372l Among the three electrocatalysts with rod nanostruc-
tures, Co,P exhibited the highest HER activity, indicating the
importance of Co species in catalysing HER in water splitting.

6. Photoelectrochemical Water Splitting

For photoelectrochemical (PEC) water splitting, water is broken
down by electrical charges (i.e. electron-hole pairs) in catalysts
upon light irradiation, which involves the electrochemical
splitting of water into hydrogen and oxygen using the electrons
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Despite its large band gap, nanostructured
TiO, is one of the mostly studied PEC photo-
anode in the forms of nanowires,?*®163 nano-
tubes,['*Y nanorods, 1% and nanoflowers, 14!
owing to their enhancement in PEC perfor-
mance. With a narrow band gap of =2.6 eV,
WO; was recognized as an efficient visible
light-driven photoanode in PEC water split-
ting because of its ability to capture a size-
able fraction of solar spectrum, possess good
photostability in acidic environments, and
moderate hole diffusion length (=150 nm).
Morphological modifications and nano-
structuring of WO; are employed to increase
the PEC performance by either improving the
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charge transport property or enhancing
the photogeneration of charges. Jiao et al.
investigated the morphology-tailored WO,
as photoanode for PEC water splitting.[1°]
Various sheet-, wedge- and plate-like nano-
structures were directly grown into thin films
on transparent conductive glasses using dif-
ferent capping agents, and the highest photo-
conversion efficiency of =0.3% were obtained
from the sheet-like film under simulated
solar illumination. Other morphology-con-
trolled WO; photoanodes such as nanorods
and nanoplates were also reported to be
active under simulated solar illumination.1¢”]

Recently, the vertically aligned WO3; nano-
structured arrays have received great interest
as a promising photoelectrode because of
their superior PEC properties compared to
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Figure 11. TEM images of (A) Co,P and (B) CoP nanoparticles, with enlarged regions in the
insets. C) Polarization data (plots of current density vs. potential) in 0.5 M H,SO, for Co,P/Ti
and CoP/Ti electrodes, along with Pt mesh and bare Ti foil for comparison. The main plot
shows an expanded region from 0 to —100 mA cm~2 and —0.5 to 0 V, while the inset shows
an enlarged region from 0 to —20 mA cm™2 and —0.2 to 0 V. Reproduced with permission.['37cl

Copyright 2015, ACS.

and holes photogenerated, respectively. The first PEC water
splitting was accomplished by Honda and Fujishima in the
1970s using TiO, as photoanode and Pt as counter electrode.[1¢2]
Since then, great attention has been received to develop various
semiconducting metal oxides as photoanodes for PEC water
splitting owing to their resistance to photocorrosion and cost
effectiveness. Most of them are large band gap metal oxides
that require excitation under ultraviolet light for PEC water
splitting. In comparison, visible light-responsive oxides (e.g.
WO;, Fe,03, and BiVO,) are unable to perform water reduc-
tion to produce hydrogen from water due to their low conduc-
tion band. This shortcoming requires an external bias between
the photoanode and counter electrode so as to enable the oxide
semiconductors to be used for PEC water splitting.
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This is attributed to the enhancement of
charge transport properties resulting from
the direct charge-diffusion pathways found
in vertically aligned nanostructured arrays.
In comparison, the nanoparticle films have
numerous grain boundaries which increase
the interfacial charge recombination and
thus retard the electron transfer to the back-
contacted conductive substrate. In another
study, hierarchically organized and densely
interconnected WOj; nanocrystals as photo-
anode greatly improved the photocurrent density, which was 9
times higher than that of a dense WO; photoanode under sim-
ulated solar illumination (Figure 12).'%] This superior photo-
catalytic performance resulted from its nanoporous feature that
greatly improved charge transport properties as well as allowed
easy permeation of electrolyte into photoanode, thereby facili-
tating a shorter hole diffusion distance to electrolyte and effi-
cient electron/hole separation. Band gap engineering via doping
cations or anions into WO; was used to tailor the electronic
structure for improving PEC properties. A variety of dopants
such as cations (e.g. Mg, Mo, Cr, Ti, Zr, Hf)l'”% or anions (e.g.
C, N, S)[1704171] were investigated to improve the photocatalytic
properties of WOs;, either by shifting the conduction band
edge upward to a level above the hydrogen reduction potential

]
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Figure 12. SEM image of the tree-like nanoporous WO; photoanode. Inset
showing schematic illustration of charge transport/transfer processes in
WOj; photoanodes. The hierarchical nanoporous WO; photoanode has
enhanced charge transport (or separation) and transfer efficiencies due
to the open structure as well as partial orientation alignment. Reproduced
with permission.l®®l Copyright 2015, RSC.

or narrowing the band gap for visible light-driven enhancement
in photoactivity. Similarly, the integration of WO; with plas-
monic metals such as Au has been recognized as an effective
strategy to improve PEC water splitting performance because
of the enhanced light absorption, faster electron transport and
higher hole injection yield resulting from surface plasmonic
resonance effect of Au nanoparticles.!17<

Another promising photoanode for water oxidation reaction
and visible light-responsivity is hematite, o-Fe,03, which pos-
sesses a small band gap of 2-2.2 eV and thereby permits sig-
nificant visible light absorption up to 550-600 nm. Despite its
ability to absorb visible light and chemical stability, the PEC
activity of hematite is crucially limited by its poor electrical
conductivity, short hole diffusion length (2-4 nm), high charge
recombination rate, and poor OER kinetics. To overcome these
shortcomings, a number of processes are known to improve
the performance of hematite photoanode towards water split-
ting such as nanostructuring, doping and surface engineering
to tailor their structural, electronic and optical properties.
The poor electrical conducting property of hematite can be
improved using elemental doping to increase donor density
and further improve the electronic conductivity. A number of
metal ions (e.g. Ti, Zr, Sn, Cr, Mo, Si) were doped into hematite
as photoanodes for water splitting reaction.l'’? For instance,
Ti-doped hematite nanoparticles were reported to lower the
onset potential and significantly improve the photocurrent
density compare to the un-doped hematite.'’2¢l The enhanced
photocurrent was attributed to the improved donor density
and reduced electron hole recombination induced by doping
with Ti. Similarly, the enhanced PEC performance in Zr-doped
hematite was explained by a reduced electron-hole recombina-
tion, mainly due to the increased electrical conductivity as a
result of Zr doping.'’?] Sn dopant also served as an electron
donor to increase the carrier density for improving electrical
conductivity of hematite nanostructures.'7?d The effect of
doping not only yielded noticeable increase in electrical con-
ductivity, but also altered the surface electronic structure of
hematite, which likely contributed to the improved PEC per-
formance by passivating the surface trap states.'7?*M On the
other hand, the slow water oxidation reaction kinetics of hema-
tite photoanode can be addressed by surface modification with
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cocatalysts (e.g. IrO,, Co;04, Co-Pi, Ni(OH),).'”3] For instance,
the most effective water oxidation cocatalyst, IrO, nanoparti-
cles were coupled to the surface of hematite to significantly
reduce the onset potential by 0.2 V.[73" Likewise, Co;0,, Co-Pi
and Ni(OH), prepared by electrodeposition or atomic layer
deposition on hematite were developed as cheaper substitutes
to noble metal oxides to reduce the overpotential of hematite
photoanodes for water oxidation reaction.'73+<fl Alternatively,
surface engineering with a thin layer of metal oxides such as
AL O3, Ga,03, In,03, ZnOM4 or Agl!”5! on hematite photoan-
odes is an effective way to improve water oxidation reaction by
facilitating interfacial electron transfer, increasing photocur-
rent and reducing the onset potential for oxygen generation
from water.

In addition to simple oxides, mixed metal oxides such as
BiVO, have attracted broad interest as water oxidation photo-
catalysts under visible light illumination.l'”®l There are three
crystalline phases of BiVO, including monoclinic scheelite,
tetragonal scheelite and tetragonal zircon structures, with band
gaps of 2.4, 2.34, and 2.9 eV, respectively.'””] The crystalline
phases have strong influence on the photocatalytic properties
of BiVO,, particularly, monoclinic scheelite was reported to
exhibit higher photocatalytic activity for OER than the two other
phases.[”8l However, the pure BiVO, photoelectrode is limited
by its poor photocurrent stability and low incident photon to
current conversion efficiency at lower potentials, therefore high
voltage is required to obtain a fairly high conversion efficiency,
which may be associated with the high surface recombination
of photogenerated electrons and holes. Like other photoanodes,
doping and surface modification were used to overcome these
limitations. For instance, the doping of W into BiVO, increased
the conductivity and carrier density and thus improve PEC per-
formance than the undoped BiVO,.['7?! It was also reported that
the doping of 3% Mo into BiVO, significantly improved the
photocurrent due to the enhanced conductivity and a possible
increased hole diffusion length.'® The co-doping of Mo and
W into BiVO, showed a water oxidation photocurrent that was
more than 10 times higher than that of the undoped BivO,.['81
The active role of W and Mo facilitated the separation of excited
electron-hole pairs in BiVO,, thus leading to the enhanced
photocatalytic performance. On the other hand, surface modi-
fication with a cocatalyst such as CoPi on BiVO, electrode is
an effective way to lower the activation energy and decrease the
overpotential for water oxidation.'8? Particularly, the PEC effi-
ciency was enhanced 15 and 20 folds by CoPi in terms of OER
and current generation, respectively.'®3 In this study, CoPi
was suggested as a hole-conducting electrocatalyst to allow
the photogenerated electrons more mobile for consequently
increasing conductivity to boost the PEC water oxidation perfor-
mance of BiVO,. Also, the modification of BiVO, electrode with
Co30, improved the photoinduced charge separation efficiency
and stabilized the photocurrent.!'® Meanwhile, Co-boratel8’]
and Ni-boratel'®¢] were demonstrated to successfully co-catalyze
the PEC water oxidation of BiVO, electrode. In overall, the
cocatalyst modification on BiVO, electrode can clearly reduce
the water oxidation overpotential, promote the charge transfer
across the semiconductor—electrolyte interface, enhance the
stability of BiVO, photoanode, and thus result in higher PEC
water splitting activity.
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(A) (B)

Figure 13. Schematic diagrams for the photovoltaic-driven water-
splitting systems. A) Photovoltaic system and external electrolyzer.
B) Photovoltaic-integrated solar-driven water splitting device.

7. Photovoltaic-Integrated Photoelectrochemical
Water Splitting

Solar radiation can be converted to electrical energy through
a photovoltaic system,'®”] which can be employed to generate
electrical power for driving an external electrolyzer to pro-
duce hydrogen (Figure 13A). Considering a crystalline silicon
photovoltaic system with 18% efficiency coupled with an elec-
trolyzer with 80% efficiency, the combined solar-driven electro-
lyzer system yields a solar-to-hydrogen efficiency of =~14%,[188]
which can be further increased theoretically when coupled to a
photovoltaic system with higher efficiency. With separated con-
struction of solar cell and electrolyzer, the solar cell does not
required immersion into electrolyte and thus not susceptible
to corrosion. The photovoltaic-integrated solar-driven water
splitting directly utilizes renewable source of solar energy and
does not emit greenhouse gases during hydrogen production.
Although it is highly durable, the problem with this system also
involves high production and installation cost of solar photovol-
taics. This limitation is alleviated by integrating a photovoltaic
device with an electrolyzer into a single device (Figure 13B),
which reduces the cost and mechanical hurdles with separate
construction and interconnection of solar and electrochemical
cells.

Typically, such an integrated water splitting device comprises
of light absorbers made up with single or multiple junctions.
For instance, tandem configurations (mul-
tiple junctions) are conceived with the incor-
poration of light absorbers with different
band gaps, stacked on top of each other, there-
fore increasing photopotential and utilizing
a larger part of the solar spectrum. Another
way is to interconnect several single-junction
cells in series which allows the efficient use
of narrow band gap absorbers for better solar
light absorption while still contributing the
necessary photopotential to drive water split-
ting. These systems can increase the photo-
potential generated with a solar absorption
across a broader spectrum, achieving higher
solar-to-hydrogen efficiencies. In an early
example, Khaselev and Turner pioneered
monolithic tandem photovoltaic-PEC cells
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using GaAs and GalnP, to achieve a benchmark 12.4% solar-
to-hydrogen efficiency.'®) Later, Bradley et al. modified the sur-
face of GalnP, with phosphonic acids to shift the band edge
alignment, closer to the desired overlap with the water redox
potentials. The modification showed an improvement in band
edge energetics and photocurrent onset of GalnP,.'*" Peharz
et al. also demonstrated an integrated approach for solar water
splitting based on GalnP/GalnAs connected to a PEM electro-
lyzer and solar concentrator with solar-to-hydrogen efficiency
of 18%.11%1 Despite high efficiencies, GaAs and GalnP, are not
ideal for large-scale production, due to the high cost and scar-
city of their components.

Other recent advances also include solar water-splitting
device based on the combination of W-doped BiVO, photo-
anode and a two-junction silicon solar cell with a =4.9% solar-
to-hydrogen efficiency.l'*” The most notable work on “artificial
leaf” involved the use of a triple junction and amorphous silicon
photovoltaic interfaced to hydrogen- and oxygen-evolving cata-
lyst for yielding 4.7% efficiency.l'®3] Jacobsson et al. reported a
monolithic device for solar water splitting based on series inter-
connected Culn,Ga,_,Se, reaching over 10% solar-to-hydrogen
efficiency.'¥ Gritzel et al. combined a perovskite tandem solar
cell with a bifunctional earth-abundant NiFe layered double
hydroxide catalyst electrode to achieve a solar-to-hydrogen effi-
ciency of 12.3% (Figure 14).'%81 Likewise, smaller band gap
materials are generally unstable to photocorrosion in aqueous
solution. Moreover, highly acidic or highly alkaline electrolyte is
usually used to lower the overpotential with an enhanced chem-
ical corrosion. To ensure a stable water splitting operation, the
fragile photoabsorbers has to be physically protected from cor-
rosive electrolyte by coating or passivation of a stable integrated
PEC device in tandem configuration in spontaneous solar water
splitting.

Research efforts have recently focussed on the develop-
ment of promising transition metal oxides such as TiO,, WOs;,
Fe,0; and BiVO, as photoelectrode in tandem water splitting
device.l19219] The envisioned strategy is to develop PEC tandem
configurations based on a front visible light-absorbing metal
oxide photoelectrode combined with a rear small band gap solar
cell. In these tandem configurations, the front photoelectrodes
were composed of a material with a band gap of 2.2-2.5 eV,
which are active under a limited solar spectrum. This causes

§ e

Figure 14. A) Schematic diagram of the water-splitting device. B) A generalized energy sche-
matic of the perovskite tandem cell with NiFe layered double hydroxides/Ni foam electrodes
for water splitting. Reproduced with permission.l28l Copyright 2014, AAAS.
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Figure 15. A) Schematic diagram of the dye-sensitized solar cell tandem device with TiO, nanotube arrays@CdS@CdSe composite electrode for
hydrogen generation. B) |-V curves of the TiO, nanotube arrays@CdS@CdSe composite electrode and dye-sensitized solar cell in the two-electrode
system, C) ]t curve of the tandem cell, and D) calculated and generated amount of hydrogen gas from the tandem cell. Reproduced with permission.[1%>¢

Copyright 2015, Elsevier.

a serious photocurrent mismatch with the rear solar cells. To
increase the light harvesting of the front cell, a thicker photo-
electrode could be adapted. However, such an approach would
cause an abrupt decrease in the performance of the rear solar
cells due to the poor transparency. Consequently, it remains
challenging to synthesize a photoanode that exhibits not only
a high photocurrent density but also a high transparency for
tandem cells. Shin et al. designed high transparency front pho-
toanodes using vertically aligned one-dimensional TiO, arrays
on transparent conducting oxide which could maximize the
light transmission properties for tandem configurations.[%>
For efficient visible light harvesting, CdS and CdSe composite
particles were co-deposited onto the TiO, nanotubes in tandem
with dye-sensitized solar cells. Owing to the improved light
transmission and PEC properties of the composite materials,
the tandem device accomplished a solar-to-hydrogen efficiency
of =2.1% in unassisted solar hydrogen generation (Figure 15).
Recently, optically transparent amorphous OER electrocata-
lyst, iron nickel oxide was deposited on high-aspect ratio nano-
structured hematite photoanodes in a perovskite tandem cell
water splitting device. The low catalyst loading combined with
its high activity at low overpotential resulted in significant
improvement on the onset potential for PEC water oxidation
and achieved solar-to-hydrogen conversion efficiencies in excess
of 1.9%.11%1 In another study, Gurudayal et al. has demonstrated
the use of a single organic-inorganic halide perovskite solar cell
to drive PEC water splitting with a solar-to-hydrogen efficiency
of 2.4%. Stacking this with a Mn-doped hematite photoanode
has extended optical absorption and achieved high efficiency

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

incorporating a single solar cell and hematite photoelectrode
for cost effective water splitting.'®¥ Shi et al. demonstrated
a wireless monolithic tandem device composed of bipolar
highly transparent BiVO,-sensitised mesoporous WO; films/
Pt and a porphyrin-dye-based photoelectrode achieving 5.7%
without any external bias.'¢l A sandwich infiltration process
was used to produce a thin BiVO, layer coated onto mesoporo-
usWO; films while preserving high transparency, enabling high
photonic flux into the second dye-sensitised photoanode.

8. Conclusions and Outlook

The demand of world energy is increasing but the major
sources of energy still come from the Earth's reserves of fossil
fuels particularly oil, coal and natural gas. Besides the com-
monly used steam reforming of natural gas, water splitting
appears to be a very promising solution to produce hydrogen
in the pursuit of carbon-free and environmentally friendly
energy. As the most available source on Earth and also the
major resource of hydrogen, water is the main constituent in
water splitting driven by different energy forms. Nowadays,
water electrolysis has accounted for 4% of the world’s hydrogen
production. In the trend of recent research, there is a greater
focus on solar energy driven hydrogen production. Through
direct water splitting under sunlight, endless source of clean
fuel can be produced for various applications. To improve
the hydrogen generation efficiency, catalytic water splitting
is emphasized in recent research including electrocatalysis,
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photocatalysis, thermochemical cycle and enzymatic reaction.
Also, it is potentially important to convert biomass to hydrogen
by biochemical energy via biological processes. A variety of sus-
tainable hydrogen production pathways is not only limited to
thermolysis, electrolysis, photolysis and biolysis of water, but
also focus on their combinations including thermoelectrolysis,
photoelectrolysis and biophotolysis of water.

In this review, we present the new advances in water
splitting with focuses on photocatalytic and electrocatalytic
hydrogen production. Many water splitting photocatalysts such
as metal oxides with wide band gaps are successfully devel-
oped to be highly photoactive under ultraviolet light irradia-
tion. One notable example is the highly efficient water splitting
using NiO/NaTaO;:La photocatalyst with a maximum apparent
quantum yield of 56% at 270 nm.”®l As ultraviolet light
accounts for only a small portion (4%) of solar energy, it is
critical to develop more efficient photocatalysts under visible
(53%) and infrared (43%) light irradiation so as to utilise more
of the solar spectrum. However, only very low photocatalytic
efficiencies were achieved until a recent work on visible light-
absorbing metal chalcogenides such as CdSe photocatalyst with
a high efficiency of >36% at excitonic peak (520 nm) with the
assistance of sacrificial reagent. Therefore, the narrow band gap
semiconductor materials bring great potential to achieve high
efficiency across a broader visible spectrum through band gap
engineering by tuning size, doping metal/non-metal elements
or altering/reducing high conduction band position to modify
the band structure of photocatalysts for enhancing photogen-
erated charge separation. When the visible light-responsive
metal oxides such as WOs3, Fe,O3 and BiVO, with low conduc-
tion band of >0, they are unable to perform water reduction to
produce hydrogen from water. This shortcoming requires an
external bias between the photoanode and counter electrode
so as to enable the oxide semiconductors for use in PEC water
splitting.

On the other hand, the electrolysis of water is used com-
mercially for hydrogen production. In addition to the currently
used noble metal-based electrocatalysts, emerging non-noble
metal-based electrocatalysts such as transition metal alloys,
oxides, sulphides and phosphides (e.g. Ni-Fe, Ni-Fe-Co, MoO;_,,
WO,, WO3, MoS,, WS;, CoP, Co,P, Ni,P,) as well as bifunc-
tional electrocatalysts (e.g. TIN@Ni;N, Ni;Se,/Ni, CoO/CoSe,,
CoMnO@CN) have been developed for cost-competitive water
electrolysis. In addition to the direct use of electrical energy, a
wide spectrum of solar radiation can be converted to electrical
energy through a photovoltaic system for driving an external
electrolyzer to produce hydrogen. Besides the separated con-
struction and combined use of a solar cell with an electrolyzer,
a photovoltaic device which comprised of light absorbers with
different band gaps can be integrated with an electrolyzer into
a single device to reduce the overall cost for hydrogen produc-
tion when compared with coupled photovoltaic-electrolysis sys-
tems. Although this technology is still in experimental stages, it
already demonstrates promising efficiencies and reduced costs
for hydrogen production.

As non-renewable hydrogen production methods can only
serve as a short-term supply for the hydrogen economy, various
renewable strategies are being developed to enable a hydrogen
economy, which is expected to be realized as soon as possible
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before irreversible damage is done onto environment by a fossil
fuel based economy. It is anticipated that the low cost, environ-
mentally friendly photocatalytic water splitting at benign oper-
ating condition for hydrogen production will play an important
role in the hydrogen production and contribute much to the
coming hydrogen economy. In overall, solar driven hydrogen
generation is ideal to produce green energy but it is an ongoing
challenge to achieve this goal. Importantly, various factors such
as electronic properties, chemical composition, structure, crys-
tallinity, surface states and morphology of catalysts need be
carefully considered to tune and determine their photocatalytic
activity for drastically improving hydrogen production effi-
ciency in practical applications.

Acknowledgements

This work was jointly supported by the Institute of Materials Research
and Engineering and the National University of Singapore.

Received: September 2, 2016
Revised: September 30, 2016
Published online: January 13, 2017

[1] R. Lee, Science 2011, 333, 569.

[2] K. Christopher, R. Dimitrios, Energy Environ. Sci. 2012, 5, 6640.

[3] M. Y. Azwar, M. A. Hussain, A. K. Abdul-Wahab, Renew. Sustainable
Energy Rev. 2014, 31, 158.

[4] A. Steinfeld, Sol. Energy 2005, 78, 603.

[5] C. Acar, |. Dincer, Int. J. Hydrogen Energy 2014, 39, 1.

[6] A. Hauch, S. D. Ebbesen, S. H. Jensen, M. Mogensen, J. Mater.
Chem. 2008, 18, 2331.

[7] M. Gétz, J. Lefebvre, F. Mérs, A. McDaniel Koch, F. Graf, S. Bajohr,
R. Reimert, T. Kolb, Renew. Energy 2016, 85, 1371.

[8] A. Kudo, Pure Appl. Chem. 2007, 79.

[9] M. Kong, Y. Li, X. Chen, T. Tian, P. Fang, F. Zheng, X. Zhao, J. Am.
Chem. Soc. 2011, 133, 16414,

[10] a) Y. Zheng, L. Lin, B. Wang, X. Wang, Angew. Chem. Int. Ed.
2015, 54, 12868; b) W. J. Ong, L. L. Tan, S. P. Chai, S. T. Yong,
Dalton Trans. 2015, 44, 1249; c) X. Zhang, X. Zhao, D. Wu, Y. Jing,
Z. Zhou, Advanced Science 2016, 3, 1600062; d) W. J. Ong, L. L. Tan,
Y. H. Ng, S. T. Yong, S. P. Chai, Chem Rev 2016, 116, 7159.

[11] J. Yang, D. Wang, H. Han, C. Li, Acc. Chem. Res. 2013, 46, 1900.

[12] a) ). Schneider, D. W. Bahnemann, J. Phys. Chem. Lett. 2013,
4, 3479; b) C. R. Lépez, E. P. Melidn, ). A. Ortega Méndez,
D. E. Santiago, ). M. Dofia Rodriguez, O. Gonzalez Diaz,
J. Photochem. Photobiol., A 2015, 312, 45; c) M. D. Regulacio,
M. Y. Han, Acc. Chem. Res. 2016, 49, 511.

[13] a) A. Kudo, Y. Miseki, Chem. Soc. Rev. 2009, 38, 253; b) T. Hisatomi,
J. Kubota, K. Domen, Chem. Soc. Rev. 2014, 43, 7520.

[14] J. Ran, ). Zhang, . Yu, M. Jaroniec, S. Z. Qiao, Chem. Soc. Rev.
2014, 43, 7787.

[15] a) X. Chen, S. S. Mao, Chem Rev 2007, 107, 2891; b) S. Liu,
S.-Q. Bai, Y. Zheng, K. W. Shah, M.-Y. Han, ChemCatChem 2012, 4,
1462; c) W. J. Ong, L. L. Tan, S. P. Chai, S. T. Yong, A. R. Mohamed,
Nanoscale 2014, 6, 1946, d) W. ). Ong, L. L. Tan, S. P. Chai,
S. T. Yong, A. R. Mohamed, ChemSusChem 2014, 7, 690.

[16] a) K. Sayama, H. Arakawa, J. Phys. Chem. 1993, 97, 531;
b) K. Sayama, H. Arakawa, J. Photochem. Photobiol., A 1996, 94,
67; c) V. R. Reddy, D. W. Hwang, ). S. Lee, Korean J. Chem. Eng.
2003, 20, 1026.

wileyonlinelibrary.com (19 of 24) 1600337



1600337 (20 of 24) wileyonlinelibrary.com

ADVANCED
SCIENCE

Open Access,

ADVANCED
SCIENCE NEWS

www.advancedscience.com

[17] A. Murphy, P. Barnes, L. Randeniya, I. Plumb, I. Grey, M. Horne,
J. Glasscock, Int. J. Hydrogen Energy 2006, 31, 1999.

[18] a) R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Science 2001,
293, 269; b) C. Burda, Y. Lou, X. Chen, A. C. S. Samia, J. Stout,
J. L. Gole, Nano Lett. 2003, 3, 1049; c) . Yuan, M. Chen, . Shi,
W. Shangguan, Int. J. Hydrogen Energy 2006, 31, 1326; d) H. Luo,
T. Takata, Y. Lee, ). Zhao, K. Domen, Yan, Chem. Mater. 2004, 16,
846; e) Y. Cong, ). Zhang, F. Chen, M. Anpo, J. Phys. Chem. C 2007,
111, 6976; f) S. In, A. Orloy, R. Berg, F. Garcia, S. Pedrosa-Jimenez,
M. S. Tikhov, D. S. Wright, R. M. Lambert, J. Am. Chem. Soc. 2007,
129, 13790; g) G. Wu, ). Wang, D. F. Thomas, A. Chen, Langmuir
2008, 24, 3503; h) J. Li, N. Lu, X. Quan, S. Chen, H. Zhao, Ind.
Eng. Chem. Res. 2008, 47, 3804; i) ). Cao, Y. Zhang, H. Tong, P. Li,
T. Kako, J. Ye, Chem. Commun. 2012, 48, 8649; j) D. H. Wang,
L. Jia, X. L. Wu, L. Q. Lu, A. W. Xu, Nanoscale 2012, 4, 576;
k) K. M. Parida, S. Pany, B. Naik, Int. J. Hydrogen Energy 2013, 38,
3545; 1) C. Wang, Q.-Q. Hu, ).-Q. Huang, Z.-H. Deng, H.-L. Shi,
L. Wu, Z.-G. Liu, Y.-G. Cao, Int. J. Hydrogen Energy 2014, 39, 1967.

[19] W. Choi, A. Termin, M. R. Hoffmann, J. Phys. Chem. 1994, 98,
13669.

[20] a) T. Umebayashi, T. Yamaki, H. Itoh, K. Asai, J. Phys. Chem. Solids
2002, 63, 1909; b) B. Liu, H. M. Chen, C. Liu, S. C. Andrews,
C. Hahn, P. Yang, J. Am. Chem. Soc. 2013, 135, 9995; c) C. Wang,
Z. Chen, H. Jin, C. Cao, J. Li, Z. Mi, J. Mater. Chem. A 2014, 2,
17820; d) A. Wang, H. Jing, Dalton Trans. 2014, 43, 1011.

[21] a) M. Zalas, M. Laniecki, Sol. Energy Mater. Sol. Cells 2005, 89, 287;
b) J. Reszczyriska, T. Grzyb, |. W. Sobczak, W. Lisowski, M. Gazda,
B. Ohtani, A. Zaleska, Appl. Surf. Sci. 2014, 307, 333; c) ). Fonseca
de Lima, M. H. Harunsani, D. J. Martin, D. Kong, P. W. Dunne,
D. Gianolio, R. J. Kashtiban, ]. Sloan, O. A. Serra, ). Tang,
R. I. Walton, J. Mater. Chem. A 2015, 3, 9890.

[22] R. Sasikala, A. Shirole, V. Sudarsan, T. Sakuntala, C. Sudakar,
R. Naik, S. R. Bharadwaj, Int. J. Hydrogen Energy 2009, 34, 3621.

[23] Q. Yuan, Y. Liu, L.-L. Li, Z.-X. Li, C.-J. Fang, W.-T. Duan, X.-G. Li,
C.-H. Yan, Microporous Mesoporous Mater. 2009, 124, 169.

[24] a) H. Choi, M. Kang, Int. J. Hydrogen Energy 2007, 32, 3841;
b) S. Xu, D. D. Sun, Int. J. Hydrogen Energy 2009, 34, 6096;
c) S. Xu, J. Ng, X. Zhang, H. Bai, D. D. Sun, Int. J. Hydrogen Energy
2010, 35, 5254; d) K. Lalitha, G. Sadanandam, V. D. Kumari,
M. Subrahmanyam, B. Sreedhar, N. Y. Hebalkar, J. Phys. Chem. C
2010, 774, 22181.

[25] a) B. S. Shaheen, H. G. Salem, M. A. El-Sayed, N. K. Allam, J. Phys.
Chem. C 2013, 117, 18502; b) S. Guo, S. Han, H. Mao, S. Dong,
C. Wu, L. Jia, B. Chi, ). Pu, J. Li, J. Power Sources 2014, 245,
979.

[26] a) J. Park, M. Kang, Int. J. Hydrogen Energy 2007, 32, 4840;
b) K. Lalitha, ). K. Reddy, M. V. Phanikrishna Sharma, V. D. Kumari,
M. Subrahmanyam, Int. J. Hydrogen Energy 2010, 35, 3991.

[27] a) B. Zielinska, E. Borowiakpalen, R. Kalenczuk, Int. J. Hydrogen
Energy 2008, 33, 1797; b) H. Zhang, G. Chen, Y. Li, Y. Teng,
Int. J. Hydrogen Energy 2010, 35, 2713; c) N. Nuraje, X. Dang, J. Qi,
M. A. Allen, Y. Lei, A. M. Belcher, Adv. Mater. 2012, 24, 2885.

[28] a) G. R. Bamwenda, S. Tsubota, T. Nakamura, M. Haruta,
J. Photochem. Photobiol., A 1995, 89, 177; b) Y. Yang, C. Chang,
H. Idriss, Appl. Catal., B 2006, 67, 217; c) A. Tanaka, S. Sakaguchi,
K. Hashimoto, H. Kominami, ACS Catal. 2013, 3, 79.

[29] M. Ni, M. K. H. Leung, D. Y. C. Leung, K. Sumathy,
Renew. Sustainable Energy Rev. 2007, 11, 401.

[30] T. Sreethawong, S. Yoshikawa, Int. J. Hydrogen Energy 2006, 31,
786.

[31] M. C. Wu, J. Hiltunen, A. Sapi, A. Avila, W. Larsson, H. C. Liao,
M. Huuhtanen, G. Toth, A. Shchukarev, N. Laufer, A. Kukovecz,
Z. Konya, ). P. Mikkola, R. Keiski, W. F. Su, Y. F. Chen, H. Jantunen,
P. M. Ajayan, R. Vajtai, K. Kordas, ACS Nano 2011, 5, 5025.

[32] Z.-Y. Zhao, J. Phys. Chem. C 2014, 118, 24591.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

[33] M. Murdoch, G. I. Waterhouse, M. A. Nadeem, ]. B. Metson,
M. A. Keane, R. F. Howe, . Llorca, H. Idriss, Nat. Chem. 2011, 3,
489.

[34] O. Rosseler, M. V. Shankar, M. K.-L. Du, L. Schmidlin, N. Keller,
V. Keller, J. Catal. 2010, 269, 179.

[35] S. Sakthivel, M. V. Shankar, M. Palanichamy, B. Arabindoo,
D. W. Bahnemann, V. Murugesan, Water Res. 2004, 38, 3001.

[36] a) X. Chen, L. Liu, P. Y. Yu, S. S. Mao, Science 2011, 331, 746;
b) G. Wang, H. Wang, Y. Ling, Y. Tang, X. Yang, R. C. Fitzmorris,
C. Wang, ). Z. Zhang, Y. Li, Nano Lett. 2011, 11, 3026;
c) S. Hoang, S. P. Berglund, N. T. Hahn, A. J. Bard, C. B. Mullins,
J. Am. Chem. Soc. 2012, 134, 3659; d) A. Naldoni, M. Allieta,
S. Santangelo, M. Marelli, F. Fabbri, S. Cappelli, C. L. Bianchi,
R. Psaro, V. Dal Santo, J. Am. Chem. Soc. 2012, 134, 7600;
e) Z. Zheng, B. Huang, J. Lu, Z. Wang, X. Qin, X. Zhang, Y. Dai,
M. H. Whangbo, Chem. Commun. 2012, 48, 5733; f) Z. Wang,
C. Yang, T. Lin, H. Yin, P. Chen, D. Wan, F. Xu, F. Huang, J. Lin,
X. Xie, M. Jiang, Energy Environ. Sci. 2013, 6, 3007; g) C. Yang,
Z. Wang, T. Lin, H. Yin, X. Lu, D. Wan, T. Xu, C. Zheng, J. Lin,
F. Huang, X. Xie, M. Jiang, J. Am. Chem. Soc. 2013, 135, 17831.

[37] Y. H. Hu, Angew. Chem. Int. Ed. 2012, 51, 12410.

[38] a) L.-B. Xiong, J.-L. Li, B. Yang, Y. Yu, J. Nanomater. 2012, 2012, 1;
b) R. Ren, Z. Wen, S. Cui, Y. Hou, X. Guo, J. Chen, Sci Rep 2015,
5,10714; ¢) L. Li, ). Yan, T. Wang, Z. ). Zhao, ). Zhang, ). Gong,
N. Guan, Nat. Commun. 2015, 6, 5881.

[39] a) I. Justicia, P. Ordej6n, G. Canto, |. L. Mozos, |. Fraxedas,
G. A. Battiston, R. Gerbasi, A. Figueras, Adv. Mater. 2002, 14, 1399;
b) F. Zuo, L. Wang, T. Wu, Z. Zhang, D. Borchardt, P. Feng, J. Am.
Chem. Soc. 2010, 132, 11856; c) F. Zuo, K. Bozhiloy, R. ). Dillon,
L. Wang, P. Smith, X. Zhao, C. Bardeen, P. Feng, Angew. Chem. Int.
Ed. 2012, 57, 6223.

[40] a) P. Christopher, D. B. Ingram, S. Linic, J. Phys. Chem. C 2010,
114, 9173; b) Y. C. Pu, G. Wang, K. D. Chang, Y. Ling, Y. K. Lin,
B. C. Fitzmorris, C. M. Liu, X. Lu, Y. Tong, J. Z. Zhang, Y. ). Hsu,
Y. Li, Nano Lett. 2013, 13, 3817; c¢) N. Zhou, V. Lépez-Puente,
Q. Wang, L. Polavarapu, I. Pastoriza-Santos, Q.-H. Xu, RSC Adb.
2015, 5, 29076.

[41] a) E. Kowalska, R. Abe, B. Ohtani, Chem. Commun. 2009, 241;
b) E. Kowalska, O. O. Mahaney, R. Abe, B. Ohtani, Phys. Chem.
Chem. Phys. 2010, 12, 2344.

[42] K. Awazu, M. Fujimaki, C. Rockstuhl, J. Tominaga, H. Murakami,
Y. Ohki, N. Yoshida, T. Watanabe, J. Am. Chem. Soc. 2008, 130,
1676.

[43] M. K. Kumar, S. Krishnamoorthy, L. K. Tan, S. Y. Chiam, S. Tripathy,
H. Gao, ACS Catal. 2011, 1, 300.

[44] S. M. Yoo, S. B. Rawal, ). E. Lee, J. Kim, H.-Y. Ryu, D.-W. Park,
W. I. Lee, Appl. Catal., A 2015, 499, 47.

[45] Z. W. Seh, S. Liu, M. Low, S. Y. Zhang, Z. Liu, A. Mlayah, M. Y. Han,
Adv. Mater. 2012, 24, 2310.

[46] Z. Liu, W. Hou, P. Pavaskar, M. Aykol, S. B. Cronin, Nano Lett.
2011, 77, 1111.

[47] Y. Liu, L. Xie, Y. Li, R. Yang, J. Qu, Y. Li, X. Li, J. Power Sources 2008,
183, 701.

[48] a) T. Puangpetch, T. Sreethawong, S. Yoshikawa, S. Chavadej,
J- Mol. Catal. A: Chem. 2009, 312, 97; b) T. Puangpetch,
T. Sreethawong, S. Chavadej, Int. J. Hydrogen Energy 2010, 35,
6531; ¢) T. K. Townsend, N. D. Browning, F. E. Osterloh, Energy
Environ. Sci. 2012, 5, 9543; d) W. Wang, M. O. Tade, Z. Shao,
Chem. Soc. Rev. 2015, 44, 5371.

[49] a) A. K. Wahab, T. Odedairo, ). Labis, M. Hedhili, A. Delavar,
H. Idriss, Appl. Petrochemical Res. 2013, 3, 83; b) Q. Wang,
T. Hisatomi, S. S. K. Ma, Y. Li, K. Domen, Chem. Mater. 2014, 26,
4144; c) K. lwashina, A. Kudo, J. Am. Chem. Soc. 2011, 133, 13272.

[50] a) T. Ohno, M. Akiyoshi, T. Umebayashi, K. Asai, T. Mitsui,
M. Matsumura, Appl. Catal., A 2004, 265, 115; b) ). Wang, S. Yin,

Adv. Sci. 2017, 4, 1600337



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

M. Komatsu, Q. Zhang, F. Saito, T. Sato, J. Photochem. Photobiol.,
A 2004, 165, 149; ) T. Ohno, T. Tsubota, Y. Nakamura, K. Sayama,
Appl. Catal., A 2005, 288, 74.

[51] a) ). Kim, D. W. Hwang, S. W. Bae, Y. G. Kim, J. S. Lee, Korean J.
Chem. Eng. 2001, 18, 941; b) J. Kim, D. W. Hwang, H.-G. Kim,
S. W. Bae, S. M. Ji, J. S. Lee, Chem. Commun. 2002, 2488;
c) H. G. Kim, D. W. Hwang, S. W. Bae, J. H. Jung, |. S. Lee, Catal.
Lett. 2003, 91, 193; d) H. Song, T. Peng, P. Cai, H. Yi, C. Yan,
Catal. Lett. 2007, 113, 54; €) S. M. Ji, H. Jun, ). S. Jang, H. C. Son,
P. H. Borse, J. S. Lee, J. Photochem. Photobiol., A 2007, 189, 141.

[52] a) D. W. Hwang, H. G. Kim, J. S. Jang, S. W. Bae, S. M. |i, J. S. Lee,
Catal. Today 2004, 93-95, 845; b) D. W. Hwang, H. G. Kim,
J. S. Lee, ). Kim, W. Li, S. H. Oh, J. Phys. Chem. B 2005, 109, 2093.

[53] J. Kim, D. W. Hwang, H. G. Kim, S. W. Bae, |. S. Lee, W. Li,
S. H. Oh, Top. Catal. 2005, 35, 295.

[54] P. Liu, ). Nisar, B. Pathak, R. Ahuja, Phys. Chem. Chem. Phys. 2013,
15, 17150.

[55] P. Liu, J. Nisar, B. Sa, B. Pathak, R. Ahuja, J. Phys. Chem. C 2013,
117, 13845.

[56] a) ). Luan, H. Cai, S. Zheng, X. Hao, G. Luan, X. Wu, Z. Zou,
Mater. Chem. Phys. 2007, 104, 119; b) Y. Wang, Z. Zhang, Y. Zhu,
Z. Li, R. Vajtai, L. Ci, P. M. Ajayan, ACS Nano 2008, 2, 1492;
c) J. Luan, Z. Zheng, H. Cai, X. Wu, G. Luan, Z. Zou, Mater. Res.
Bull. 2008, 43, 3332; d) D. Wu, X. Zhang, Y. Jing, X. Zhao, Z. Zhou,
Nano Energy 2016, 28, 390.

[57] a) X. Chen, T. Yu, X. Fan, H. Zhang, Z. Li, |. Ye, Z. Zou, Appl. Surf.
Sci. 2007, 253, 8500; b) H.-Y. Lin, H.-C. Yang, W.-L. Wang, Catal.
Today 2011, 174, 106; c) Y.-H. Pai, S.-Y. Fang, J. Power Sources 2013,
230, 321.

[58] Y. Takahara, J. N. Kondo, T. Takata, D. Lu, K. Domen, Chem. Mater.
2001, 73, 1194.

[59] a) K. Domen, A. Kudo, M. Shibata, A. Tanaka, K.-l. Maruya,
T. Onishi, J. Chem. Soc., Chem. Commun. 1986, 1706; b) G. Li,
T. Kako, D. Wang, Z. Zou, |. Ye, J. Phys. Chem. Solids 2008, 69,
2487; c) B. Zieliriska, E. Borowiak-Palen, R. ). Kalenzuk, J. Phys.
Chem. Solids 2008, 69, 236; d) K. Saito, K. Koga, A. Kudo, Dalton
Trans. 2011, 40, 3909.

[60] a) A. Kudo, K. Sayama, A. Tanaka, K. Asakura, K. Domen,
K. Maruya, T. Onishi, J. Catal. 1989, 120, 337; b) K. Domen,
A. Kudo, A. Tanaka, T. Onishi, Catal. Today 1990, 8, 77; c) S. lkeda,
A. Tanaka, K. Shinohara, M. Hara, J. N. Kondo, K.-i. Maruya,
K. Domen, Microporous Mater. 1997, 9, 253.

[61] A. Iwase, H. Kato, A. Kudo, Catal. Lett. 2006, 108, 7.

[62] a) K. Sayama, A. Tanaka, K. Domen, K. Maruya, T. Onishi,
J. Phys. Chem. 1991, 95, 1345; b) K. Sayama, K. Yase, H. Arakawa,
K. Asakura, A. Tanaka, K. Domen, T. Onishi, J. Photochem.
Photobiol., A 1998, 114, 125.

[63] K.-H. Chung, D.-C. Park, J. Mol. Catal. A: Chem. 1998, 129, 53.

[64] K. Sayama, A. Tanaka, K. Domen, K. Maruya, T. Onishi, J. Catal.
1990, 124, 541.

[65] a) Y. Li, G. Chen, H. Zhang, Z. Lv, Int. J. Hydrogen Energy 2010,
35, 2652; b) ). Yin, Z. Zou, ). Ye, J. Phys. Chem. B 2003, 107, 61;
c) ). Yin, Z. Zou, J. Ye, J. Phys. Chem. B 2003, 107, 4936.

[66] H. G. Kim, D. W. Hwang, J. Kim, Y. G. Kim, J. S. Lee, Chem.
Commun. 1999, 1077.

[67] a) A. Kudo, H. Kato, S. Nakagawa, J. Phys. Chem. B 2000, 104, 571;
b) D. Chen, ). Ye, Chem. Mater. 2009, 21, 2327.

[68] Y. Miseki, H. Kato, A. Kudo, Energy Environ. Sci. 2009, 2, 306.

[69] Y. Okamoto, S. Ida, ). Hyodo, H. Hagiwara, T. Ishihara, J. Am.
Chem. Soc. 2011, 133, 18034.

[70] A. Kudo, S. Nakagawa, H. Kato, Chem. Lett. 1999, 1197.

[77] L. Wang, W. Wang, M. Shang, S. Sun, W. Yin, ). Ren, J. Zhou,
J. Mater. Chem. 2010, 20, 8405.

[72] J. Luan, S. Zheng, X. Hao, G. Luan, X. Wu, Z. Zou, J. Braz. Chem.
Soc. 2006, 17, 1368.

Adv. Sci. 2017, 4, 1600337

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

[73] a) Z. Zou, ). Ye, K. Sayama, H. Arakawa, Chem. Phys. Lett. 2001,
343, 303; b) Z. Zou, |. Ye, H. Arakawa, Top. Catal. 2003, 22, 107,
) Y. Li, G. Chen, H. Zhang, Z. Li, Mater. Res. Bull. 2009, 44, 741.

[74] a) ). Yin, Z. Zou, ). Ye, J. Phys. Chem. B 2004, 108, 8888; b) J. Yin,
Z.Zou, ). Ye, J. Phys. Chem. B 2004, 108, 12790.

[75] a) H. Kato, A. Kudo, Chem. Phys. Lett. 1998, 295, 487; b) H. Kato,
A. Kudo, J. Phys. Chem. B 2001, 105, 4285; c) H. Kato, A. Kudo,
Catal. Today 2003, 78, 561.

[76] H. Kato, K. Asakura, A. Kudo, J. Am. Chem. Soc. 2003, 125, 3082.

[77] T. Ishihara, H. Nishiguchi, K. Fukamachi, Y. Takita, J. Phys. Chem.
B 1999, 103, 1.

[78] S. Liang, L. Shen, L. Wu, Chin. Sci. Bull. 2012, 57, 4233.

[79] ). Soldat, R. Marschall, M. Wark, Chem. Sci. 2014, 5, 3746.

[80] a) M. Machida, J.-i. Yabunaka, T. Kijima, Chem. Commun. 1999,
1939; b) M. Machida, |.-i. Yabunaka, T. Kijima, Chem. Mater. 2000,
12, 812; ¢) M. Machida, ).-i. Yabunaka, T. Kijima, S. Matsushima,
M. Arai, Int. J. Inorg. Mater. 2001, 3, 545; d) M. Machida,
K. Miyazaki, S. Matsushima, M. Arai, J. Mater. Chem. 2003, 13,
1433.

[81] D. Li, ). Zheng, Z. Li, X. Fan, L. Liu, Z. Zou, Int. J. Photoenergy
2007, 2007, 1.

[82] a) N. Saito, H. Kadowaki, H. Kobayashi, K. Ikarashi, H. Nishiyama,
Y. Inoue, Chem. Lett. 2004, 33, 1452; b) H. Kadowaki, N. Saito,
H. Nishiyama, H. Kobayashi, Y. Shimodaira, Y. Inoue, J. Phys.
Chem. C 2007, 111, 439.

[83] A. Kudo, M. Steinberg, A. J. Bard, A. Campion, M. A. Fox,
T. E. Mallouk, S. E. Webber, ). M. White, Catal. Lett. 1990, 5, 61.

[84] A. Kudo, H. Kato, Chem. Lett. 1997, 421.

[85] A. Kudo, S. Hijii, Chem. Lett. 1999, 1103.

[86] L. Jiang, H. Liu, ). Yuan, W. Shangguan, J. Wuhan Univ. Technol.
Mater. Sci 2010, 25, 919.

[87] H. Kato, N. Matsudo, A. Kudo, Chem. Lett. 2004, 33, 1216.

[88] R. Roy, V. G. Hill, E. F. Osborn, J. Am. Chem. Soc. 1952, 74, 719.

[89] Y. Sakata, Y. Matsuda, T. Yanagida, K. Hirata, H. Imamura,
K. Teramura, Catal. Lett. 2008, 125, 22.

[90] G. W. Busser, B. Mei, A. Pougin, ).
W. Schuhmann, M. G. Willinger, R. Schlogl,
ChemSusChem 2014, 7, 1030.

[91] a) M.-G. Ju, X. Wang, W. Liang, Y. Zhao, C. Li, J. Mater. Chem.
A 2014, 2, 17005; b) X. Wang, Q. Xu, M. Li, S. Shen, X. Wang,
Y. Wang, Z. Feng, |. Shi, H. Han, C. Li, Angew. Chem. Int. Ed. 2012,
517, 13089.

[92] S. Jin, X. Wang, X. Wang, M. Ju, S. Shen, W. Liang, Y. Zhao,
Z. Feng, H. Y. Playford, R. I. Walton, C. Li, J. Phys. Chem. C 2015,
119, 18221.

[93] A. Kudo, I. Mikami, J. Chem. Soc., Faraday Trans. 1998, 94, 2929.

[94] N. Arai, N. Saito, H. Nishiyama, Y. Shimodaira, H. Kobayashi,
Y. Inoue, K. Sato, J. Phys. Chem. C 2008, 172, 5000.

[95] J. Sato, N. Saito, H. Nishiyama, Y. Inoue, J. Phys. Chem. B 2001,
105, 6061.

[96] ). Sato, H. Kobayashi, N. Saito, H. Nishiyama, Y.
J. Photochem. Photobiol., A 2003, 158, 139.

[97] H. Kadowaki, J. Sato, H. Kobayashi, N. Saito, H. Nishiyama,
Y. Simodaira, Y. Inoue, J. Phys. Chem. B 2005, 109, 22995.

[98] J. Sato, N. Saito, H. Nishiyama, Y. Inoue, J. Photochem. Photobiol.,
A 2002, 748, 85.

[99] a) J. F. Reber, K. Meier, J. Phys. Chem. 1984, 88, 5903; b) K. Zhang,
L. Guo, Catal. Sci. Technol. 2013, 3, 1672.

[100] a) A. Kudo, M. Sekizawa, Catal. Lett. 1999, 58, 241; b) A. Kudo,
M. Sekizawa, Chem. Commun. 2000, 1371; c) I. Tsuji, A. Kudo,
J. Photochem. Photobiol., A 2003, 156, 249; d) M. Muruganandham,
Y. Kusumoto, J. Phys. Chem. C 2009, 113, 16144.

[101] a) L. Jia, D.-H. Wang, Y.-X. Huang, A.-W. Xu, H.-Q. Yu, J. Phys.
Chem. C 2011, 115, 11466; b) Y. Xu, W. Zhao, R. Xu, Y. Shi,
B. Zhang, Chem. Commun. 2013, 49, 9803.

Strunk, R. Gutkowski,
M. Mubhler,

Inoue,

wileyonlinelibrary.com (21 of 24) 1600337



1600337 (22 of 24) wileyonlinelibrary.com

ADVANCED
SCIENCE

Open Access,

ADVANCED
SCIENCE NEWS

www.advancedscience.com

[102] X. Chen, W. Shangguan, Front. Energy 2013, 7, 111.

[103] a) M. Sathish, B. Viswanathan, R. Viswanath, Int. J. Hydrogen
Energy 2006, 31, 891; b) M. Sathish, R. Viswanath, Catal. Today
2007, 129, 421; c) J. S. Jang, U. A. Joshi, . S. Lee, J. Phys. Chem.
C 2007, 111, 13280; d) Y. Li, Y. Hu, S. Peng, G. Lu, S. Li, J. Phys.
Chem. C 2009, 113, 9352; €) C. Li, J. Yuan, B. Han, W. Shangguan,
Int. J. Hydrogen Energy 2011, 36, 4271; f) N. Bao, L. Shen, T. Takata,
K. Domen, Chem. Mater. 2008, 20, 110.

[104] M. Matsumura, S. Furukawa, Y. Saho, H. Tsubomura, J. Phys.
Chem. 1985, 89, 1327.

[105] N. Bao, L. Shen, T. Takata, K. Domen, A. Gupta, K. Yanagisawa,
C. A. Grimes, J. Phys. Chem. C 2007, 111, 17527.

[106] Y. Fan, G. Chen, D. Li, F. Li, Y. Luo, Q. Meng, Mater. Res. Bull.
2011, 46, 2338.

[107] H. Yan, J. Yang, G. Ma, G. Wu, X. Zong, Z. Lei, ). Shi, C. Li, J. Catal.
2009, 266, 165.

[108] M. Luo, Y. Liu, J. Hu, H. Liu, J. Li, ACS Appl. Mater. Interfaces 2012,
4,1813.

[109] W. Zhang, Y. Wang, Z. Wang, Z. Zhong, R. Xu, Chem. Commun.
2010, 46, 7631.

[1710] M. A. Holmes, T. K. Townsend, F. E. Osterloh, Chem. Commun.
2012, 48, 371.

[111] J. Huang, K. L. Mulfort, P. Du, L. X. Chen, J. Am. Chem. Soc. 2012,
134, 16472.

[1712] P. Tongying, V. V. Plashnitsa, N. Petchsang, F. Vietmeyer,
G. ). Ferraudi, G. Krylova, M. Kuno, J. Phys. Chem. Lett. 2012, 3,
3234.

[113] Z. Han, F. Qiu, R. Eisenberg, P. L. Holland, T. D. Krauss, Science
2012, 338, 1321.

[174] I. Tsuji, H. Kato, A. Kudo, Angew. Chem. Int. Ed. 2005, 44, 3565.

[115] a) X. Zhong, M. Han, Z. Dong, T. J. White, W. Knoll, J. Am. Chem.
Soc. 2003, 125, 8589; b) X. Zhong, M. Han, Z. Dong, T. J. White,
W. Knoll, J. Am. Chem. Soc. 2003, 125, 8589; c) Y. Yu, J. Zhang,
X. Wu, W. Zhao, B. Zhang, Angew. Chem. Int. Ed. 2012, 51, 897;
d) X. Wu, Y. Yu, Y. Liu, Y. Xu, C. Liu, B. Zhang, Angew. Chem. Int.
Ed. 2012, 51, 3211; €) Q. Li, H. Meng, P. Zhou, Y. Zheng, |. Wang,
J. Yu, ). Gong, ACS Catal. 2013, 3, 882; f) M. Liu, D. Jing, Z. Zhou,
L. Guo, Nat Commun 2013, 4, 2278; g) J. Zhang, L. Qi, J. Ran,
J. Yu, S. Z. Qiao, Adv. Energy Mater. 2014, 4, 1301925.

[176] a) ). Sun, G. Chen, G. Xiong, ). Pei, H. Dong, Int. J. Hydrogen
Energy 2013, 38, 10731; b) X. Yu, X. An, A. Shavel, M. Ibafiez,
A. Cabot, J. Mater. Chem. A 2014, 2, 12317.

[117] a) 1. Tsuji, H. Kato, H. Kobayashi, A. Kudo, J. Phys. Chem. B
2005, 709, 7323; b) H. Nakamura, W. Kato, M. Uehara, K. Nose,
T. Omata, S. Otsuka-Yao-Matsuo, M. Miyazaki, H. Maeda,
Chem. Mater. 2006, 18, 3330; c) D. Pan, D. Weng, X. Wang,
Q. Xiao, W. Chen, C. Xu, Z. Yang, Y. Lu, Chem. Commun. 2009,
4221; d) ). Zhang, R. Xie, W. Yang, Chem. Mater. 2011, 23, 3357;
e) W. Zhang, X. Zhong, Inorg. Chem. 2011, 50, 4065; f) Z. Tan,
Y. Zhang, C. Xie, H. Su, J. Liu, C. Zhang, N. Dellas, S. E. Mohney,
Y. Wang, ). Wang, ). Xu, Adv. Mater. 2011, 23, 3553; g) C. Ye,
M. D. Regulacio, S. H. Lim, Q. H. Xu, M. Y. Han, Chem. Eur.
J- 2012, 18, 11258; h) C. Ye, M. D. Regulacio, S. H. Lim, S. Li,
Q. H. Xu, M. Y. Han, Chem. Eur. J. 2015, 21, 9514.

[118] J. Yu, J. Zhang, S. Liu, J. Phys. Chem. C 2010, 114, 13642.

[119] A. Kudo, I. Tsuji, H. Kato, Chem. Commun. 2002, 1958.

[120] I. Tsuji, H. Kato, H. Kobayashi, A. Kudo, J. Am. Chem. Soc. 2004,
126, 13406.

[121] Y. Li, G. Chen, Q. Wang, X. Wang, A. Zhou, Z. Shen, Adv. Funct.
Mater. 2010, 20, 3390.

[122] X. Zhang, Y. Du, Z. Zhou, L. Guo, Int. J. Hydrogen Energy 2010, 35,
3313.

[123] C. M. Kalamaras, A. M. Efstathiou, Conference Papers in Energy
2013, 20713, 1.

[124] T. Reier, M. Oezaslan, P. Strasser, ACS Catal. 2012, 2, 1765.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

[125] S. Y. Tee, C. ). Lee, S. S. Dinachali, S. C. Lai, E. L. Williams,
H. K. Luo, D. Chi, T. S. Andy Hor, M. Y. Han, Nanotechnology 2015,
26, 415401.

[126] a) Y. Lee, ). Suntivich, K. J. May, E. E. Perry, Y. Shao-Horn, J. Phys.
Chem. Lett. 2012, 3, 399; b) A. T. Marshall, R. G. Haverkamp,
Electrochim. Acta 2010, 55, 1978.

[127] Y. Wu, M. Chen, Y. Han, H. Luo, X. Su, M. T. Zhang, X. Lin, ). Sun,
L. Wang, L. Deng, W. Zhang, R. Cao, Angew. Chem. Int. Ed. 2015,
54, 4870.

[128] J. Luo, J. H. Im, M. T. Mayer, M. Schreier, M. K. Nazeeruddin,
N. G. Park, S. D. Tilley, H. J. Fan, M. Gratzel, Science 2014, 345, 1593.

[129] a) Z. Peng, D. Jia, A. M. Al-Enizi, A. A. Elzatahry, G. Zheng,
Adv. Energy Mater. 2015, 5, 1402031; b) S. Li, Y. Wang, S. Peng,
L. Zhang, A. M. Al-Enizi, H. Zhang, X. Sun, G. Zheng, Adv. Energy
Mater. 2016, 6, 1501661.

[130] a) R. D. Smith, M. S. Prevot, R. D. Fagan, Z. Zhang,
P. A. Sedach, M. K. Siu, S. Trudel, C. P. Berlinguette, Science
2013, 340, 60; b) R. D. Smith, M. S. Prevot, R. D. Fagan, S. Trudel,
C. P. Berlinguette, J. Am. Chem. Soc. 2013, 135, 11580.

[131] Y. Gorlin, T. F. Jaramillo, J. Am. Chem. Soc. 2010, 132, 13612.

[132] Z. Luo, R. Miao, T. D. Huan, I. M. Mosa, A. S. Poyraz,
W. Zhong, . E. Cloud, D. A. Kriz, S. Thanneeru, |. He, Y. Zhang,
R. Ramprasad, S. L. Suib, Adv. Energy Mater. 2016, 6, 1600528.

[133] R. Wu, J. Zhang, Y. Shi, D. Liu, B. Zhang, J. Am. Chem. Soc. 2015,
137, 6983.

[134] Y. H. Li, P. F. Liu, L. F. Pan, H. F. Wang, Z. Z. Yang, L. R. Zheng,
P. Hu, H. ). Zhao, L. Gu, H. G. Yang, Nat Commun 2015, 6, 8064.

[135] a) H. I. Karunadasa, E. Montalvo, Y. Sun, M. Majda, J. R. Long,
C. ). Chang, Science 2012, 335, 698; b) Y. Yan, B. Xia, N. Li, Z. Xu,
A. Fisher, X. Wang, J. Mater. Chem. A 2015, 3, 131.

[136] a) P. Jiang, Q. Liu, C. Ge, W. Cui, Z. Pu, A. M. Asiri, X. Sun,
J.- Mater. Chem. A 2014, 2, 14634; b) Q. Liu, ). Tian, W. Cui,
P. Jiang, N. Cheng, A. M. Asiri, X. Sun, Angew. Chem. Int. Ed.
2014, 53, 6710; ¢) S. Gu, H. Du, A. M. Asiri, X. Sun, C. M. Li, Phys.
Chem. Chem. Phys. 2014, 16, 16909; d) J. Tian, Q. Liu, N. Cheng,
A. M. Asiri, X. Sun, Angew. Chem. Int. Ed. 2014, 53, 9577.

[137] a) A. Lu, Y. Chen, H. Li, A. Dowd, M. B. Cortie, Q. Xie, H. Guo,
Q. Qi, D-L. Peng, Int. J. Hydrogen Energy 2014, 39, 18919;
b) Z. Huang, Z. Chen, Z. Chen, C. Ly, M. G. Humpbhrey,
C. Zhang, Nano Energy 2014, 9, 373; c) J. F. Callejas, C. G. Read,
E. ). Popczun, ). M. McEnaney, R. E. Schaak, Chem. Mater. 2015,
27,3769; d) B. Tian, Z. Li, W. Zhen, G. Lu, J. Phys. Chem. C 2016,
120, 6409.

[138] a) E. J. Popczun, J. R. McKone, C. G. Read, A. . Biacchi,
A. M. Wiltrout, N. S. Lewis, R. E. Schaak, J. Am. Chem. Soc. 2013,
135, 9267; b) Z. Pu, Q. Liu, P. Jiang, A. M. Asiri, A. Y. Obaid,
X. Sun, Chem. Mater. 2014, 26, 4326.

[139] Q. Zhang, Y. Wang, Y. Wang, A. M. Al-Enizi, A. A. Elzatahry,
G. Zheng, J. Mater. Chem. A 2016, 4, 5713.

[140] R. Xu, R. Wu, Y. Shi, ). Zhang, B. Zhang, Nano Energy 2016, 24,
103.

[147] K. Li, ). Zhang, R. Wu, Y. Yu, B. Zhang, Advanced Science 2016, 3,
1500426.

[142] J. Li, Y. Wang, T. Zhou, H. Zhang, X. Sun, J. Tang, L. Zhang,
A. M. Al-Enizi, Z. Yang, G. Zheng, J. Am. Chem. Soc. 2015, 137,
14305.

[143] B.S. Yeo, A. T. Bell, J. Am. Chem. Soc. 2011, 133, 5587.

[144] J. Jirkovsky, H. Hoffmannovd, M. Klementovd, P. Krtil,
J. Electrochem. Soc. 2006, 153, E111.

[145] E. Tsuji, A. Imanishi, K.-i. Fukui, Y. Nakato, Electrochim. Acta 2011,
56, 2009.

[146] X. Wu, K. Scott, Int. J. Hydrogen Energy 2011, 36, 5806.

[147] a) M. D. Merrill, R. C. Dougherty, J. Phys. Chem. C 2008, 112, 3655;
b) Y. Li, P. Hasin, Y. Wu, Adv. Mater. 2010, 22, 1926; c) . W. Halley,
A. Schofield, B. Berntson, J. Appl. Phys. 2012, 111, 124911.

Adv. Sci. 2017, 4, 1600337



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[148] L. Kuai, ). Geng, C. Chen, E. Kan, Y. Liu, Q. Wang, B. Geng,
Angew. Chem. Int. Ed. 2014, 53, 7547.

[149] L. Wang, C. Lin, D. Huang, ). Chen, L. Jiang, M. Wang, L. Chi,
L. Shi, J. Jin, ACS Catal. 2015, 5, 3801.

[150] a) Y. Li, H. Wang, L. Xie, Y. Liang, G. Hong, H. Dai, J. Am.
Chem. Soc. 2011, 133, 7296; b) D. Merki, X. Hu, Energy Environ.
Sci. 2011, 4, 3878; c) Z. Chen, D. Cummins, B. N. Reinecke,
E. Clark, M. K. Sunkara, T. F. Jaramillo, Nano Lett. 2011, 11, 4168;
d) J. Kibsgaard, Z. Chen, B. N. Reinecke, T. F. Jaramillo, Nat. Mater.
2012, 11, 963; e) D. Kong, H. Wang, J. J. Cha, M. Pasta, K. J. Koski,
J. Yao, Y. Cui, Nano Lett. 2013, 13, 1341; f) T. An, Y. Wang, ). Tang,
W. Wei, X. Cui, A. M. Alenizi, L. Zhang, G. Zheng, J. Mater. Chem.
A 2016, 4, 13439.

[151] B. Hinnemann, P. G. Moses, ). Bonde, K. P. Jorgensen,
J. H. Nielsen, S. Horch, I. Chorkendorff, J. K. Norskov, J. Am.
Chem. Soc. 2005, 127, 5308.

[152] a) D. Merki, S. Fierro, H. Vrubel, X. Hu, Chem. Sci. 2011, 2,
1262; b) ). Xie, J. Zhang, S. Li, F. Grote, X. Zhang, H. Zhang,
R. Wang, Y. Lei, B. Pan, Y. Xie, J. Am. Chem. Soc. 2013, 135, 17881;
c) C. G. Morales-Guio, S. D. Tilley, H. Vrubel, M. Gratzel, X. Hu,
Nat. Commun. 2014, 5, 3059; d) C. G. Morales-Guio, X. Hu,
Acc. Chem. Res. 2014, 47, 2671; e) X. Zhang, Y. Zhang, B.-B. Yu,
X.-L. Yin, W.-J. Jiang, Y. Jiang, J.-S. Hu, L.-J. Wan, J. Mater. Chem. A
2015, 3, 19277.

[153] Z. Lu, W. Zhu, X. Yu, H. Zhang, Y. Li, X. Sun, X. Wang, H. Wang,
J. Wang, |. Luo, X. Lei, L. Jiang, Adv. Mater. 2014, 26, 2683.

[154] H. Fei, Y. Yang, X. Fan, G. Wang, G. Ruan, |. M. Tour, J. Mater.
Chem. A 2015, 3, 5798.

[155] H. Vrubel, X. Hu, Angew. Chem. Int. Ed. 2012, 57, 12703.

[156] Z. W. Seh, K. D. Fredrickson, B. Anasori, J. Kibsgaard,
A. L. Strickler, M. R. Lukatskaya, Y. Gogotsi, T. F. Jaramillo,
A. Vojvodic, ACS Energy Letters 2016, 1, 589.

[157] W.-F. Chen, K. Sasaki, C. Ma, A. I. Frenkel, N. Marinkovic,
J. T. Muckerman, Y. Zhu, R. R. Adzic, Angew. Chem. Int. Ed. 2012,
51, 6131.

[158] B. Cao, G. M. Veith, J. C. Neuefeind, R. R. Adzic, P. G. Khalifah,
J. Am. Chem. Soc. 2013, 135, 19186.

[159] a) D. Kong, J. J. Cha, H. Wang, H. R. Lee, Y. Cui, Energy Environ.
Sci. 2013, 6, 3553; b) M. S. Faber, R. Dziedzic, M. A. Lukowski,
N. S. Kaiser, Q. Ding, S. Jin, J. Am. Chem. Soc. 2014, 136, 10053.

[160] a) Y. Xu, R. Wu, J. Zhang, Y. Shi, B. Zhang, Chem. Commun. 2013,
49, 6656; b) Z. Xing, Q. Liu, A. M. Asiri, X. Sun, Adv. Mater. 2014,
26, 5702; c) P. Xiao, M. A. Sk, L. Thia, X. Ge, R. ). Lim, J.-Y. Wang,
K. H. Lim, X. Wang, Energy Environ. Sci. 2014, 7, 2624.

[161] J. Tian, Q. Liu, A. M. Asiri, X. Sun, J. Am. Chem. Soc. 2014, 136,
7587.

[162] A. Fujishima, K. Honda, Nature 1972, 238, 37.

[163] L. Zhu, J. Tao, H. Tao, S. Chen, Y. Shen, A. Xu, J. Jiang, L. Pan,
J. Alloys Compd. 2015, 649, 704.

[164] a) H.-i. Kim, D. Monllor-Satoca, W. Kim, W. Choi, Energy Environ.
Sci. 2015, 8, 247; b) A. Kusior, A. Wnuk, A. Trenczek-Zajac,
K. Zakrzewska, M. Radecka, Int. J. Hydrogen Energy 2015, 40, 4936;
) J. Su, P. Geng, X. Li, Q. Zhao, X. Quan, G. Chen, Nanoscale
2015, 7, 16282.

[165] F. Su, T. Wang, R. Ly, ). Zhang, P. Zhang, J. Lu, ). Gong, Nanoscale
2013, 5, 9001.

[166] Z. Jiao, ). Wang, L. Ke, X. W. Sun, H. V. Demir, ACS Appl. Mater.
Interfaces 2011, 3, 229.

[167] a) S. K. Biswas, J.-O. Baeg, S.-J. Moon, K.-j. Kong, W.-W. So,
J. Nanopart. Res. 2012, 14; b) ). Y. Zheng, G. Song, C. W. Kim,
Y. S. Kang, Nanoscale 2013, 5, 5279; c) F. Xu, Y. Yao, D. Bai, R. Xu,
J. Mei, D. Wu, Z. Gao, K. Jiang, J. Colloid Interface Sci. 2015, 458,
194.

[168] a) J. Su, X. Feng, J. D. Sloppy, L. Guo, C. A. Grimes, Nano Lett.
2011, 71, 203; b) J. Yang, W. Li, J. Li, D. Sun, Q. Chen, J. Mater.

Adv. Sci. 2017, 4, 1600337

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Chem. 2012, 22, 17744; c) S. S. Kalanur, Y. J. Hwang, S. Y. Chae,
O. S. Joo, J. Mater. Chem. A 2013, 1, 3479; d) M. Balandeh,
A. Mezzetti, A. Tacca, S. Leonardi, G. Marra, G. Divitini, C. Ducati,
L. Meda, F. Di Fonzo, J. Mater. Chem. A 2015, 3, 6110.

[169] S. Shin, H. S. Han, J. S. Kim, I. J. Park, M. H. Lee, K. S. Hong,
I. S. Cho, J. Mater. Chem. A 2015, 3, 12920.

[170] a) D. W. Hwang, J. Kim, T. ). Park, J. S. Lee, Catal. Lett. 2002,
80, 53; b) X. C. Song, E. Yang, G. Liu, Y. Zhang, Z. S. Liu,
H. F. Chen, Y. Wang, J. Nanopart. Res. 2010, 12, 2813; c) F. Wang,
C. DiValentin, G. Pacchioni, ChemCatChem 2012, 4, 476;
d) F. Wang, C. Di Valentin, G. Pacchioni, J. Phys. Chem. C 2012,
116, 8901.

[171] a) D. Paluselli, B. Marsen, E. L. Miller, R. E. Rocheleau,
Electrochem. Solid-State Lett. 2005, 8, G301; b) Y. Sun, C. J. Murphy,
K. R. Reyes-Gil, E. A. Reyes-Garcia, . M. Thornton, N. A. Morris,
D. Raftery, Int. J. Hydrogen Energy 2009, 34, 8476.

[172] a) J. A. Glasscock, P. R. F. Barnes, I. C. Plumb, N. Savvides,
J. Phys. Chem. C 2007, 111, 16477; b) A. Kleiman-Shwarsctein,
Y.-S. Hu, A. ). Forman, G. D. Stucky, E. W. McFarland, J. Phys.
Chem. C 2008, 112, 15900; c) G. Wang, Y. Ling, D. A. Wheeler,
K. E. George, K. Horsley, C. Heske, J. Z. Zhang, Y. Li, Nano Lett.
2011, 77, 3503; d) Y. Ling, G. Wang, D. A. Wheeler, |. Z. Zhang,
Y. Li, Nano Lett. 2011, 71, 2119; e) D. A. Wheeler, G. Wang,
Y. Ling, Y. Li, ). Z. Zhang, Energy Environ. Sci. 2012, 5, 6682;
f) P. Liao, J. A. Keith, E. A. Carter, J. Am. Chem. Soc. 2012, 134,
13296; g) S. Shen, P. Guo, D. A. Wheeler, J. Jiang, S. A. Lindley,
C. X. Kronawitter, J. Z. Zhang, L. Guo, S. S. Mao, Nanoscale 2013,
5, 9867; h) R. Franking, L. Li, M. A. Lukowski, F. Meng, Y. Tan,
R. ). Hamers, S. Jin, Energy Environ. Sci. 2013, 6, 500.

[173] a) D. K. Zhong, ). Sun, H. Inumaru, D. R. Gamelin, J. Am.
Chem. Soc. 2009, 131, 6086; b) S. D. Tilley, M. Cornuz, K. Sivula,
M. Gritzel, Angew. Chem. 2010, 122, 6549; c) S. C. Riha, B. M. Klahr,
E. C. Tyo, S. Seifert, S. Vajda, M. J. Pellin, T. W. Hamann,
A. B. Martinson, ACS Nano 2013, 7, 2396; d) G. Wang, Y. Ling,
X. Lu, T. Zhai, F. Qian, Y. Tong, Y. Li, Nanoscale 2013, 5, 4129;
e) J. Y. Kim, G. Magesh, D. H. Youn, |. W. Jang, J. Kubota,
K. Domen, |J. S. Lee, Sci Rep 2013, 3, 2681; f) G. M. Carroll,
D. K. Zhong, D. R. Gamelin, Energy Environ. Sci. 2015, 8, 577;
g) Z. Wang, G. Liu, C. Ding, Z. Chen, F. Zhang, ). Shi, C. Li, J. Phys.
Chem. C 2015, 179, 19607.

[174] a) F. Le Formal, N. Tétreault, M. Cornuz, T. Moehl, M. Gritzel,
K. Sivula, Chem. Sci. 2011, 2, 737; b) T. Hisatomi, F. Le Formal,
M. Cornuz, J. Brillet, N. Tétreault, K. Sivula, M. Gratzel, Energy
Environ. Sci. 2011, 4, 2512; ¢) L. Xi, P. S. Bassi, S. Y. Chiam,
W. F. Mak, P. D. Tran, ). Barber, . S. Chye Loo, L. H. Wong,
Nanoscale 2012, 4, 4430.

[175] S. Shen, J. Zhou, C. L. Dong, Y. Hu, E. N. Tseng, P. Guo, L. Guo,
S. S. Mao, Sci. Rep. 2014, 4, 6627.

[176] a) Z. Li, W. Luo, M. Zhang, ). Feng, Z. Zou, Energy Environ. Sci.
2013, 6, 347, b) C. Martinez Suarez, S. Hernidndez, N. Russo,
Appl. Catal., A 2015, 504, 158.

[177] K. Sayama, A. Nomura, T. Arai, T. Sugita, R. Abe, M. Yanagida,
T. Oi, Y. lwasaki, Y. Abe, H. Sugihara, J. Phys. Chem. B 2006, 110,
11352.

[178] a) A. Kudo, K. Omori, H. Kato, J. Am. Chem. Soc. 1999, 121,
11459; b) S. Tokunaga, H. Kato, A. Kudo, Chem. Mater. 2001, 13,
4624.

[179] M. Li, L. Zhao, L. Guo, Int. J. Hydrogen Energy 2010, 35,
7127.

[180] W. Luo, Z. Yang, Z. Li, ). Zhang, . Liu, Z. Zhao, Z. Wang, S. Yan,
T. Yu, Z. Zou, Energy Environ. Sci. 2011, 4, 4046.

[181] H. S. Park, K. E. Kweon, H. Ye, E. Paek, G. S. Hwang, A. J. Bard,
J. Phys. Chem. C 2011, 115, 17870.

[182] a) D. K. Zhong, S. Choi, D. R. Gamelin, J. Am. Chem. Soc. 2011,
133, 18370; b) F. F. Abdi, R. van de Krol, J. Phys. Chem. C 2012,

wileyonlinelibrary.com (23 of 24) 1600337



1600337 (24 of 24) wileyonlinelibrary.com

ADVANCED
SCIENCE

Open Access,

ADVANCED
SCIENCE NEWS

www.advancedscience.com

116, 9398; c) D. Wang, R. Li, J. Zhu, ). Shi, . Han, X. Zong, C. Li,
J. Phys. Chem. C 2012, 116, 5082.

[183] T. H. Jeon, W. Choi, H. Park, Phys. Chem. Chem. Phys. 2011, 13,
21392.

[184] Long, Cai, H. Kisch, J. Phys. Chem. C 2008, 112, 548.

[185] C. Ding, J. Shi, D. Wang, Z. Wang, N. Wang, G. Liu, F. Xiong, C. Li,
Phys. Chem. Chem. Phys. 2013, 15, 4589.

[186] S. K. Choi, W. Choi, H. Park, Phys. Chem. Chem. Phys. 2013, 15, 6499.

[187] a) Z. Dong, X. Lai, J. E. Halpert, N. Yang, L. Yi, J. Zhai, D. Wang,
Z. Tang, L. Jiang, Adv. Mater. 2012, 24, 1046; b) J. Du, J. Qi,
D. Wang, Z. Tang, Energy Environ. Sci. 2012, 5, 6914; c) Z. Pan,
K. Zhao, J. Wang, H. Zhang, Y. Feng, X. Zhong, ACS Nano 2013,
7, 5215; d) W. Cao, J. Xue, Energy Environ. Sci. 2014, 7, 2123;
e) D. Yang, L. Zhou, W. Yu, J. Zhang, C. Li, Adv. Energy Mater. 2014,
4, 1400591.

[188] R. E. Blankenship, D. M. Tiede, J. Barber, G. W. Brudvig,
G. Fleming, M. Ghirardi, M. R. Gunner, W. Junge, D. M. Kramer,
A. Melis, T. A. Moore, C. C. Moser, D. G. Nocera, A. ). Nozik,
D. R. Ort, W. W. Parson, R. C. Prince, R. T. Sayre, Science 2011,
332, 805.

[189] O. Khaselev, Science 1998, 280, 425.

www.advancedsciencenews.com

[190] B. A. MacLeod, K. X. Steirer, ). L. Young, U. Koldemir, A. Sellinger,
J. A. Turner, T. G. Deutsch, D. C. Olson, ACS Appl. Mater. Interfaces
2015, 7, 11346.

[197] G. Peharz, F. Dimroth, U. Wittstadt, Int. J. Hydrogen Energy 2007,
32, 3248.

[192] F. F. Abdi, L. Han, A. H. Smets, M. Zeman, B. Dam, R. van de Krol,
Nat. Commun. 2013, 4, 2195.

[193] S. Y. Reece, ). A. Hamel, K. Sung, T. D. Jarvi, A. J. Esswein,
J. ). Pijpers, D. G. Nocera, Science 2011, 334, 645.

[194] T. ). Jacobsson, V. Fjillstrém, M. Sahlberg, M. Edoff, T. Edvinsson,
Energy Environ. Sci. 2013, 6, 3676.

[195] a) I. Cesar, A. Kay, J. A. Gonzalez Martinez, M. Gratzel, J. Am.
Chem. Soc. 2006, 128, 4582; b) M. S. Prévot, K. Sivula, J. Phys.
Chem. C 2013, 117, 17879; ¢) K. Shin, ). H. Park, ACS Appl. Mater.
Interfaces 2015, 7, 18429; d) Gurudayal, D. Sabba, M. H. Kumar,
L. H. Wong, J. Barber, M. Gratzel, N. Mathews, Nano Lett. 2015,
15, 3833; e) X. Shi, K. Zhang, K. Shin, M. Ma, J. Kwon, I. T. Choi,
J. K. Kim, H. K. Kim, D. H. Wang, J. H. Park, Nano Energy 2015,
13,182.

[196] C. G. Morales-Guio, M. T. Mayer, A. Yella, S. D. Tilley, M. Gratzel,
X. Hu, J. Am. Chem. Soc. 2015, 137, 9927.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Sci. 2017, 4, 1600337



