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Abstract
Conversion of energy from photons in sunlight to hydrogen
through solar splitting of water is an important technology.
The rising significance of producing hydrogen from solar
light via water splitting has motivated a surge of developing semiconductor solar-active nanostructures as photocatalysts and photoelectrodes. Traditional strategies have been
developed to enhance solar light absorption (e.g., ion doping,
solid solution, narrow-band-gap semiconductor or dye sensitization) and improve charge separation/transport to prompt
surface reaction kinetics (e.g., semiconductor combination,
co-catalyst loading, nanostructure design) for better utilizing solar energy. However, the solar-to-hydrogen efficiency
is still limited. This article provides an overview of recently
demonstrated novel concepts of nanostructure designs for efficient solar hydrogen conversion, which include surface engineering, novel nanostructured heterojunctions, and photonic
crystals. Those first results outlined in the main text encouragingly point out the prominence and promise of these new
concepts principled for designing high-efficiency electronic
and photonic nanostructures that could serve for sustainable
solar hydrogen production.
Keywords: Solar hydrogen; photocatalyst; photoelectrode;
water splitting.

1. Introduction
In the view of the unlimited resource of solar energy and the
abundance of water on earth, producing hydrogen through
photocatalytic and photoelectrochemical water splitting under
solar irradiation has the great potential to offer a low cost,
environmentally friendly, green fuel that does not contribute
to greenhouse gas emissions. Since the pioneering work of
Fujishima and Honda in 1972 [1], tremendous research on
semiconductor-based photocatalysis and photoelectrolysis
has yielded a better understanding of the processes involved

in photocatalytic and photoelectrochemical water splitting, as
well as notable enhancement of energy conversion efficiency
for solar hydrogen generation.
Figure 1A presents the basic principles of the photoelectrochemical process for water splitting initially introduced by
Fujishima and Honda, who employed a semiconductor (e.g.,
TiO2) working electrode and a Pt counter electrode to compose
the photoelectrochemical cell. Once the working electrode is
irradiated by light or photons, electrons (e-) will be excited to
the conduction band (CB) with holes (h+) left in the valence
band (VB). Then, the CB electrons transfer to the counter electrode and participate in the hydrogen-evolution half-reaction
(2H++2e-→H2), meanwhile the VB holes transfer to the surface of working electrode and participate in the oxygen-evolution half-reaction (H2O+2h+→2H++1/2O2). Here, the working
electrode, TiO2 of n-type semiconductor, acts as an anode.
When a p-type semiconductor is used as the working electrode (i.e., cathode), instead, photoexcited CB electrons and
VB holes will transfer to the surface of the working and the
counter electrode, respectively, participating in the hydrogenevolution and oxygen-evolution half-reactions. Several years
later, this concept of photoelectrochemical water splitting
was applied by Bard to design a photocatalytic water splitting
system using semiconductor particles or powders as photocatalysts [2, 3]. In such photocatalytic systems as depicted in
Figure 1B, photoexcited CB electrons and VB holes transfer to
the surface of particulate photocatalysts where they will drive
the hydrogen-evolution and oxygen-evolution half-reactions
at the specifically designed surface reactive sites, usually created by loading H2- and O2-evolution co-catalysts.
By investigating the photoelectrochemical and photocatalytic water splitting systems as discussed above, “solaractive nanostructures” (i.e., nanostructured semiconductor
photoelectrodes and photocatalysts), which absorb solar light
and where solar-driven catalytic reactions take place, play
a critical role in the process of solar water splitting. Thus,
the design of efficient solar-active nanostructures has undergone considerable research [4–7]. Although a large number
of semiconductor materials have been developed as good
candidates of photoelectrodes and photocatalysts in past
decades, the solar-hydrogen conversion efficiencies of these
recognized materials are still not high enough, and as such
are far from commercial application. If we look into the basic
mechanisms and processes of photoelectrochemical and
photocatalytic water splitting, efficient photoelectrodes and
photocatalysts should have (1) suitable band gaps and band
structures to absorb abundant solar light with wide UV-visible
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wavelength range to drive hydrogen- and oxygen-evolution
half-reactions; (2) good charge transfer ability for electrons
and holes moving to the semiconductor/electrolyte interface
with retarded charge recombination; and (3) high surface
catalytic reactivity for half-reactions. Previous research has
mainly focused on the above considerations with as much
attention given to the issues concerning (1) band gaps and
band structures adjustment via ions doping and solid solution;
(2) charge transfer enhancement via nanostructure design and
semiconductor combination; and (3) surface catalytic reaction
promotion via co-catalyst loading. Thorough discussions on
various approaches to configurations of efficient solar watersplitting are available in a number of comprehensive recent
reviews [7–12]. However, as of yet, semiconductor materials satisfying all these criteria simultaneously have not been
identified for high-efficiency, long-term stable and low-cost
solar hydrogen conversion.
Recently, some novel concepts of solar-active nanostructures design have been put forward aimed at the breakthrough
of solar hydrogen conversion. Among them, the concepts
concerning surface engineering, and design of novel nanostructured heterojuctions, and semiconducting photonic crystals appear to be effective to improve photoelectrochemical
and photocatalytic performances, which should be helpful
to guide further investigations and development of efficient
solar-active nanostructures for solar-to-hydrogen conversion.
Unlike most previous review articles focusing on traditional
modification approaches to improving the efficiencies of photoelectrodes and photocatalysts, this overview will emphasize
these newly developed concepts and strategies of solar-active
nanostructures design, in which brief discussions on surface
engineering, novel nanostructured heterojuctions, and semiconducting photonic crystals will be presented, as the timely
and instructive update and supplement to the previous reviews
on photoelectrochemical and photocatalytic water splitting.

2. Surface engineering
In general, the surface of catalytic materials, where solar light
is absorbed and catalytic reaction takes place, determines the
activities of solar water splitting reaction to a great extent.

Surface properties such as surface structure and active reaction sites, which are mainly related to the optical property,
surface charge transfer ability and catalytic reactivity of the
semiconductor materials, are very important. Thus, respectable research efforts have been dedicated to the surface engineering of the photoelectrodes and photocatalysts with the
view to enhance solar absorption, improve charge separation
as well as promote catalytic half-reaction. In this section, a
brief introduction to some representative and innovative studies on surface engineering will be presented.
2.1 Disorder-engineered surfaces

TiO2, as the most investigated photoelectrode and photocatalytic material, has a large band gap of about 3.2 eV, which
limits its visible and infrared light absorption for solar water
splitting. Doping of either metal or non-metal ions has proved
effective to narrow the band gap of TiO2 by introducing acceptor or donor levels in the forbidden band, which makes TiO2
responsive to visible light [13]. However, because the dopingcreated energy levels could also act as charge recombination
centers, the solar water splitting activities of doped TiO2 are
limited and still at a low level.
Recently, Mao and his team [14] demonstrated a conceptually different approach to enhancing solar absorption of
TiO2 nanocrystals by introducing disorder in the surface layers. The disorder-engineered TiO2 was typically synthesized
by the hydrogenation of nanophase TiO2 of approximately
8 nm in diameter in a 20.0-bar H2 atmosphere at approximately 200°C for 5 days, accompanied by a dramatic color
change from white to black. After hydrogenation, the black
TiO2 nanocrystals maintained the anatase structure; however,
the surfaces of TiO2 nanocrystals became disordered where
the disordered outer layer surrounding a crystalline core was
approximately 1 nm in thickness (Figure 2A). As revealed in
Figure 2B, the band gap of the unmodified white TiO2 nanocrystals was approximately 3.30 eV, while the onset of optical
absorption of the black disorder-engineered TiO2 nanocrystals was lowered to approximately 1.0 eV (∼1200 nm),
which suggests that the optical gap of the black TiO2 nanocrystals was substantially narrowed by intraband transitions. The first-principles density functional theory (DFT)

S. Shen and S.S. Mao: Solar-to-hydrogen conversion

C

B

1 nm
8 nm

Conduction
band

Absorbance (a.u.)

A

(b)

1.54 eV

(a)

3.3 eV

750

950

2.18 eV

1150

(b) Black TiO2

Valence
band

(a) White TiO2
500

3

D

33

Black TiO2

700
900
1100
Wavelength (nm)

6

9

White TiO2

1300

Time (day)
12

15

18

21

H2 generation (mmol)

1.0
0.8
0.6
0.4
0.2
0.0
0

10

20

30

40

50
60
Time (h)

70

80

90

100

Figure 2 (A) Schematic illustration of the structure of disorder-engineered black TiO2. (B) Spectral absorbance of the white and black TiO2
nanocrystals. The inset enlarges the absorption spectrum in the range from approximately 750 to 1200 nm. (C) Schematic illustration of the
DOS of disorder-engineered black TiO2 nanocrystals, as compared to that of unmodified TiO2 nanocrystals. (D) Cycling measurements of
hydrogen gas generation through direct photocatalytic water splitting with disorder-engineered black TiO2 nanocrystals under simulated solar
light. Experiments were conducted over a 22-day period, with 100 h of overall solar irradiation time. Reprinted with permission from ref. [14].
Copyright 2011 American Association for the Advancement of Science.

suggested that lattice disorder accounted for the mid-gap
states; hydrogen stabilized the lattice disorders by passivating their dangling bonds. The lower-energy mid-gap states
lying below the Fermi level contributed to a large blue shift
of the valence band edge. As illustrated in Figure 2C, optical transitions from the blue-shifted valence band edge to
these conduction band tail states arising from disorder are
presumably responsible for optical absorption onset around
1.0 eV in black TiO2. The disorder-engineered TiO2 nanocrystals exhibited substantial activity and stability in the solardriven production of hydrogen from water with the use of a
sacrificial reagent. As shown in Figure 2D, during a 22-day
testing period, black TiO2 nanocrystals produced hydrogen
continuously at a steady rate, without an obvious decrease in
hydrogen evolution rate. This hydrogen production rate (10
mmol·h-1·g-1 of photocatalysts), with solar energy conversion
efficiency as high as 24%, is about two orders of magnitude
greater than the yields of most semiconductor photocatalysts
[4, 7]. This is because the disorder-engineered black TiO2 can
efficiently harvest photons from UV to near-infrared for photocatalysis, while the localization of both photoexcited electrons and holes prevents fast recombination.
Further investigation on the role of hydrogenation as well
as the mechanism of high photoactivity of surface disordered

TiO2 was conducted by Lu et al. [15] based on first-principles
calculations. By taking into account the synergic effect of
Ti–H and O–H bonds, they found that hydrogen atoms can
be chemically absorbed both on Ti5c and O2c atoms for (101),
(001), and (100) surfaces, which not only induced the lattice
disorders but also interacted strongly with the Ti 3d and O 2p
states, resulting in a considerable contribution to the mid-gap
states. Thus, the optical absorption was dramatically increased
due to the introduced localized mid-gap states. Moreover, the
photogenerated electrons and holes could be separated efficiently by the electron-hole flow between different facets,
which led to the high solar hydrogen conversion efficiency of
the disorder-engineered black TiO2.
Following on the concept of surface disordering of TiO2
nanocrystals by hydrogenation, TiO2 nanowires were treated
in hydrogen atmosphere at various temperatures in a range of
200–550°C [16] to understand the interplay between the light
absorption and photoelectrochemical performance for water
splitting. As shown in Figure 3, the color of the hydrogentreated rutile TiO2 nanowire (H:TiO2) films changed from
white to yellowish green and finally to black depending on
the hydrogen annealing temperature. The visible and near-infrared light absorption can be attributed to the oxygen vacancies created in the band gap of TiO2 nanowires. In comparison
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Figure 3 (A) IPCE spectra of pristine TiO2 and H:TiO2 nanowires prepared at 350, 400, and 450°C, collected at the incident wavelength range
from 300 to 650 nm at a potential of -0.6 V vs. Ag/AgCl. Inset: Digital pictures of pristine TiO2 and H:TiO2 nanowires annealed in hydrogen
at various temperatures (300, 350, 400, 450, 500, and 550°C). (B) Calculated photoconversion efficiencies for the pristine TiO2 and H:TiO2
nanowire samples, as a function of applied potential vs. Ag/AgCl. The dashed lines highlight the optimal potentials for each sample. Reprinted
with permission from ref. [16]. Copyright 2011 American Chemical Society.

to pristine TiO2 rutile nanowires, the H:TiO2 samples yielded
substantially enhanced photocurrent densities, which was
mainly due to the greatly improved photoactivity in the UV
region. This is because hydrogen treatment increases the donor
density of TiO2 nanowires by three orders of magnitudes, via
creating a high-density of oxygen vacancies that serve as
electron donors. The highest photocurrent density of ∼ 1.97
mA/cm2 at -0.6 V vs. Ag/AgCl, in 1 m NaOH solution under
the illumination of simulated solar light corresponded to a
solar-to-hydrogen (STH) efficiency of ∼ 1.63%, which is the
best value reported for a TiO2 photoanode. Similar enhancements in photocurrent were also observed in anatase H:TiO2
nanotubes.
The feasible fabrication of highly photoactive TiO2 nanomaterials with disordered surface layers by hydrogenation
opens up new opportunities for breakthrough innovation in
the field of solar energy conversion, including photocatalysis, photoelectrochemical water splitting, and dye-sensitized
solar cells. Surface disorder engineering of nanocrystals via
high-pressure hydrogenation can be expected to be an effective way to facilitate solar energy conversion efficiency.
2.2 Oxygen evolution catalyst (OEC) loading

Another strategy of surface engineering that can be used to
enhance the photocatalytic and photoelectrochemical activity
of semiconductor materials is to create surface reactive sites
for water reduction and oxidation reactions. It is well known
that some noble metals, such as Pt, Ru, Au, etc., and metal
oxides, such as NiOx, Rh/Cr2O3, etc., perform as good water
reduction co-catalysts by entrapping electrons from semiconductors [7, 17]. While considering water oxidation as the
rate-determined step of the four-electron/hole water splitting
process, the slow kinetics for water oxidation [18], giving rise

to the large overpotentials for oxygen evolution over photoanodes, results in hole accumulation at the surface and then
subsequent surface recombination before the positive potentials are sufficient for considerable charge transfer across the
photoanode/eletrolyte interface. Thus, the overpotentials for
water oxidation should be lowered to have a less kinetic barrier of interfacial charge-transfer for the high photoactivity
for water splitting. To this end, water oxidation cocatalysts
(i.e., oxygen evolution catalysts, OEC) are used to modify
the surface of water splitting electrodes by creating surface
reactive sites to reduce the activation energy for water oxidation. In this section, we will focus on some newly developed
OECs integrated with photoassisted electrodes for efficient
water splitting.
IrO2, in terms of overpotential, is an efficient OEC [19–
22], and has been reported to modify the surface of different
kinds of photoanodes for enhanced solar water splitting [23–
26]. Domen and co-workers demonstrated the possible application of (oxy)nitride semiconductors, such as Ta3N5 [24],
SrNbO2N [25], LaTiOxNy [26], and TaON [27], as photoanodes for water splitting by loading IrO2 nanoparticles on their
surfaces to suppress the self-oxidation of the photoanode and
promote the oxidation of water. As shown in Figure 4, the
IrO2 loading was found to greatly improve the activity and
stability of these (oxy)nitride photoelectrodes during photoirradiation. For example, in Figure 4D, the photocurrent
of a bare TaON electrode decreased sharply to a negligible
level within 10 min, due to the self-oxidative decomposition
of TaON. After loading IrO2 nanoparticles, which most likely
acted as oxidation reactive sites to scavenge holes for water
oxidation instead of TaON self-oxidation, the decreases in
both photocurrent and N content (inset) were noticeably suppressed. A high incident photon-to-current conversion efficiency (IPCE, ca. 76% at 400 nm at 0.6 V vs. Ag/AgCl) was
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Figure 4 (A) Current-time curves of Ta3N5 and IrO2/Ta3N5 in 0.1 m Na2SO4 aqueous solution (pH = 8.5) under irradiation by a 300 W Xe lamp
equipped with a short-cut-off filter. The potential was kept at 0.5 V vs. Ag/AgCl. Reprinted with permission from ref. [24]. Copyright 2011
Elsevier. (B) Current-time curves in aqueous 0.5 m Na2SO4 solution (pH≈6) for postnecked SrNbO2N electrodes (6 cm2) with and without modification by colloidal IrO2 at +1.55 V vs. RHE under visible-light irradiation (λ > 420 nm). Reprinted with permission from ref. [25]. Copyright
2011 American Chemical Society. (C) Current-time evolution for LaTiOxNy and IrO2/LaTiOxNy films in aqueous 0.5 m Na2SO4 solution at +1.0
V vs. Ag/AgCl under visible irradiation. Reprinted with permission from ref. [26]. Copyright 2009 American Chemical Society. (D) Currenttime evolution for TaON and IrO2-TaON electrodes (6 cm2) at +0.6 V (vs. Ag/AgCl) and XPS spectra of electrodes before and after 1 h of
irradiation (inset). Reprinted with permission from ref. [27]. Copyright 2010 American Chemical Society.

obtained over the IrO2-loaded TaON electrode, which is the
highest IPCE value ever reported for (oxy)nitride photoelectrode. However, self-oxidation was not entirely suppressed
by the loading of the IrO2 cocatalyst, because the loading
method of soaking led to the aggregation of most IrO2 nanoparticles on a relatively small fraction of the TaON surface
with large portions of the TaON surface uncovered. Recently,
IrO2 nanoparticles were loaded onto the hematite photoanode
by Tilley et al. using the electrophoretic deposition method,
which was found to be superior to methods such as soaking
[23]. A dramatic cathodic shift in the possible photocurrent
onset potential and an increase in the plateau photocurrent
were observed after IrO2 loading, indicating that IrO2 nanoparticles acting as OEC lowered the overpotentials and hence
improved the photoactivity for water oxidation over hematite
photoanodes.

Many other metal oxides, such as RuO2, Rh2O3, Co3O4, and
Mn3O4, have been investigated as OECs for photochemical
water oxidation as deposited on powdered photocatalysts in
solution [28–31]. In Bard’s study on the screening of OECs
for W-doped BiVO4 photoelectrodes by scanning electrochemical microscopy, Co3O4 electrocatalysts showed an
enhanced photocurrent for photoelectrochemical water oxidation, while the other metal oxide catalysts including IrOx
were not effective [32]. Some metal oxide mixtures, like
NiFe mixed oxides, have been observed to significantly lower
the overpotential for the oxygen evolution (water oxidation)
reaction and exhibit high stability in electrochemical systems
[33–36]. NiFe binary oxide electrocatalysts were evaluated
by McFarland et al. to facilitate the oxygen evolution reaction
on semiconducting metal-oxide photoelectrodes [37]. They
found that NiFe oxide electrocatalysts electrodeposited from
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different precursors on Ti doped hematite created electrocatalysts with significantly different properties and increasing Ni
content. In the case of the NiFe oxide electrocatalysts deposited from the Ni2+/Fe3+ precursors, significant increases of the
photocurrent by as much as five times from the IPCE at zero
bias were observed as compared to the control sample. Hong
et al. [38] reported that photodeposition of a Ni-Bi OEC on
hematite nanorods showed > 200 mV cathodic shift of the
onset potential for water oxidation and a 9.5-fold enhancement in the photocurrent density at 0.86 V vs. RHE compared
to that of the parent hematite photoanode. However, the photocurrent improvement in a high bias region was reduced,
due to a kinetic limitation of oxygen evolution at the Ni-Bi/
electrolyte interface which introduced a higher possibility of
surface charge recombination.
By mimicking the oxygen evolving complex of photosystem II, which contains an oxygen bridged manganese (Mn)
cluster with two redox active Mn ions [39, 40], efficient water
oxidation catalysis was achieved in a photoelectrochemical
device made by impregnating a synthetic tetranuclear-manganese cluster into a Nafion matrix [41]. The cycling between
the Mn(II) photoreduced product and an oxidized, disordered
Mn(III/IV) oxide phase was demonstrated to form the basis of
the water oxidation catalysis. Similar to this Mn catalyst that
spontaneously reassembles once dissociated in catalytic terms,
a cobalt (Co) catalyst, forming upon the oxidative polarization of an inert indium tin oxide electrode in phosphate-buffered water containing cobalt (II) ions, could catalyze oxygen
evolution via a catalytic reaction cycle among Co2+-, Co3+-,
and Co4+-oxo oxidation states [42]. Co-based OECs were further used to modify the surface of hematite photoelectrodes
for improved photoelectrochemical water splitting [43, 44].
Especially, an IPCE of 42% at 370 nm and 1.23 V vs. RHE
was achieved on the Si-doped Fe2O3 photoelectrodes by a
cobalt treatment in a Co(NO3)2 aqueous solution [44]. The
proposed water oxidation cycle comprising states S0 to S4, as
shown in Figure 5, claimed that the electrocatalytic activity of
cobalt may be responsible for an enhancement of the IPCE.
Recently, cobalt(II)-phosphate complexes (Co-Pi) have been
demonstrated to work effectively as OEC in photoelectrolysis when coupled to ZnO [45], hematite [46–48], WO3 [49],
BiVO4 [50–52], and Si electrodes [53, 54]. In all cases, Co-Pi
deposition onto the photoanode surface yielded large cathodic
shifts of the onset potentials or enhanced performances for
water oxidation. This is because Co-Pi deposition facilitated
interfacial hole transfer from photoanode to Co-Pi, resulting
in retardation of electron-hole recombination and enhanced
charge separation in such composites. For example, as shown
in Figure 6, modification of W:BiVO4 photoanode surfaces
with Co-Pi yielded a very large ( ∼ 440 mV) cathodic shift in
onset potential for sustained photoelectrochemical water oxidation and substantial improvements of photocurrents especially at low applied potentials [50]. Photoelectrochemical
experiments with H2O2 as a surrogate substrate revealed that
interfacing Co-Pi with these W:BiVO4 photoanodes almost
completely eliminated losses due to surface electron-hole
recombination. The thickness of the Co-Pi layer was shown
to play an important role in photoanode performance, with
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Figure 5 Mechanistic proposal for water photooxidation at the
cobalt-modified hematite surface. (S0 to S4): capture of four photogenerated holes by vicinal Co centers accompanied by deprotonation
of surface hydroxyl groups creates highly electrophilic oxo groups
on CoIV. Nucleophilic attack from hydroxide on one CoIV O results
in O-O bond formation and a peroxo intermediate (S4′). This decomposes to dioxygen under hydrogen transfer to the second CoIV O.
Rehydroxylation of the dangling CoII coordination site by the electrolyte closes the cycle. Reprinted with permission from ref. [44].
Copyright 2006 American Chemical Society.

increased Co-Pi thicknesses reducing overpotentials but also
impairing the ability to sustain high current densities [55].
Thick catalyst layers reduced the ability of productive water
oxidation to compete with non-productive surface electronhole recombination. This kinetic bottleneck could be largely
overcome by more sparse deposition of Co-Pi onto the surface
of photoanodes. Zhong et al. [48] showed that photo-assisted
electrodeposition of Co-Pi yielded superior α-Fe2O3 photoanodes for photoelectrochemical water oxidation than other
approaches such as electrodeposition of Co-Pi and Co2+ wet
impregnation, by providing a more uniform distribution of
Co-Pi onto α-Fe2O3. Steinmiller and Choi [45] demonstrated
the photochemical deposition of Co-based catalysts based on
Co2+/Co3+ oxidation in an aqueous neutral phosphate medium
as an efficient route to couple an OEC and a photoanode. As
shown in Figure 7, photodeposition provided an efficient way
to couple oxygen evolution catalysts with photoanodes by
naturally placing the catalysts where they can best use photogenerated holes for solar O2 production.
To capture the basic functional elements of a leaf, Nocera’s
team [56] recently developed the solar water-splitting cells
operating in near-neutral pH conditions both with and without
connecting wires. As shown in Figure 8, the cells consisted of
a triple junction, amorphous silicon photovoltaic interfaced to
hydrogen- and oxygen-evolving catalysts (OEC) made from
an alloy of earth-abundant metals (NiMoZn) and a cobalt-
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2.3 Surface overlayer design

In a discussion on the importance of surface regime for a photoelectrode in the solar water splitting reaction it is worthwhile commenting on the influence of surface outer-layer
coatings, and especially on their influence on the optical and
electronic properties and surface reactivity, etc. Thus the
design of functional surface overlayers that permit electron
tunneling, enhance optical absorption and reaction kinetics,
passivate dangling bonds, or possess unique electronic structures, comes to benefit solar water splitting, especially the
performance-limiting half-reaction of water oxidation.
In the authors’ own laboratory, particular attention has been
paid to one-dimensional core/shell nanorod structures, as
structures of this type are most likely to utilize the benefits
afforded by designed surface overlayer coating and likely to
show functional behavior relating to the core/shell interfacial region. A novel core/shell nanoarray, based on quantumconfined and visible light-active α-Fe2O3 nanorods and their
surface modified with thin WO3 overlayer, was fabricated
by a combination of aqueous chemical synthesis and vapor
phase deposition [57]. The observation of the activity in the
visible light region ( > 550 nm), in Figure 9A, suggested that
a significant quantity of holes originating from visible-light
excitations, which occurred in the α-Fe2O3 core rather than
the WO3 overlayer due to the large band gap of WO3 (ca. 3
eV), was extracted before recombining with electrons traveling to the back contact. Moreover, the enhanced photoelectrochemical activity as shown Figure 9B indicated that
the modification of α-Fe2O3 nanorods with WO3 overlayer
promoted the extraction of surface-trapped holes from the
α-Fe2O3 core. However, from the viewpoint of bulk semiconductor physics, there should be an energy barrier of ca.
0.5 eV for hole injection from α-Fe2O3 into WO3 [58]. Thus, the
visible light photoactivity performed by hole extraction from
the core should be directly related to the unique futures of the
core/shell nanoscale architecture, such as interface electronic
orbital reconstruction via p-d orbital hybridization as well as
quantum-mechanical tunneling. Further research conducted
by Mao, Vayssieres, and their colleagues indicated that the formation of core/shell heterostructures comprised of an α-Fe2O3
core coated with a TiO2 overlayer resulted in an emergent
degree of p-d orbital hybridization and spontaneous electron
enrichment in the interfacial region and thus possessed a unique
electronic structure [59]. These results opened new avenues to
engineer the electrical and optical properties of transition metal
oxide hetero-nanostructures, for devices utilizing transitions to
and from their associated electronic states, most notably those
for solar fuel generation and photovoltaics.
Smith et al. successfully fabricated unique quasi-coreshell nanorod arrays of TiO2/WO3 and WO3/TiO2 by dynamic
shadowing growth using glancing angle deposition [60]. The
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Figure 9 Photoelectrochemical characterization in aqueous 0.5 m
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100 mW cm-2 AM 1.5 G-filtered solar-simulated irradiation. Potential
applied vs. a Pt counter electrode. Reprinted with permission from
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TiO2-core/WO3-shell structures had a distinct photoresponse in the UV range, with wavelength λ < 400 nm, while
the WO3-core/TiO2-shell structures showed stronger visible
light absorption and photocurrent up to λ∼600 nm. These
core-shell nanorod structures, which preserved the optical
properties and water splitting performance of the core while
the surface properties such as the flat band potential of the
nanorods were modified by the shell, could take advantage
of the beneficial optical, chemical, and transport properties of
both materials. Recently, Mao and his team designed a novel
isostructural ZnO:Al/ZnO:Ni core/shell nanorod structure
for photoelectrochemical water splitting, following the concept demonstrated with ZnO nanorods doped in core regions
with shallow Al donor levels for enhanced electronic conduction and in the near-surface volume with intragap Ni impurity states for increased optical absorption [61]. As shown in
Figure 10A, approximately a three-fold enhancement in conversion efficiencies for solar-abundant visible wavelengths
was achieved over a ZnO:Al/ZnO:Ni core/shell structure by
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distributing the absorptive species normal to the substrate and
along the direction of light propagation. The proposed operating mechanisms and band diagram within the core/shell structure were established in Figure 10B and C.
Fabrication of tunnel junctions with a thin overlay of wide
band gap oxide such as MgO and Al2O3 has been explored as
an effective method to inhibit the back electron transfer reaction in dye sensitized solar cells [62, 63]. A series of MgO/
TiO2 structures with varying effective thickness of MgO was
fabricated and applied by Bae et al. [64] as working electrodes
for photoelectrochemical water splitting. The MgO tunnel
layer had two roles with regard to the water splitting performance: (1) blocking the back electron transfer from TiO2
to electrolyte (positive influence) and (2) blocking the hole
transfer from TiO2 to electrolyte (negative influence). Thus,
the competition between the positive and negative influences
of the MgO layer resulted in maximal performance of the
photoelectrochemical cell at an optimum effective thickness
of the MgO overcoating layer. However, under a bias voltage, the negative influence prevailed over the positive influence; thereby the increase of MgO thickness diminished the
photoelectrochemical performance. Guo et al. [65] fabricated
a novel MgO/TiO2 tunnel barrier photoelectrode for solar
water splitting. The thin MgO tunnel barrier on the surface
of TiO2 electrode was supposed to isolate the semiconductor electrode from the electrolyte and prevents the electrode
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from experiencing photocorrosion. Although the photocurrent
was attenuated by the presence of the tunnel barrier, reasonable levels of charge transport across the interface were still
allowed. These results indicated that tunnel barrier photoelectrodes with the light absorption of semiconductors which
matched well with the solar spectrum might be a route to efficient and stable water splitting.
Although α-Fe2O3 has been considered as a promising photoanode material for photoelectrochemical solar water splitting, the high overpotential for water oxidation, as a result of
surface trapping states, greatly limits its photoelectrochemical
performance. Grätzel et al. demonstrated that the photocurrent onset potential for solar water oxidation with photoanodes could be improved by the deposition of a 13-group oxide
(Al2O3, Ga2O3, or In2O3) thin overlayer [66–68]. They found
that an ultra-thin coating of the Al2O3 overlayer by atomic
layer deposition (ALD) reduced the overpotential required
with nanostructured α-Fe2O3 photoanodes by as much as 100
mV and increased the photocurrent by a factor of 3.5 at +1.0
V vs. RHE under standard illumination conditions [66]. A
detailed investigation into the effect of the Al2O3 overlayer
revealed a significant change in the surface capacitance and
radiative recombination, which distinguished the observed
overpotential reduction from a catalytic effect and confirmed
the passivation of surface states. Instead of ALD, which relies
on reactive and expensive metalorganic compounds and vacuum processing, Hisatomi et al. [67] modified the ultrathin
α-Fe2O3 photoanodes with Al2O3, Ga2O3, or In2O3 overlayer
by a facile chemical bath deposition (CBD) process based on
a urea hydrolysis method. It was proposed that the 13-group
oxide overlayers with the corundum structure released lattice
strain of the ultrathin α-Fe2O3 layer and decreased the density
of surface states. Particularly, a Ga2O3 overlayer improved the
onset potential of photoelectrochemical water oxidation on
ultrathin α-Fe2O3 by up to 200 mV. They also investigated the
effects of In2O3 deposition on the LaTiO2N electrodes using
sputtering at room temperature [68]. Deposition of an In2O3
overlayer multiplied photocurrents by a factor of 2–3, which
could be attributed to better charge separation due to appreciate band positions of the materials involved, as well as better
charge extraction by the action of a surface dipole.

3. Novel nanostructured heterojunctions
3.1 Plasmonic metal/semiconductor nanostructures

Since the conception of plasmonic photocatalysis was proposed [69, 70], plasmonic metal/semiconductor nanostructures,
characterized by their strong interaction with resonant photons
through an excitation of localized surface plasmon resonance
(LSPR), have received significant attention in the fields of photocatalytic pollutant degradation [71–74], selective reduction
and oxidation [75–79], cell killing [80], as well as water splitting [81, 82]. It has been demonstrated that plasmonic metal/
semiconductor nanostructures always achieved significantly
higher rates in various photocatalytic reactions compared to
their pure semiconductor counterparts, due to the plasmonic
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effects of noble metal nanoparticles, which could give rise to
enhancement in light absorption and charge separation [82].
The physical principles of plasmonic effects and phenomenon
have been comprehensively described in many review articles
[83–86]. Here we focus on the recent progress in plasmon-enhanced water splitting systems, which are in general the nanocomposites of semiconductors and plasmonic-metals (mainly
Ag and Au) acting as photocatalysts or photoelectrodes.
Noble metal nanoparticles such as Au and Ag have been
used to enhance the visible light photocatalytic activity of TiO2
which only absorbs UV light, because of their plasmonic properties [87, 88]. Thus, both photon energies of UV and visible
light can be absorbed by TiO2 to produce hydrogen via water
splitting. The enhancement of photocatalytic or photoelectrochemical water splitting by integrating strongly plasmonic Au
nanoparticles with TiO2 has been demonstrated by different
research groups [89–93]. Chen et al. [91] found that the photocatalytic activity for stoichiometric hydrogen and oxygen
production over Au/TiO2 under the irradiation of both UV and
visible light was significantly increased, because Au particles
not only acted as electron traps as well as active sites but also
played an important role in the plasmonic enhancement. Liu
et al. [92] also observed enhancements of up to 66 times in
the photocatalytic splitting of water on TiO2 with the addition
of Au nanoparticles under visible light irradiation, whereas a
4-fold reduction in the photocatalytic activity under UV irradiation was observed. Thus, the improvement of photocatalytic
activity in the visible range was deductively caused by the
local electric field enhancement near the TiO2 surface, rather
than the direct charge transfer between Au and TiO2. Recently,
the influence of excitation wavelength (UV or visible light) on
the photocatalytic activity of Au/TiO2 for hydrogen or oxygen
generation from water was investigated by Silva et al. [94].
They revealed that the efficiency and operating mechanism
were different depending on whether excitation occurred on the
TiO2 semiconductor (Au acting as electron buffer and site for
gas generation, shown in Figure 11A) or on the surface plasmon band of Au (photoinjection of electrons from Au to the
TiO2 conduction band, shown in Figure 11B and C). Moreover,
the Au particle size and calcination temperature played a certain role influencing the visible light photoactivity of Au/TiO2.
Ag nanoparticles also show efficient plasmon resonance in the
visible region, and it has been utilized to develop plasmonic
Ag/TiO2 nanostructures for solar water splitting [95–97]. For
example, Ag/TiO2 core/shell nanoparticle thin film was fabricated for photoelectrochemical water splitting in the visible
light region, and showed enhancement of positive photocurrent
because of the generation of photoelectrons resulted from the
surface plasmon resonance of Ag cores [97]. Ingram and Linic
[98] demonstrated that plasmonic Ag/N-TiO2 nanostructure
exhibited enhanced water splitting performance relative to the
N-TiO2 semiconductor alone, which could be attributed to the
formation of intense electric fields at the Ag particle surface,
increasing the rate of formation of electron-hole pairs at the
nearby N-TiO2 particle surface. The efficient plasmonic metal/
semiconductor photocatalysts can be further flexibly designed
by tuning the size and shape of plasmonic metal nanoparticles
and thereby controlling the energy and intensity of the LSPR.
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Society.

The influence of Au nanoparticles on α-Fe2O3 photoanodes for photoelectrochemical water splitting was investigated by Thimsen et al. [99]. A relative enhancement in the
water splitting efficiency at photon frequencies corresponding to the plasmon resonance in Au was observed when Au
nanoparticles were localized at the semiconductor-electrolyte
interface, because of the coupling between the localized surface plasmon and semiconductor. In Thomann’s systematic
investigation on the plasmon enhanced photoelectrochemical
water splitting over Au/α-Fe2O3 photoanodes, they claimed
that metallic nanostructures could enhance the photocurrent in
spectral regions near the surface plasmon resonance, and the
spectral dependence of the photocurrent spectra was characteristic of plasmonic structures, as shown in Figure 12 [100].
Thus, the effects of different types of metallic nanostructures and different placement of such particles with respect
to the photoelectrode materials on the photocurrent spectra
could be predicted according to the plasmonic effects. While
CeO2 was loaded with Au nanoparticles, the photocatalytic
activity under visible light irradiation was greatly enhanced;
moreover, the ability to generate O2 was found to follow the
surface plasmon band profile of Au nanoparticles [101]. This
supported that Au nanoparticles were the species responsible
for light absorption in Au/CeO2 and triggered the photochemical events, as illustrated in Figure 11C.
3.2 Z-scheme heterojunctions

The two-photoexcited photocatalysis (Z-scheme) system
mimicked with photosynthesis mechanism was investigated
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in order to produce H2 and O2 from water using solar energy
[7, 102]. Figure 13 shows a Z-scheme photocatalysis system
composed of a H2-evolving photocatalyst Pt/SrTiO3:Rh, an
O2-evolving photocatalyst BiVO4, and an electron mediator
Fe3+/Fe2+ [103]. Overall water splitting has been attained by
constructing a Z-scheme photocatalysis system using photocatalysts active only for half reactions of water splitting
(sacrificial H2 and O2 evolution reactions) in the absence of
sacrificial reagents. In general, a redox mediator (such as IO3/I- or Fe3+/Fe2+) is required to couple with two photosystems.
However, the electron mediator involving in undesirable
backward reactions also produces negative effects, as illustrated in Figure 13 [102, 103]. Therefore, a Z-scheme system
without an electron mediator, i.e., all-solid-state Z-scheme
photocatalyst, has attracted much attention in retarding back
reactions to increase the reaction efficiency.
A number of all-solid-state Z-scheme photocatalysts, such
as CdS-Au-TiO2 [104], AgBr-Ag-Bi2WO6 [105], AgBr-AgTiO2 [106], H2WO4/Ag/AgCl [107], etc., has been demonstrated to exhibit a high photocatalytic activity, far exceeding
those of the single-component systems. In all these multi-component Z-scheme photocatalyst systems, without exception,

the separation of photoexcited electron-hole pairs are promoted within the two semiconductors, and further improved
by the coupled metal as the electron-transfer mediator. Taking
CdS-Au-TiO2 as the example as shown in Figure 14, through
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a two-step excitation of CdS, TiO2 and with Au as an electrontransfer mediator, photoinduced electrons achieved a vectorial transfer of TiO2→Au→CdS, which led to the promoted
charge separation and hence improved photocatalytic activity
in such three-component system [104].
The Z-scheme electron-transfer mechanism occurring
within two intimately contacted semiconductors has also
been proved to be very successful in designing all-solid-state
Z-scheme photocatalysts for enhanced water splitting. Wang
et al. [108, 109] fabricated coupled ZnO/CdS heterostructures based on the Z-scheme mechanism, where the recombination of photoexcited electrons from the ZnO conduction
band and holes from the CdS valence band occurs at the interface. The synergistic effects of coupled ZnO/CdS Z-scheme
heterostructures on the enhancement of photocatalytic water
splitting should be related to the greatly prolonged lifetime
of photoexcited carriers. In a further study, they developed a
new type of heterostructure by introducing a metal Cd core
into a ZnO/CdS heterostructure [110]. The obtained ZnO/Cd/
CdS exhibited a greatly enhanced photocatalytic hydrogen
evolution rate, which was 5.1 times that of a ZnO/CdS heterostructure. This was because the metal Cd core provided
an efficient charge-carrier transport channel at the interface
of ZnO/CdS for improving the recombination of photoexcited electrons from ZnO and holes from CdS based on the
Z-scheme co-operation (Figure 15).
A similar Z-scheme electron/hole transport mechanism
was proposed to occur on the interface of highly active CdS
sensitized TiO2 photoanodes for solar water splitting [111].
While combining two visible light sensitive photocatalysts,
CdS and carbon-doped TiO2, with Au as the electron-transfer
mediator, the combination of CdS/Au/TiO1.96C0.04, enabling
the successful transfer of photogenerated electrons to a higher
energy level via the Z-scheme mechanism, produced approximately a four times higher amount of H2 under visible light
irradiation than CdS/Au/TiO2 [112]. Fu et al. [113] developed

a novel photocatalytic system (TiO2-heteropoly blue) capable
of utilizing two light beams including UV and visible light to
complete the Z-scheme process. This Z-scheme photocatalyst
system demonstrated higher stability, higher effectiveness in
separating electron-hole pairs, and greater photoactivity for
H2 production than a single component system. Such improvement was attributed to the directional electron transfer driven
by the photoexcitation of TiO2 and heteropoly blue under the
irradiation of UV and visible light, respectively.
Recently, Sasaki et al. [114] succeeded in constructing an
overall water splitting system (Ru/SrTiO3:Rh-BiVO4) driven
by a Z-scheme interparticle electron transfer between H2and O2-photocatalysts without a redox mediator. As shown
in Figure 16A, the interparticle electron transfer process
required Rh species with the reversibility of the oxidation
state in SrTiO3:Rh, indicating that the reversible Rh species
at the surface of SrTiO3:Rh H2-photocatalyst played a pivotal
role for the electron transfer between particles to complete
the Z-scheme process. However, the direct contact between
photocatalyst particles would not still be sufficient for electron transfer, and thus the electron transfer process between
photocatalyst particles is probably a rate-determining step on
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Figure 15 Scheme of the improving mechanism of photoexcited charge-carrier transport in the ZnO/Cd/CdS heterostructure.
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visible-light irradiation, and hence providing a great improvement in the activity for water splitting.
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the photocatalytic reaction in this Z-scheme system. In the
follow-up study, Iwase et al. [115] demonstrated the effectiveness of reduced graphene oxide as a solid electron mediator
for water splitting in the Z-scheme photocatalysis system. As
shown in Figure 16B, a tailor-made, photoreduced graphene
oxide (PRGO) could shuttle photogenerated electrons from
an O2-evolving photocatalyst (BiVO4) to a H2-evolving photocatalyst (Ru/SrTiO3:Rh), tripling the consumption of electron-hole pairs in the overall water splitting reaction under

In addition to some well-known chemical modifications, such
as ion doping, semiconductor combination, and dye sensitization, etc., to make better use of the full solar spectrum,
physical modification like photonic-crystal-based optical
coupling [116] offers a unique way to increase light harvesting by controlling the propagation of light and localization
of photons. Since the first report of using TiO2 inverse opal
as a photoanode by Mallouk’s team [117], TiO2 inverse opal
based photonic crystal has been frequently reported as a photoanode in dye-sensitized solar cells to enhance light harvesting [118–121]. It was demonstrated by Chen et al. [122–124]
that an amplified photochemical reaction on an inverse TiO2
colloidal based photonic crystal, which was related to the
enhanced interaction of light with photoresponsive semiconductors, could be explained as a slow photon effect. Based on
this unique effect, it has been of great scientific interest to tailor semiconducting photonic crystals as efficient photocatalyts used for degradation of organic pollutant [125–131]. This
slow photon effect can also benefit the reaction of solar water
splitting based on semiconductor photocatalysts and photoelectrodes. This section will briefly introduce the recent progress in using tailored semiconducting photonic crystals as a
light trapper to strengthen solar light absorption for enhanced
conversion efficiency of solar water splitting.
Liu et al. designed and structured TiO2 materials into hierarchical photonic crystal segments with stop bands overlapping with the absorption of TiO2 [132]. It was demonstrated
that the hierarchical TiO2 photonic crystal segments showed
great capabilities in strong light harvesting due to the slow
photon enhancement at the stop band edge and multiple scattering among the segments. Therefore, the promoted light
absorption of TiO2 with photonic crystal structures led to
more photogenerated electron-hole pairs and consequently
higher photocatalytic hydrogen evolution rates relative to
nanocrystalline TiO2. Expect for the slow photon effect to
enhance light absorption, the highly ordered and periodical
three-dimensional (3D) inverse opal structure of photonic
crystals offered very high specific surface area and porosity
for quantum-dot (QD) loading plus a good electron transport
path and intimate contact with the electrolyte. Cheng et al.
[133] reported an innovative electrode design by the combination of a TiO2 inverse opal with CdS QD sensitization
for photoelectrochemical hydrogen production. Figure 17
shows the fabrication procedure of the 3D QD-sensitized
TiO2 inverse-opal photoanode. While the QDs acting as “light
antennas” greatly improved the visible-light harvesting, the
band alignment between CdS and TiO2 also favored interfacial charge transfer and separation. Moreover, the photonic
bandgap feature facilitated photon-QD interaction, as a result
of enhanced light absorption. A promising photocurrent density of 4.84 mA·cm-2 was achieved for the CdS QD sensitized TiO2 inverse opal as photoanode at 0 V vs. Ag/AgCl
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under simulated solar-light illumination. On the other hand,
significant enhancement in photoelectrochemical performances was also observed at CdS QDs sensitized TiO2 films
with highly disordered inverse opal structure, which were
fabricated by replicating a template from 150, 190 to 243 nm
diameter polystyrene spheres [134]. This should be ascribed
to slowed light resulting from the interference of multiple
internal scattering events in the disordered photonic crystal
medium. As shown in Figure 18, depending on the degree
of disorder in a medium, multiple elastic scattering can lead
to light localization by interference of counter-propagating
waves, leading to significant enhancements in light harvesting. This effect would contribute to the observed gains at the
disordered inverse opals, and mostly exist where absorption
is low [118, 134].
3D-photonic crystal design was utilized to enhance photoactivities of some other metal oxide photoanodes. Inverse
opal WO3 photonic crystal photoanodes with different stopbands tuned experimentally by variation of the pore size of
inverse opal structures, as shown in Figure 19A–E, were prepared by a forced impregnation approach [135, 136]. It was
found from Figure 19E-F that when the red-edge of the photonic stop-band of WO3 inverse opals (WO3-260) overlapped
with the WO3 electronic absorption edge at Eg = 2.6∼2.8 eV,
a maximum of 100% increase in photocurrent intensity was
observed under visible light irradiation (λ > 400 nm) in comparison with a disordered porous WO3 photoanode. When
the red-edge of the stop-band was tuned well within the electronic absorption range of WO3 (WO3-200), noticeable but
less amplitude of enhancement in the photocurrent intensity
was observed. The enhancement could be attributed to a longer photon-matter interaction length as a result of the slowlight effect at the photonic stop-band edge, thus leading to
a remarkable improvement in the light-harvesting efficiency
[136]. Bi2WO6 inverse-opal photonic-crystal structures, as
an example for visible-lightactive ternary metal oxides, were

synthesized by Zhang et al. [137] for the first time. Bi2WO6
inverse opals with a well-crystallized framework exhibited
an almost three-fold increase for the photon-to-hydrogen
conversion efficiencies of photoelectrochemical water splitting under visible-light irradiation. Such enhancements in the
photoelectrochemical H2 production activity were related to
the improved light-harvesting properties, as well as the continuous porous structure of the inverse-opal structure. These
works provide useful information for developing other visible-light-sensitive photoanodes (like α-Fe2O3 [138]) with
photonic crystal structure, and thus a route to obtain more
efficient systems for solar energy conversion.
Typical transparent conducting oxide (TCO) materials,
including indium-, fluorine-, or antimony-doped tin oxides,

Figure 18 Sketch of a TiO2 inverse opal sensitized with CdS QD
(yellow dots) and processes of Bragg reflection, diffuse scattering,
and multiple internal scattering in the photonic crystal. An absorbance event in the inverse opal is denoted by a red dot (not to scale).
Right shows a sketch of multiple internal scattering at random scattering centers, leading to light localization. Reprinted with permission from ref. [134]. Copyright 2010 American Chemical Society.
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Figure 19 SEM images of WO3 inverse opals: (A) WO3-200, (B) WO3-260, and (C) WO3-360. (D) Photograph of the inverse opal WO3 photoanodes under white light illumination, WO3-200, WO3-260, and WO3-360, from left to right. (E) Light reflectance spectra of the WO3 inverse
opals, a disordered porous WO3, and an unpatterned WO3 photoanode, measured at a normal incidence of light. Centers of the stop-bands are
marked by black arrows. The locations of slow light at the red-edge of stop-band for each inverse opal are shown as colored hollow circles.
(F) Photocurrent-potential curves measured under visible light irradiation (λ > 400 nm). Reprinted with permission from ref. [136]. Copyright
2011 American Chemical Society.

are the cornerstone of optoelectronic devices, allowing light
to transmit with minimal losses while simultaneously transporting charge. Enhancing the charge collection by exploring
new architectures in the conventional 2D planar TCO-based
electrodes could exploit the full potential of TCOs as electrode
materials to meet a multitude of optoelectronic and photoelectrochemical device requirements [139–141]. Arsenault
et al. [142] introduced for the first time a periodic macroporous
transparent conducting oxide, Sb-doped SnO2, which offered
a unique synergistic combination of optical transparency,

electrical conductivity, and photonic crystal properties, and
presented an electrochemically actuated optical light switch
built from this electrode. The ability of this macroporous electrode to host active functional materials like dyes, nanocrystals and nanowires makes it interesting for the development
of a number of performance-enhanced photoelectrochemical
devices, like dye sensitized solar and water splitting cells.
Yang et al. [143] demonstrated the synthesis of highly ordered
3D inverse opal fluorinated tin oxide (FTO) electrodes using
a facile, template-based, solution chemistry methodology.
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Synergistically, the photonic crystal structure possessed in the
FTO exhibited strong light trapping capability and enhanced
charge transport ability. It was proved that the prepared FTO
inverse opal structures could be used as photocurrent collecting electrodes in photovoltaic devices with potentially short
charge transport distances and enhanced light harvesting due
to multiple light scattering in the photonic crystal structures.

5. Summary and outlook
In past decades, the main effort of the research on design of
photocatalysts and photoelectrodes for efficient solar water
splitting has centered on some commonly used approaches
such as ion doping, solid solution, etc. to enhance light harvesting, and semiconductor combination, co-catalyst loading, etc. to enhance charge separation and promote surface
reaction kinetics [4–8]. Some significant progress has been
made and high efficiencies of solar hydrogen conversion
have been obtained using, for example, Pt-PdS/CdS [quantum yield (QY) at 420 nm: 93%] [144], nano-twin CdS-ZnS
(QY at 425 nm: 43%) [145] and Rh2-xCrxO3/GaN-ZnO (pure
water splitting, QY at 420–440 nm: 5.9%) [146] as photocatalysts, and p-GaInP2/GaAs (solar-hydrogen conversion
efficiency: 12.4%) [147] and Cu2O (IPCE: 40% at 0V vs.
RHE) [148] as photoelectrodes. While considering the solar
hydrogen efficiency, material cost and stability, none of the
traditional semiconductor materials is viable for practical
application in solar water splitting systems meeting sustainable high-performance ( > 15% solar-to-hydrogen conversion) and long-term ( > 200 h life) hydrogen production
goals [149].
Essentially, the practical implementation of solar hydrogen
production via water splitting is challenged by the rigorous
demands that should be achieved by semiconductor solar-active nanostructures simultaneously, those are excellent photon absorption in visible light region, good charge separation/
transport ability, and fast kinetics for surface redox catalytic
reaction. Following recent improvements of promising solaractive nanostructures, the novel design concepts are becoming
more prominent to address the above challenges and demands
of semiconductor-based solar hydrogen production. For
example, a breakthrough was obtained on chemically-stable
and low-cost TiO2 through the new concept of surface disorder engineering of nanostructures [14]. Such new concepts of
solar-active nanostructures design, mainly including surface
engineering, novel nanostructured heterojuctions, and photonic crystal fabrication as proposed in this overview, offer the
possibility of vast improvements for efficient photocatalysts
and photoelectrodes applied in practical solar hydrogen production devices. Although the first results are encouraging,
these concepts are primarily laboratory demonstrations at the
current stage, and a multitude of basic work must be carried
out to characterize the governing behavior in relevant solar
water splitting systems. Nevertheless, these new concepts are
expected to boost further breakthrough by advanced photon
and charge management aiming at high efficiency solar-active
nanostructures.

We have provided a concise overview of a subset of the
topic: solar-active nanostructures for efficient solar hydrogen
production. Considering the realistic implementation of solar
hydrogen production via water splitting will require the use of
earth-abundant, inexpensive, manufacturable, and non-toxic
materials, we suggest that photon absorption, charge separation/transport, and surface reaction kinetic within and on the
surface of the nanostructures based on metal oxides such as
TiO2, ZnO, α-Fe2O3, and WO3, etc., need significant research
attention from the view point of the mentioned new design
concepts. In some cases, coupling different concepts (e.g.,
coupling of plasmonic effect and photonic crystals) could
render strong synergistic effects.
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