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ABSTRACT
Photocatalytic hydrogen evolution has garnered considerable attention as a potential technology for the conversion of solar energy to chem-
ical energy to replace fossil fuels with the development of hydrogen energy infrastructure. Semiconductors have been intensively studied as
photocatalysts due to their tunable bandgap, eco-friendly reaction mechanism, photochemical stability, and ease of reusability. To achieve
highly efficient photocatalysts, regulation of exctions, which are photoinduced electrons and holes in photocatalysts, is necessary. Semicon-
ductor nanoparticles have been applied in this purpose because of their confined exciton pathways and differentiated catalytic characteristics
depending on their size, shape, and morphology. In addition, metal cocatalysts have been decorated with semiconductor nanoparticles because
the metal cocatalyst not only provides efficient shuttling of photoinduced electrons and proper reaction sites for the hydrogen evolution but
also controls exciton pathways via fast electron transfer kinetics from semiconductor to metal. This research update reviews recent advances
in representative metal-semiconductor hybrid nanostructures of core-shell and tipped nanorods for photocatalysts with a focus on the exci-
ton pathways. The metal at semiconductor core-shell nanostructures has shown extraordinary photocatalytic stability via passivation of the
metal by a semiconductor. In photocatalytic hydrogen evolution, the semiconductor shell hinders electron transfer to water. Hence, various
core-shell related metal-semiconductor nanostructures such as yolk-shell, core-island shell, and double shell hollow structures have been pro-
posed in efforts to overcome the electron transfer barrier to water. Metal tipped nanorods are another versatile nanostructure to control and
monitor exciton pathways. The correlation between exciton pathways and photocatalytic efficiencies was demonstrated by monitoring metal
tipped semiconductor nanorods with different composition, morphology, and surface structure. The insights reported here suggest a ratio-
nal and versatile design strategy of metal-semiconductor hybrid nanostructures for developing highly efficient photocatalysts for hydrogen
evolution.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5099666., s

I. INTRODUCTION

Hydrogen is currently attracting a great deal of attention as a
next generation energy source and a potential alternative to fossil
fuels, which are the main cause of global warming. In particular,
many companies have launched prototypes of hydrogen fuel cell
cars as one of the future models of eco-friendly vehicles. In the
future scenario of the mobile vehicle market, hydrogen fuel cell cars

are expected to occupy at least 20% of the total market within 20
years of being newly opened.1 Hence, sustainable hydrogen produc-
tion is necessary to establish hydrogen-based energy infrastructure.
Among numerous hydrogen production processes including classi-
cal reforming from fossil fuels and biomass, a direct photolysis from
pure water using solar energy has emerged as a potential way to
achieve eco-friendly hydrogen production.2,3 However, the produc-
tion cost of using photocatalysts is not yet comparable to that of
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traditional reforming of natural gases because of low quantum yield,
difficulty of mass production, and the high cost of photocatalysts.
But the future of photocatalytic hydrogen evolution seems bright
when we consider the history of solar cells.

The beginning of photovoltaic cells was in 1839, but for more
than 150 years, the devices could not find actual uses in daily life.
However, the market has recently exploded with annual growth of
41% between 2000 and 2015 following the development of solid state
silicon solar cells.4,5 There is now a large market for solar electricity,
and it has become the representative renewable energy source, occu-
pying 20% of the national electricity consumption in Germany.6 The
next target is expected to be hydrogen production by sunlight if new
photocatalytic systems can be successfully innovated and established
in this area.

The photocatalytic hydrogen evolution reaction is the cathodic
part of water splitting. In the following proposed mechanism, pro-
tons are adsorbed on the catalyst surface by accepting electrons,
which are reduced to gaseous hydrogen after accepting additional
electrons from the catalysts (1). Meanwhile, the anodic part of water
splitting is oxygen evolution from water, which receives four holes
per molecule from the catalyst (2). In general, this photocatalytic
oxygen evolution reaction has a much higher energy barrier than
that of the hydrogen evolution reaction. Hence, a sacrificial reagent
consuming holes, such as methanol or sodium sulfide and sulfite,
has been applied to substitute the oxygen evolution reaction and
promote the hydrogen evolution reaction (2′).

Overall water splitting reaction:

2H2O→ 2H2 + O2, ΔG = 475 kJ/mol.

Cathodic hydrogen evolution (1):

2H+ + 2e− → 2Hads,

2Hads + 2H+ + 2e− → 2H2.

Anodic oxygen evolution (2):

2H2O + 4h+ → O2 + 4H+.

Anodic reactions of sacrificial reagents (2′):

CH3OH + 2h+ → CH2O + H+,

SO3
2− + 2OH− + 2h+ → SO4

2− + 2H+,

2S2− + 2h+ → S2
2−,

SO3
2− + S2− + 2h+ → S2O3

2−.

After Honda’s pioneering work on photoelectrochemical
hydrogen evolution using TiO2,7 semiconductors have been inten-
sively investigated as one of the most promising materials for the
photocatalytic reaction because of an eco-friendly reaction pathway
without side products, a tunable bandgap, photochemical and chem-
ical stability, and ease of reusability.8–10 In semiconductors, light
irradiation generates photoexcited electron and hole pairs, which
are called excitons, when photon energy is higher than the semi-
conductor bandgap. Several pathways are proposed for the fate of
excitons (Fig. 1). First, the excitons are deactivated by bulk electron-
hole recombination within the semiconductor domain (Pathway 1)
or migrated to the surface (Pathway 2) by diffusion. After the
migration, excitons are additionally quenched by surface electron-
hole recombination (Pathway 3) or are transferred to reactants and
proceed to redox reactions (Pathway 4).

By means of time-resolved ultrafast laser techniques,11 a sub-
stantial amount of excitons is recombined within 30 ps although
the lifetime of excitons is highly dependent upon the reaction con-
ditions.12 To promote charge accumulation and obtain high effi-
ciency, electron-hole recombination (Pathways 1 and 3) should be
diminished, and exciton lifetime should be further extended. The
nanoparticle structure fits this aim. A nanoscale domain size of the
semiconductor material can shorten the diffusion length of excitons
to the surface. Moreover, excitons are readily trapped beneath or on
the surface, in which trapped excitons have much longer lifetime of
up to hundreds picosecond.13,14 A number of characteristics such
as size, shape, defect density, crystallinity, and surface structure can
be precisely tailored in nanoparticles, which dramatically influence

FIG. 1. Schematic illustration of exciton transfer and recom-
bination in semiconductor. Pathways 1, 2, 3, and 4 rep-
resent bulk electron-hole recombination, migration to the
semiconductor surface, surface electron-hole recombina-
tion, and transfer to surface-adsorbed reactants, respec-
tively.
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the exciton lifetime.11 Consequently, a rational design of the semi-
conductor domain in the form of nanoparticles in a well-defined
and monodisperse manner is critical to monitor exciton dynamics
and understand photocatalytic processes in detail, which in turn is
essential to maximize photocatalytic performance.

In this aspect, numerous semiconductor nanoparticles have
been utilized as active catalysts, but their photocatalytic activity is
not sufficient to meet a commercialization level yet. In addition
to the semiconductor, cocatalysts such as noble metals and other
semiconductors have been applied to achieve better exciton sepa-
ration and shuttling.9,15,16 Among various cocatalysts, noble metals
have been introduced to capture electrons from the conduction band
of semiconductor domains, leading to prolonged exciton lifetimes.
Some noble metals also have a high binding energy with protons
to which electrons are effectively shuttled.16 Iwata and co-workers
reported that Pt-loaded TiO2 powders have an additional exciton
decaying time of 2.3 ps compared to the bare TiO2 powders.17 Kamat
and co-workers observed much faster kinetics of electron transfer
to Pt in CdSe/Pt than in bare CdSe nanoparticles by monitoring
bleaching recovery with methyl viologen.18 In these experiments,
exciton transfer can be artificially regulated by carefully controlled
decoration of a metal cocatalyst on the semiconductor. An interme-
diate (adsorbed proton in this case) of the photocatalytic reaction,
which is very important to determine catalytic activity in multistep
reactions, is modulated at the same time.

In this semiconductor-metal hybrid catalyst system, the control
of morphology with a direct junction between different domains is
very important. In general, metal-semiconductor hybrid nanopar-
ticles are prepared by the photodeposition of metals on the sur-
face of semiconductor materials, where the metals are randomly
distributed.19,20 Only few works have successfully yielded uni-
form metal-semiconductor nanostructures with specific morphol-
ogy. The exciton pathways and their kinetics depending on cat-
alyst morphology similarly have rarely been investigated. In this
research update, we summarize various efforts from the viewpoint
of exciton pathways for the design and synthesis of unique metal-
semiconductor nanostructures, including core-shell21–24 and tipped
nanorods.25–27 In addition, we also revisit how the intermediates of
photocatalytic hydrogen evolution correlate with the morphology
of semiconductor and metal domains. This can provide essential
information on how to modulate exciton pathways by regulating
the catalyst morphology for an efficient photocatalytic hydrogen
evolution reaction.

II. THEORETICAL BACKGROUND
A. Band structure of semiconductors for
photocatalytic reactions

The electronic band structure of semiconductors is pivotal to
understand photocatalytic properties of materials. Electrons in the
valence band are excited to the conduction band after the irradia-
tion of light gaining a higher energy than the material’s bandgap,
and the excited electrons activate the hydrogen evolution reaction.
The bandgap is an intrinsic value depending upon the composition,
and it is a main factor to determine active photocatalytic ranges in
wavelengths. Although the energy should be sufficiently provided by
light, the visible range is a major target of light absorption due to the
large fraction of over 40% in the sunlight spectrum on Earth. There-
fore, the bandgap of around 2.4 eV is generally preferred among
various semiconducting materials (Fig. 2).

The edge positions of conduction and valence bands are other
important factors to modulate hydrogen evolution reactions. In a
thermodynamic point of view, the edge energy of the conduction
band must be the same or more negative than the proton reduction
potential (0.0 V vs NHE) for spontaneous reaction. In addition, if
the activation energy of reaction pathways is considered, a potential
larger than the thermodynamic, one should be supplied to the reac-
tion system, in which the potential gap is referred to as overpotential.
Therefore, the proper choice of semiconductors is limited under the
criteria that are not exceeding the visible range but bearing enough
overpotential. According to the band diagrams in Fig. 2, CdS, CdSe,
and Ta3N5 are good candidate materials to fit this standard due to
their optimal conduction band position and low bandgap. In nanos-
tructured materials, however, each band has more discrete energy
states by the quantum confinement effect, which makes a larger
bandgap dependent upon the material’s morphology. In this regard,
BiVO4 and Fe2O3 can also be potential candidates for catalyst mate-
rials. In addition, semiconductors with large bandgaps such as TiO2,
WO3, and g-C3N4 have been intensively studied in ways of doping
heteroatoms or combining with other semiconductors and molec-
ular dyes to reduce their bandgaps to gain appropriate energies for
photocatalytic reactions.

B. Charge transfer kinetics in relation to catalyst
morphology

Photoexcited electrons and holes in semiconductor domains
after the irradiation of light with higher energy than the

FIG. 2. Bandgap alignment of several common semicon-
ductors with redox potential of water reduction and oxida-
tion.
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semiconductor bandgap have two major pathways: (1) deactiva-
tion by bulk electron-hole recombination within the semiconduc-
tor (Pathway 1) or (2) migration and trapping to the semicon-
ductor surface for eventual hydrogen evolution (Pathway 2). Seki
and co-workers numerically solved bulk electron-hole recombina-
tion kinetics using a multiple trapping model (MT model), which
assumed trapping sites having different trapping energies.28 In this
MT model, excitons are recombined or retrapped after thermal
detrapping from the trapping sites. When the trapping rate con-
stant is much higher than the recombination rate constant and
the Fermi energy of electrons and holes is independent of these
intrinsic rate constants, the apparent rate constant of bulk electron-
hole recombination follows proportionality, which is described as
follows:

kobs ∝ krh/kth and kobs ∝ kre/kte,

where krh, kth, kre, and kte are recombination and trapping rate con-
stants of holes and electrons, respectively. Hence, faster trapping
kinetics of the excitons is a key factor to mitigate bulk electron-hole
recombination. Cations located on the surface or subsurface of the
semiconductor provide effective trapping sites for the excitons.29,30

This means that the semiconductor nanoparticles, which have a
shorter diffusion length to the surface, can reasonably increase trap-
ping rate kinetics with mitigation of the bulk electron-hole recombi-
nation rate.

As discussed in the Introduction, decoration with metal cocat-
alysts on semiconductor nanoparticles is a promising strategy to
decrease the electron-hole recombination. In general, electron trans-
fer kinetics from the conduction band of the semiconductor to metal
domains is several orders of magnitude faster than the electron-hole
recombination rate, which can be measured by transient absorption
spectroscopy in practice.31,22 The Marcus model of electron trans-
fer provides insight to precisely understand the electron transfer
kinetics. The many-state Marcus model is delineated as follows:33,34

kET(E, r) = 2π
h̵ ∫

∞

−∞

ρ(E)∣H̄(E, r)∣2 1√
4πλkBT

e−
(λ+ΔG+E)2

4πλkBT ,

where kET(E, r) is the electron transfer rate constant depending on
the specific potential E and the distance of the redox acceptor r,
ρ(E) is the density of accepting states, H̄(E, r) is the overlap matrix
energy, λ is the reorganization energy, and ΔG is the change of free
energy during the reaction. According to analytical solutions of the
Marcus model, the distance (r) between the semiconductor and elec-
tron acceptor is a key factor to determine the electron transfer kinetic
constant.33,34 Consequently, a direct junction between the metal and
semiconductor domains is critical to maximize electron transfer effi-
ciency. In addition, the density of accepting states [ρ(E)] and the
change of free energy (ΔG) are governed by the states of metal and

semiconductor nanoparticles with various characteristics, such as
size, defect, crystallinity, surface morphology, shape, and junction
between the metal and semiconductor domains.

From the viewpoint of actual experiments, the synthesis of uni-
form metal-semiconductor hybrid nanostructures is not a simple
task. A large lattice mismatch between the metal and semiconduc-
tor makes it very difficult to form a direct junction between them.
Moreover, the morphology of metal-semiconductor hybrids other
than alloys or randomly distributed spheres is not thermodynam-
ically stable, and thereby precise kinetic control in terms of reac-
tion sequence, temperature, and time is required. In Secs. III and
IV, we briefly summarize a few successful synthetic strategies of
well-defined metal-semiconductor hybrid nanostructures. First, we
look into advantages and drawbacks of the core-shell and its rel-
ative morphologies and related photocatalytic hydrogen evolution
reactions.22–24,35 Second, we demonstrate recent extensive efforts on
metal-tipped CdSe and CdS nanorods with a variety of morphol-
ogy and compositions.25–27,32,36,37 Finally, we suggest an outlook for
other plausible factors to regulate electron-hole recombination and
future prospects for advanced photocatalytic structures to establish
total water splitting with high efficiency.

III. CORE-SHELL AND RELATED
METAL-SEMICONDUCTOR NANOSTRUCTURES
WITH HIGH STABILITY

Metal core-semiconductor shell nanostructures have been
widely employed as photocatalysts due to their unique physical,
chemical, and catalytic properties.22,35 They exhibit enhanced pho-
tocatalytic stability owing to the prevention of aggregation and seg-
regation of metal domains from the metal-semiconductor inter-
face. Three-dimensional contacts between metal and semiconductor
domains also enhance electron transfer kinetics from the semicon-
ductor to the metal core. In addition, the metal core with a low
Fermi energy level behaves as an electron reservoir, which prolongs
the lifetime of photoinduced electrons to promote photocatalytic
reaction.38 Despite these advantages, the use of core-shell nanopar-
ticles has rarely been reported in photocatalytic hydrogen evolution
because slow diffusion of protons to the metal core restricts effective
electron transfer. To overcome this diffusion limit, core-shell rela-
tives, such as core-island shell, yolk-shell, and double shell hollow
nanostructures, have been investigated (Fig. 3).

Loo and co-workers successfully prepared Au at TiO2 yolk-
shell nanostructures by the calcination of Au at carbon/Ti interme-
diates. An Au at TiO2 yolk-shell nanostructure with 2.0 wt. % of
Au loading showed a maximum hydrogen evolution rate of 697.7
μmol h−1 using 10 mg of the catalyst under UV-visible irradia-
tion with methanol as a sacrificial reagent.39 Xue and co-workers

FIG. 3. Core-shell and its related metal-semiconductor
nanostructures.
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synthesized Pt at TiO2 core-island shell nanoparticles via a
hydrothermal reduction in the TiF4 precursor on Pt nanoseeds. The
resulting Pt at TiO2 nanoparticles were used as photocatalysts for
hydrogen evolution with erythrosine B (ErB) as a sensitizer. The
hydrogen evolution rate was measured to be 7.9 μmol h−1 with
5 mg catalyst loading under the simultaneous irradiation of light at
550 nm and 400 nm wavelengths with triethanolamine as a sacrificial
reagent.40 Tang and co-workers synthesized Au at CdS nanoparti-
cles using self-assembly of CdS on Au nanoparticles. The catalyst
exhibited a hydrogen evolution rate of 7.8 μmol h−1 with 38.5 mg
loading, with the apparent quantum yield of 1.9% with high dura-
bility for 16 h under visible light irradiation in the presence of Na2S
and Na2SO3 as sacrificial reagents. This high photocatalytic perfor-
mance was due to the fast capturing of holes by the core Au domains,
which could prevent photocorrosion.21 As observed in these exper-
iments, most of the core-shell related nanostructures showed low
photocatalytic efficiency and durability compared to other catalytic
systems. Moreover, the synthetic schemes were mainly developed on
a case-by-case basis and are not applicable to other compositions. To
achieve optimal catalytic properties, it is important to achieve gen-
erality of the synthetic process because this can expand the choice
of catalyst materials and make it possible to tailor the composition
precisely.

Sequential nanoscale reactions from Ag to metal chalco-
genides have considerable potential to fabricate various core-shell
related hybrid nanostructures. Ouyang and co-workers developed a
general process for the formation of metal at semiconductor
core-shell nanoparticles through consecutive chalcogenization and
cation exchange from metal at Ag nanoparticles.41 Song and

co-workers also used a combination of galvanic replacement,
chalcogenization, and cation exchange reactions to prepare metal-
semiconductor double shell hollow nanocubes.23,24 Pt-CdS double
shell hollow nanocubes were prepared via four steps of nanoscale
reactions [Fig. 4(a)]. From Ag nanocubes, PtAg hollow nanocubes
were prepared by the partial galvanic replacement reaction. The
residual Ag part was then converted into Ag2S by sulfidation. A dou-
ble shell hollow structure was clearly formed at this stage due to the
Kirkendall effect during the sulfidation. PtS-CdS double shell hollow
nanocubes were yielded by cation exchange with Cd2+ without struc-
tural change. To generate Pt-CdS hollow cubes, hydrogen treatment
at high temperature was additionally required.

In the photocatalytic hydrogen evolution, Pt-CdS double shell
hollow nanocubes showed a hydrogen generation rate of 75 μmol
g−1 h−1, which was higher than that (50 μmol g−1 h−1) of com-
mercial Pt-CdS spheres [Fig. 4(b)] under UV-visible irradiation in
the presence of SO3

2− and S2− ions as sacrificial reagents. The cat-
alyst also showed high stability over 20 h due to the passivation of
Pt layers by the semiconductor shells preventing their detachment
and aggregation during the reaction [Fig. 4(c)]. The high activity
of the double shell hollow nanostructure was explained as follows:
thin but continuous inner Pt layers provided not only proper reduc-
tion sites for hydrogen evolution but also gave three-dimensional
contacts with the CdS outer shells, facilitating electron transfer to
the metal domains. The photoinduced holes were rapidly consumed
by the sacrificial reagents through the external semiconductor
surface with many defect sites [Fig. 4(d)]. The exact hydrogen
evolution kinetics inside the hollow chambers was verified by
dark-field spectroscopy at an individual particle resolution. This

FIG. 4. (a) Illustration of the general synthetic method of metal-CdS double shell hollow nanocubes (M = Pt, Au, Pd). (b) Stability test of photocatalytic hydrogen evolution
using Pt-CdS double shell hollow nanocubes (black) and commercial CdS platinized by photodeposition (red). (c) TEM image of Pt-CdS double shell hollow nanocubes after
the stability test for 6 h. (d) Ideal scheme of photoexcited electron-hole pathways during the reaction. Reproduced with permission from Choi et al., J. Mater. Chem. A 4,
13414 (2016). Copyright 2016 The Royal Society of Chemistry.
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experiment showed the diffusion of the reagents occurred through
the holes or pores in the hollow shell and promoted the reactions in
the void area, which overcame the diffusion limit of the core-shell
structure.42

The synthetic protocol for double shell hollow nanocubes can
be generally applied to various metal-semiconductor pairs. The met-
als range from Ag to Pd, Pt, and Au, and the semiconductors are
from metal sulfides to selenides and tellurides without changing the
particle morphology.24,41 In particular, replacing Au and Pd layers
with Pt layers in the Pt-CdS double shell hollow structure is very
important to confirm the metal cocatalyst effect on photocatalysis.
The Pd- and Au-CdS double shell hollow nanocubes were synthe-
sized via sequential nanoscale reactions as in the Pt-CdS double
shell hollow cubes. The measured hydrogen production rates of the
metal-CdS hollow nanocubes were in the order of Pt-CdS (80 μmol
g−1 h−1) > Au-CdS (40 μmol g−1 h−1) ≈ Pd-CdS (39 μmol g−1 h−1)
with the apparent quantum yield of 2.84%, 1.42%, and 1.39%, respec-
tively [Fig. 5(a)]. The high activity of the Pt-CdS hollow nanocubes
was mainly dependent upon the superior catalytic activity of the Pt
layers. However, photoelectrochemical (PEC) measurement using
the catalyst electrodes in the presence of sulfites showed that the
photocurrents were measured in the inverse order of Au-CdS
(1.1 mA cm−2) > Pd-CdS (0.7 mA cm−2) > Pt-CdS (0.4 mA cm−2)
[Figs. 5(b) and 5(c)]. The metal could not catalyze the sulfite oxida-
tion, and it only behaved as an electron-hole recombination center at
the interface. In consideration of the hydrogen production rate, the

electrocatalytic activity of pure metals is known to be in the order
of Pt > Pd ≫ Au, but the photocurrent generation of the catalysts
is in the opposite order of Au ≫ Pd > Pt. As a result, these two
factors acted together to exhibit the apparent activity of hydrogen
production in the order of Pt > Pd ∼Au. In this uniform catalytic sys-
tem, the choice of metal cocatalyst appears to be essential to manage
exciton kinetics, particularly for the interplay between Pathway 3
(electron-hole recombination at the interface) and Pathway 4 (elec-
tron transfer to the reagents). The small photocurrent of the Pt-CdS
catalyst indicates that the charge recombination rate of Pt through
Pathway 3 is higher than those of Pd and Au (see below).

Han and co-workers synthesized Au-CdS nano-dimers43

and an Au-CdS yolk-shell structure44 through similar multistep
nanoscale reactions. In the photocatalytic test, the Au-CdS yolk-shell
structure showed a 27.2 fold larger hydrogen evolution rate (187.7
μmol h−1, 0.32% of quantum yield under 450 nm irradiation) than
that of the Au-CdS core-shell under visible light irradiation in the
presence of Na2S and Na2SO3. The inferior photocatalytic activity
of the Au-CdS core-shell structure was explained by the faster elec-
tron transfer and electron sinking to Au-cores, which diminished the
concentration of photoinduced electrons on the CdS surfaces. Fur-
thermore, the superior photocatalytic activity of the Au-CdS yolk-
shell structure was due to the synergistic effect of radiative relaxation
of the plasmon energy in the Au core and multiple reflections of
the incident light within the voids of the yolk-shell structure. These
findings demonstrate that surface plasmon resonance of the metal

FIG. 5. (a) Photocatalytic hydrogen
evolution reaction using M-CdS dou-
ble shell hollow nanocubes in 0.35M
Na2SO3/0.25M Na2S aqueous solution
under the UV-vis irradiation. (b) LSVs
and (c) action spectra of the electrodes
of M-CdS double shell hollow nanocubes
in 0.35M Na2SO3/0.25M Na2S aque-
ous solution. Reproduced with permis-
sion from Choi et al., J. Mater. Chem.
A 4, 13414 (2016). Copyright 2016 The
Royal Society of Chemistry.
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core is an additional significant factor to promote the photocatalytic
hydrogen evolution.

IV. METAL-TIPPED RODS AS A UNIQUE PLATFORM
TO STUDY MULTIPLE GEOMETRIC FACTORS

Metal-tipped semiconductor nanorods have been regarded as
a promising photocatalyst since Banin and co-workers developed
their synthetic process.45 Each domain of metal tips and semi-
conductor rods is single crystalline, which can simplify multi-
ple exciton pathways.32 The asymmetric nanorod structure pro-
motes multiple exciton generation and efficient photoinduced
charge separation46,47 and can prevent Auger recombination in
comparison with spherical quantum dots.48 The characteristic
rod and tip structure induces the direction of electron trans-
fer in Pathway 2. In addition, spatial separation of photogener-
ated electrons and holes effectively suppresses charge recombina-
tion and enhances the overall photocatalytic efficiency.49 Recent
advances in synthesis based on these unique properties enable us
to design uniform metal-semiconductor hybrid nanorods that reg-
ulate photophysical kinetics including charge separation, recombi-
nation, and hole transfer during photocatalytic hydrogen evolution.
To date, numerous morphologies with diverse components have
been synthesized with the aim of reducing charge recombination
rates.

Early investigations of metal-semiconductor nanorods focused
on a geometric effect between single and double Pt-tipped CdSe
nanorods.37,50 Thermal deposition of Pt on the CdSe nanorods and
finely adjusting the precursor concentration led to the formation of
single and double-tipped rods [Figs. 6(a) and 6(b)]. At a low pre-
cursor concentration, Pt was selectively deposited on one tip of the
individual CdSe nanorods. Basically, the reactivity of the tip region
is higher than that of the body due to its high surface energy.51 In Cd
chalcogenide nanorods, each tip is differentiated either as a Cd-rich
or a chalcogenide-rich facet, respectively.52 Therefore, the Pt depo-
sition preferentially occurs on the Se-rich tip because the binding
energy of Pt-Se is higher than that of Pt-Cd. A high Pt precursor
concentration led to the formation of double tips. If the concentra-
tion is much higher, additional Pt growth took place on the nanorod
walls, particularly on the defect sites. This phenomenon indicates
that the Pt deposition occurred through a defect mediated growth
on the heterogeneous CdSe surface.52

In hydrogen evolution reactions under visible light irradiation,
the single-tipped nanorods showed a nearly twofold higher evo-
lution rate than that of the double-tipped structure although the
Pt loading was half of the latter [Fig. 6(c)]. The change of reac-
tivity according to the number of cocatalysts is explained by the
hole transfer rate from semiconductor to sacrificial reagents37 or
the proximity of intermediates during the multielectron reaction.50

The single-tipped nanorods have a proper amount of cocatalysts

FIG. 6. TEM images of (a) single- and (b)
double-Pt tipped CdSe nanorods. The
bars represent [(a) and (b)] 10 nm and
(insets) 5 nm. (c) Photocatalytic H2 evo-
lution rates under the visible light (λ
≥ 420 nm) obtained by Pt single- and
double-tipped CdSe nanorod with 4.0 mg
of catalysts in the presence of 0.35M
Na2SO3/0.25M Na2S aqueous solution.
Reprinted and adapted with permission
from Bang et al. J. Phys. Chem. Lett.
3, 3781 (2012). Copyright 2012 Ameri-
can Chemical Society; (d) Current-time
response curves of CdSe (black), Pt
single- (red), and Pt double-tipped CdSe
nanorods (blue) in 0.35M Na2SO3/0.25M
Na2S aqueous solution. Reprinted and
adapted with permission from Choi et al.
Nano Lett. 17, 5688 (2017). Copyright
2017 American Chemical Society.
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that can promote charge separation and reduce overpotential for
hydrogen evolution and thereby maximize the hydrogen evolu-
tion rate. Indeed, the other tip region, which directly opens to the
reagents, promotes the hole transfer rate because the tip region is
commonly a highly active site where the sacrificial reagents are likely
to receive the holes.53 In contrast, the tip regions of the double-
tipped rods are completely blocked by Pt, which prevents effective
hole transfer to the reagents. From the viewpoint of the proxim-
ity of the intermediates, the single-tipped rods have an advantage
with respect to reactivity because the photocatalyst with only a sin-
gle cocatalyst per excitation unit ensures that all intermediates are
formed on the same catalytic site, thereby leading to a high prox-
imity of the intermediates. Two absorbed protons are required for
hydrogen evolution, and thus this high proximity can improve the
catalytic efficiency.

This geometric effect on Pt-tipped nanorods can also be elu-
cidated in light of the recombination rate at the interface between
metal and semiconductor domains. Figure 6(d) shows photoelec-
trochemical (PEC) current-time response curves measured at an
applied potential of−0.5 V vs Ag/AgCl under visible light irradiation
(λ ≥ 420 nm).32 The photocurrent intensity of the bare and Pt-tipped
CdSe nanorods tends to decrease by increasing the number of metal
tips, CdSe (−0.11 mA cm−2) > single-Pt tipped (−0.079 mA cm−2)
> double-Pt tipped rods (−0.058 mA cm−2). This suppression of
the photocurrent by the Pt tips reveals that charge recombination
occurs at the interface of Pt and CdSe (Pathway 3), which results in
a low hydrogen evolution rate on the double-tipped nanorods that is
inferior to that of the single-tipped structure.

Other reports also support the tendency of reactivity with
respect to charge recombination at the interface. In the Pt-tipped
CdSe core/CdS Type I nanorods, hole localization on the CdSe core
and rapid electron transfer to Pt, as illustrated in Fig. 7(a), were
suggested.25 This process facilitated long-lasting charge carrier sep-
aration and suppressed electron-hole recombination at the inter-
face between the metal and semiconductor. As a result, the seeded
nanorods exhibited a 28-fold higher rate for hydrogen evolution
than that of the unseeded rods [Fig. 7(b)]. In addition, the charge
recombination rate was regulated by the physical length between
the hole and electron acceptors. By altering the length of CdS from
20 nm to 60 nm, significantly improved hydrogen evolution activ-
ity was observed. The recombination rate can also be controlled by
varying the metal position on nanorods. Feldmann and co-workers
designed CdS nanorod structures with a single-Pt tipped structure
and multiple Pt particles randomly located at the nanorod face
[Fig. 7(c)].36 In the latter case, the average distance between the
semiconductor and metal particles was small, which may lead to a
faster electron transfer rate; however, the resulting hydrogen evolu-
tion rate was much lower [Fig. 7(d)]. This was attributed to the water
reduction rate on metals (Pathway 4) being much slower than the
electron transfer rate, and thereby electrons accumulated on metals
and the probability of recombination with nearby holes (Pathway 3)
increased. The Pt-tipped nanorods showed a higher hydrogen evo-
lution rate due to the lower recombination rate.

The charge recombination rate is modulated not only by
the catalyst morphology but also by the component of the metal
cocatalyst. Several reports have explained the role of metals as a

FIG. 7. (a) Illustration of the Pt tipped
CdSe/CdS dot-in-rod system and cor-
responding bandgap level. (b) Rela-
tive quantum efficiency for H2 evolu-
tion obtained from different length and
seed diameters. Reprinted and adapted
with permission from L. Amirav and P.
Alivisatos, J. Phys. Chem. Lett. 1, 1051
(2010). Copyright 2010 American Chem-
ical Society; (c) Illustration of electron
transfer and charge recombination path-
ways between Pt tipped and randomly
decorated CdS nanorods. (d) Hydrogen
evolution rate of nanorods under illumi-
nation in neutral aqueous solution in the
presence of sulfite ions as hole scav-
enger. Reprinted and adapted with per-
mission from Simon et al., ACS Energy
Lett 1, 1137 (2016). Copyright 2016
American Chemical Society.
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cocatalyst for the photocatalytic reaction.54–59 However, most stud-
ies to date have only focused on the difference in the water reduction
rate (Pathway 4), and other exciton pathways such as Pathways
1–3 were ignored. To address the metal cocatalyst effect in detail,
Song and co-workers selected double-metal tipped CdSe nanorods,
referred to as nanodumbbells, as a model catalyst for photocatalytic
hydrogen evolution. Asymmetric Au-CdSe-Pt nanodumbbells were
prepared by sequential deposition of Pt and Au and compared with
symmetric nanodumbbells, Au-CdSe-Au and Pt-CdSe-Pt to ana-
lyze the reaction kinetics.32 As in Fig. 8(a), both ends of the CdSe
nanorods were uniformly anchored by metals, and the elemental
mapping images showed that Au and Pt heterotips were formed in
the individual CdSe nanorods [Figs. 8(b) and 8(c)].

The photocatalytic hydrogen evolution rate was highly depen-
dent upon the metal component [Fig. 8(d)]. The activities were mea-
sured under visible light irradiation and found to be in the order of
Au-CdSe-Pt (31 μmol h−1) > Pt-CdSe-Pt (15 μmol h−1) > Au-CdSe-
Au (3.0 μmol h−1), and quantum yields were estimated as 2.45%,
1.55%, and 0.22%, respectively. In consideration of the superior cat-
alytic activity of Pt to Au, it is anticipated that the Pt-CdSe-Pt catalyst
may exhibit the highest efficiency among the nanodumbbells, but the
best catalyst was Au-CdSe-Pt, presenting twice higher activity than
the Pt-CdSe-Pt catalyst showed. To interpret this result, the PEC
current-time response curves were measured at an applied potential
of −0.5 V under visible light irradiation (λ ≥ 420 nm), which was in
the order of Au-CdSe-Au (−0.068 mA cm−2) > Au-CdSe-Pt (−0.062
mA cm−2) > Pt-CdSe-Pt (−0.058 mA cm−2). This indicates that
increasing the number of Pt tips diminished photocurrent genera-
tion due to the large charge recombination rate at the interface with
Pt-CdSe (Pathway 3). As a result, the Au-CdSe-Pt catalyst showed
higher catalytic activity than the Pt-CdSe-Pt catalyst despite the low
proton reduction rate at the Au tips.

Transient absorption (TA) spectroscopy can provide decisive
information on charge carrier dynamics [Fig. 9(a)]. The electron
transfer rate (kET) and recombination rate (krec) were inferred from
the decay lifetime of bleach signals. The results proved that the
charge recombination rate at the Pt tips (31.57 μs−1) was larger
than that of the Au tips (22.02 μs−1) as we observed in the PEC
measurement. This provided insight into a rational design for the
metal cocatalyst that had Au cores having a low krec and a Pt sur-
face with a high kWR to achieve higher efficiency. Pt was deposited
on the Au-CdSe-Au nanodumbbells, where the Pt component selec-
tively coated the Au tip surface, but not the CdSe walls [Fig. 9(b)].
The PEC response was identical before and after the Pt coating pro-
cess, indicating that the deposited Pt did not form a junction with
CdSe, but only affected the surface nature of Au [Fig. 9(c)]. How-
ever, the catalytic efficiency tremendously increased by about 20
times (62.5 μmol h−1) after the Pt coating compared to the pris-
tine Au-CdSe-Au (3.0 μmol h−1) and was even twofold larger than
that of the Au-CdSe-Pt nanodumbbells [Fig. 9(d)]. The quantum
yield was 4.84%, which was also superior to that of the other nan-
odumbbells. The results of this experiment reveal that the design
of metal cocatalysts should consider both surface reaction rates (in
this case, kWR) through Pathway 4 and charge recombination rates
(krec) at the interface through Pathway 3 together, which enables
the catalytic activity to be enhanced by more than an order of
magnitude.

V. OUTLOOK
In addition to the reaction kinetics on metal cocatalysts,

several other factors may influence the activity of photocatalytic
hydrogen evolution. In particular, modification of the semiconduc-
tor domain would be another direction to approach the optimal

FIG. 8. (a) TEM and (b) HAADF-STEM
images of Au-CdSe-Pt nanodumbbells.
The bar represents 20 nm. (c) Ele-
mental mapping image of Pt (green)
and Au (red). (d) Photocatalytic hydro-
gen evolution rate and (e) current-time
response curves under the visible light
(λ ≥ 420 nm) irradiation with 4.0 mg
of the catalysts in 0.35M Na2SO3/0.25M
Na2S aqueous solution. Reprinted and
adapted with permission from Choi et al.,
Nano Lett. 17, 5688 (2017). Copyright
2017 American Chemical Society.
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FIG. 9. (a) Normalized TA time traces
of Pt-CdSe-Pt (blue), Au-CdSe-Pt (red),
and Au-CdSe-Au (green) nanodumbbells
with fitted curves (black) after 400 nm
excitation with a laser fluence of 30
nJ/pulse. (b) TEM and elemental map-
ping images of Pt coated Au-CdSe-
Au nanodumbbells. The bars represent
10 nm and (inset) 4 nm. (c) Current-
time response cure and (d) photocat-
alytic hydrogen evolution rate in a 0.35M
Na2SO3/0.25M Na2S aqueous solution
under visible light Illustration of Pt coated
Au-CdSe-Au nanodumbbells. Reprinted
and adapted with permission from Choi
et al., Nano Lett. 17, 5688 (2017). Copy-
right 2017 American Chemical Society.

activity. For instance, electron mobility of the semiconductor
domain is a significant factor to additionally improve catalytic prop-
erties.60 As a model catalyst, Zn1−xCdxSe alloy nanorods, which gave
continuous compositional variation from CdSe to ZnSe, were inves-
tigated [Fig. 10(a)]. The Zn0.5Cd0.5Se nanorods showed the max-
imum amount of hydrogen evolution among the alloy nanorods
without cocatalysts due to the balance between the conduction band
edge potential and the light absorption capacity of the semicon-
ductor domain. After Pt deposition at the tips, however, the trend
was altered such that the Pt-tipped Zn0.25Cd0.75Se nanorods became
the most effective photocatalyst. This was attributed to a new elec-
tron diffusion process emerging from the attachment of metal tips,
which was successfully represented by the electron mobility within
the semiconductor domain to the metal tips.

The defect level and density of catalytically active sites are also
important. The hydrogen evolution reaction on the surface gener-
ally requires a ∼10 ms time scale of catalytic turnover rate.26 How-
ever, the excited electrons alive up to milliseconds are negligible,
and thus, making electron traps on the catalyst surface may signif-
icantly increase the exciton lifetime. Some recent studies have also
focused on the use of plasmonic hot electrons generated by noble
metal domains. The hot electrons from absorbed photons with high
energy can directly migrate to the active sites and improve the overall
photocatalytic quantum efficiency.56 However, this approach is still
challenging because of their extremely rapid reaction rate along with
intraband relaxation process, and further comprehensive studies are
required.

Besides, the catalyst itself, various reaction conditions,
especially the pH level of reaction media, largely influence on the

photocatalytic activity. A hole removal rate by the scavengers alters
total efficiency, which relies on the oxidation potential of the agents.
The pH level in the reaction medium directly shifts the oxidation
potential by the Nernstian dependence (59 mV/pH unit) and sig-
nificantly changes the total catalytic performance. For instance, in
Ni-decorated CdS nanorods, a rapid increase in the reaction rate
was observed under the highly alkaline medium. It resulted from the
rapid change of the oxidation potential with respect to the valence
band edge position (33 mV/pH unit).61

Toward the complete water splitting reaction without sacrifi-
cial reagents, a combination with proper oxygen evolution catalysts
is also another important area to study.62 In general, the water oxida-
tion rate is considerably slower than that of water reduction, result-
ing in very low efficiency of the overall water splitting reaction.26 The
catalyst stability is also a major problem during the oxidation reac-
tion.2,63 Overall water splitting on a single photocatalyst by using
visible light has been regarded as an ideal model of artificial pho-
tosynthesis, in which the bandgap should be as narrow as 1.23 eV
for harvesting more visible light from solar spectrum. Under this
condition, however, it is very difficult to satisfy sufficient overpoten-
tials to overcome the activation energies of targeted redox reactions,
and the total efficiency would decrease. In the material viewpoints,
the well known visible-responsive semiconductors including Fe2O3,
WO3, and BiVO4 are excluded for the purpose of water splitting
because the bandgap did not straddle both reduction and oxidation
potentials of water (Fig. 2). Other absorbers, such as InP, GaAs, and
metal chalcogenides, are also ruled out due to their corrosion by self-
oxidation with photogenerated holes. As a result, combination of
discrete reduction and oxidation catalyst domains and formation of
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FIG. 10. (a) Photocatalytic hydrogen
evolution rates of bare and Pt-tipped
Zn1−xCdxSe nanorods in 0.25M
Na2S/0.35M Na2SO3 aqueous solution
under visible light (λ > 400 nm) irradia-
tion. Reproduced with permission from
Choi et al., J. Mater. Chem. A 6, 16316
(2018). Copyright 2018 The Royal
Society of Chemistry. (b) Design of the
rod-based ideal photocatalyst structure
with oxidation and reduction catalysts
at both ends separably. (c) TEM and
(d) photocatalytic evolution rate of H2
and O2 under UV irradiation (λ > 300
nm) of Co3O4/hollow carbon nitride
sphere/Pt. (b) and (c) are reproduced
and adapted with permission from Zheng
et al., Angew. Chem., Int. Ed. 55, 11512
(2016). Copyright 2016 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

hybrid catalysts are preferred. For an ideal design of a water splitting
photocatalyst, the reduction and oxidation parts should be far apart,
but there should still be strong excitonic communications within
the individual catalyst. To this end, a nanorod comprising electron
donor and acceptor domains at each of the tips would be a potential
target.64 Recently, several groups demonstrated a proof-of-concept
of overall water splitting by using semiconductors such as Ta3N5,
C3N4, or TiO2 as the main body with loading of Pt as a reduction
cocatalyst and IrO2 or CoOx as an oxidation catalyst.65–67 The oxi-
dation and reduction parts are also spatially separated using a hollow
shell structure, i.e., Pt was deposited on the inner shell and CoOx on
the outer shell of hollow spheres [Fig. 10(c)]. The resulting catalyst
carried out both hydrogen and oxygen evolution reactions at a nearly
stoichiometric ratio (H2:O2 = 2:1) [Fig. 10(d)]. However, in this case,
the quantum yield was low, likely due to charge trapping on the sur-
faces and interfaces of polycrystalline C3N4. Recently, a hybrid struc-
ture containing molecular cocatalysts on nanostructured catalysts
was introduced. Stolarczyk and co-workers synthesized Pt-tipped
CdS nanorods with molecular Ru complexes anchored onto the
sides of the nanorods as oxidation catalysts.68 This selective attach-
ment of molecular cocatalysts led to long-lived excitons and enabled
water splitting into H2 and O2 with almost a 2:1 stoichiometric
ratio.

Although many catalytic structures are claimed to be criti-
cal for highly efficient photocatalytic hydrogen evolution, the exact
mechanism is still unclear, and the quantum yield does not yet
fulfill the requirement of commercially available processes. There-
fore, not only the design of an ideal catalyst system but also the
synthetic skills and processes to perfectly control the crystallinity

and surface structure of the catalyst should be developed further at
the same time.

VI. CONCLUSION
In this research update, we demonstrated the importance of

well-defined nanostructures containing metal and semiconductor
domains as efficient photocatalysts for hydrogen evolution, such
as core- and hollow-shell structures and metal-tipped nanorods.
The tendency of the catalytic efficiency is highly dependent upon
the morphology and component of the metal domains, which are
directly related to the reaction rate on the surface and charge recom-
bination rate at the interface between the semiconductor domains.
In particular, the recombination rate is regulated by separating the
electron and hole trapping sites and also varies by the metal com-
ponent, which significantly affects the eventual hydrogen evolu-
tion rate. However, sophisticated photophysical kinetics including
charge separation, relative band alignment, and hole transfer rate
are also at play, and therefore further efforts are required to design
and synthesize next-generation photocatalysts for hydrogen evolu-
tion and water splitting reactions having maximum activity and high
stability.
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