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Charge Transport in Two-Photon Semiconducting
Structures for Solar Fuels
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Semiconducting heterostructures are emerging as promising
light absorbers and offer effective electron-hole separation to
drive solar chemistry. This technology relies on semiconductor
composites or photoelectrodes that work in the presence of
a redox mediator and that create cascade junctions to pro-
mote surface catalytic reactions. Rational tuning of their struc-
tures and compositions is crucial to fully exploit their function-
ality. In this review, we describe the possibilities of applying
the two-photon concept to the field of solar fuels. A wide
range of strategies including the indirect combination of two
semiconductors by a redox couple, direct coupling of two sem-
iconductors, multicomponent structures with a conductive me-

1. Introduction

As the population increases and industrial growth continues,
the energy demands of our society continue to rise. Nowadays,
our major energy resources are still derived from limited and
nonrenewable fossil fuels, such as coal, oil, and natural gas.
Their production and consumption are problematic. The by-
products and chemicals used in the extraction and refinement
of fossil fuels cause significant harm to the environment. The
combustion of fossil fuels results in severe problems ranging
from air and water pollution to global warming. Therefore, re-
newable energy sources are urgently needed to liberate our
dependence on fossil fuels.

Solar energy provides a sustainable and clean resource. The
challenge is to develop efficient methods to harvest and store
solar energy.” This has stimulated studies to find materials ca-
pable of transforming solar energy into chemical fuels. Photo-
chemical fuel production by water splitting or CO, reduction
represents an attractive approach.”’ In this method, semicon-
ductor photocatalysts or photoelectrodes (PEs) with assisting
catalysts are integrated in photocatalytic (PC) or photoelectro-
chemical (PEC) devices. The reactions are realized if sequen-
tial steps are accomplished: light harvesting to generate elec-
tron—hole pairs, charge separation and migration to the surface
of the catalyst, and catalytic reaction between the charge carri-
ers and the reactants.®>® The overall efficiency is dependent
on both the thermodynamics and the kinetics of the process-
es.

Photochemical conversion of solar energy is a fundamental
research and technology challenge.” The basic problem lies in
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diator, related photoelectrodes, as well as two-photon cells are
discussed for light energy harvesting and charge transport. Ex-
amples of charge extraction models from the literature are
summarized to understand the mechanism of interfacial carrier
dynamics and to rationalize experimental observations. We
focus on a working principle of the constituent components
and linking the photosynthetic activity with the proposed
models. This work gives a new perspective on artificial photo-
synthesis by taking simultaneous advantages of photon ab-
sorption and charge transfer, outlining an encouraging road-
map towards solar fuels.

the coupling of the light-harvesting modules, which involves
the catalysis of transient electron excited states to typically
slow, multielectron, proton-coupled fuels.*®” The technology
challenge is integration of the complicated machinery respon-
sible for this process, particularly the assembling and spatial
structuring of the various components.”“® Nature photosyn-
thesis (NPS) provides a two-photon paradigm for doing this
with molecular-based materials.?™® To mimic the process, vari-
ous structures have been proposed to simulate NPS through
two separate semiconductors and a redox couple. The prefer-
ential attachment of redox species to a particular semiconduc-
tor surface is either an oxidation reaction or a reduction reac-
tion."” Recently, advanced structures for fast charge transfer
have been used for the process. For example, two different
semiconductors through a heterojunction have been shown to
induce swift electron transfer between materials, ™ ternary-
component structures with a solid-state electron mediator are
able to realize a vectorial electron-transfer path,'? and various
composite photoanodes™ and cathodes™ have been con-
structed for fuel generation. PEC devices employing multijunc-
tion photovoltaics (PVs)'™ or consisting of hydrogen- and
oxygen-evolving electrodes"® are also reported.

Although these efforts have been summarized in excellent
reviews from specific aspects, for example, two-step solution
contact systems,'”’ composite photocatalysts and PEs,="45218
and solar-fuel devices,"” the integration of materials for both
photon absorption and charge transport remains poorly under-
stood.”” We believe that a comprehensive overview on ways
to introduce the two-photon strategy for solar fuels is timely
to promote further developments in this exciting field. In this
work, we provide insight into two-photon semiconducting
structures to understand interfacial carrier dynamics. Models
are extracted from the literature to elucidate the mechanism
of charge transport and to rationalize the experimental obser-
vations. We examine the physical explanations and attempt to
distinguish ambiguities behind the models. Special focus is put
on the techniques used to couple the materials and the work-
ing principle of the constituent components. Links between
their performance and the proposed models are highlighted.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.chemsuschem.org

\\;} ChemPubSoc

ok

Guohua Liu received his Ph.D. degree
in the Engineering of Thermophysics
from the Chinese Academy of Sciences
in 2010. He obtained his second Ph.D.
degree in Micro and Nano Systems
Technology at the University College
of Southeast Norway (HSN) in 2013. He
is currently a professor of Power Engi-
neering at the Anhui University of

Technology and a postdoctoral fellow
working under the supervision of Prof.
Kaiying Wang at HSN. His research in-
terests are centered on the development and assembly of nano-
structured materials for energy applications.

Kang Du is currently a PhD candidate
at the University College of Southeast
Norway (HSN) under the supervision of
Prof. Kaiying Wang. He received his
M.Sc. degree in Micro and Nano
System Technology in 2014 at HSN,
Norway. His present scientific interests
focus on nanomaterials and photoca-
talysts for energy conversion and ap-
plications.

Dr. Sophia Haussener is an assistant
professor and the head of the Labora-
tory of Renewable Energy Science and
Engineering at Ecole polytechnique
fédérale de Lausanne (EPFL), Switzer-
land. She has worked in collaboration
with numerous international partners
on highly multi-disciplinary projects
conducting investigations of transport
phenomena in complex multi-phase
media relevant to energy conversion
technologies. A special focus lies on
solar-driven energy conversion processes based on solar thermal,
thermochemical, and electrochemical processes.

Kaiying Wang received his Ph.D.
degree in Condensed Matter Physics
from the Institute of Physics, Chinese
Academy of Sciences, in 1995. He was
a postdoctoral researcher at the Uni-
versity of New Orleans, USA. He joined
the University College of Southeast
Norway in 2007 as an associate profes-
sor and was then promoted to profes-
sor in 2010. His interests
focus on microfabrication and nano-
technology, functional thin films, mag-
netic and superconductive materials, nanostructure characteriza-

research

tion, and nanodevices for environmental and energy applications.

ChemSusChem 2016, 9, 1-28

These are not the final page numbers! 22

www.chemsuschem.org

CHEM
Reviews

CHEM

2. Concept, Models, and Benefit of Two-
Photon Structures

Plants use sunlight as an energy source and CO, and water as
feedstock to split water as molecular oxygen, which is accom-
panied by the reduction of CO, to carbohydrates.*” The reac-
tions occur over two distinct stages. The light reaction occurs
through a stepwise electron-transfer process to accumulate
sufficient energy for the chemical reaction (Scheme 1a),?>#2"
for which two photosystems (PSI and PSII) collect solar energy
through an assembly of light-harvesting chlorophylls and
power electrons to a higher electronic state inside the reaction
center. At the donor side of PSIl, water oxidation occurs on
a manganese calcium oxide cluster. Electrons are extracted
from water and are further donated to the lower oxidized form
of P680. P680 is a pigment that absorbs =680 nm light in
PSIl. Absorption of a photon excites P680 to P680%, at which
the electrons are promoted to an actively reducing species.
P680* donates its electron to the quinone--cytochrome f chain
with proton pumping. The electron from cytochrome f is do-
nated to PSI, which converts P700 into P700* (P700 is a pig-
ment that absorbs A =700 nm light in PSI).The electrons along
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Scheme 1. a) Z-Scheme in natural photosynthesis for charge separation.
P680: pigment that absorbs 4 =680 nm light in photosystem II; P680* is the
excited state of P680; P700: pigment that absorbs =700 nm light in pho-
tosystem |; P700* is the excited state of P700. Mn is manganese calcium
oxide cluster; Tyr is tyrosine in PSII; Pheo is pheophytin, the primary electron
acceptor of PSII; Q, is primary plastoquinone electron acceptor; Qg is secon-
dary plastoquinone electron acceptor; PQ is plastoquinone; FeS is Rieske
iron sulfur protein; Cyt f is cytochrome f; PC is plastocyanin; Aq is primary
electron acceptor of PSI; A, is phylloquinone; Fy, F,, and Fg are three sepa-
rate iron sulfur centers; Fy is ferredoxin; FNR is nicotinamide adenine dinu-
cleotide phosphate (NADP) reductase (adapted from refs. [3b,21a, c]). Artifi-
cial two-photon structures of b) solution contact, c) direct contact, d) multi-
component, and e) photoelectrochemical cells.
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with others are transferred to nicotinamide adenine dinucleo-
tide phosphate (NADP™) to form NADPH. Lastly, the dark reac-
tions occur, during which the products of the light reaction
form the C—C covalent bonds of carbohydrates. In this process,
pigments absorbing a wide range of the visible spectrum con-
vert light into chemical energy at PSIl. Charge recombination is
prevented by the presence of a transport chain, which drives
electrons to PSI. Additional light harvesting takes place at PSI,
which provides more energy to the electrons for their final
purpose. This excitation cascade with electrons shuttled
through the transport chain initiates the concept of two-
photon structures.?'<??

Artificial two-photon structures are analogous to the elec-
tron-transport chain in NPS. According to the charge-extraction
scheme, the structures are classified into four models: indirect
combination of two semiconductors by redox couples (S1-A/D-
S2) (Scheme 1b), direct coupling of two semiconductors (S1-
S2) (Scheme 1c), multicomponent structure with a solid con-
ductive mediator (S1-C-S2) (Scheme 1d), and related PEs and
two-photon cells (i.e., PEC) (Scheme 1e). Here, the symbol S
represents the semiconductor, A/D is the redox couple, and C
represents the conductive material. The band gaps and band
positions for a variety of semiconducting materials are depict-
ed in Figure 1.”® For H, evolution and CO, reduction, the posi-
tion of the conduction band (CB) edge should be higher than
the redox potential of H,/H,0 or CH,/CO, (CH,OH/CO,, HCHO/
CO, HCOOH/CO,, or CO/CO,), whereas the position of the va-
lence band (VB) edge should be lower than the redox potential
of 0,/H,0.52%* The core of this concept is to steer charge
transport between various materials and species. The engineer-
ing of energy bands and the interfaces of structures play im-
portant roles in the design of materials. The ultimate goal is to
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enhance light absorption and charge transfer to accelerate the
photosynthetic reaction.

The essence of a two-photon structure lies in the coupling
of different materials to efficiently capture and stabilize the
energy of solar radiation to drive multielectron chemis-
try.1%118161 The electron transfer is balanced through an elec-
tron relay material between the absorbers. The process utilizes
lower energy photons of the solar spectrum and increases the
choices available for combinations of the materials. As long as
the excited-state oxidation potential at the oxygen-evolving
site (S2 in Scheme 1) is more negative than the excited-state
reduction potential at the hydrogen-evolving site (S1), there is
no further potential requirement for these states.*®'® The
system features spatial separation of charge carriers and en-
hances the stability of the catalyst against photocorrosion. The
electrons aggregated in the CB of S1 produce an electron-rich
region that suppresses photooxidation. Aggregation of the
holes in the VB of S2 produces a hole-rich region, which pro-
tects S2 from photoreduction.

3. Principle, Materials, and Performance of
Two-Photon Structures

3.1. Indirect combination of two semiconductors by a redox
couple (photocatalytic systems)

The structure represents a system with two separate semicon-
ductors in a solution redox mediator (Figure 2a)."* Each semi-
conductor is responsible for one half-reaction, and the soluble
redox mediator helps electron transfer between the materi-
als.""?! Forward reactions occurring on the surface of S1 in-
clude reduction of protons by the CB electrons and oxidation
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Figure 1. Band gaps and band positions of a) n-type semiconductors and b) p-type semiconductors relative to the redox potentials of various compounds in-
volved in water splitting and CO, reduction. Values were taken from references given in the article. Note: The CB potential of a semiconductor material in
aqueous solution usually exhibits a pH dependence described according to Ecg=E’c (o10—0.059 pH. The redox potentials of water also have the same linear

pH dependence with a slope of 0.059 V per pH.
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Figure 2. a) Energy diagrams of a solution contact system (adapted from
ref. [10a]). b) Photocatalysts mixed in a conventional reactor. c) Twin reactor
for product separation.

of the electron donor (D) by VB holes to yield the correspond-
ing electron acceptor (A). The forward reaction on S2 is water
oxidation, which occurs with the VB holes, and the A generat-
ed by S1 is converted into its reduced form (i.e., D). Thus,
a cycle of redox pairs occurs and fuel production is fulfilled.
The properties of the semiconductor, the cocatalyst (cat1 and
cat 2 in Scheme 1b), and the redox couple are key factors af-
fecting the activity.

3.1.1. Semiconductors and cocatalysts

Since Bard introduced the concept of pairing semiconductors
for water splitting,”® many efforts have been made to develop
new materials."””’ Many metal oxides and (oxy)nitrides have
been reported for H, or O, evolution under UV/Vis light irradia-
tion."”® The combination of Pt-TaON (H, evolution) and PtO,/
WO; (O,) through the I0;7/I" redox couple shows water split-
ting with an apparent quantum yield (AQY) of 0.5% under the
illumination of A=420 nm UV light. Fuel production is stable,
and stoichiometric amounts of H, and O, are produced within
60 h.””? Between A =520 and 600 nm, RuO,-loaded TaON nano-
particles (NPs)" and Ir-loaded rutile TiO,/Ta;N5 (oxy)nitrides™
show functionality for O, evolution in the presence of the
I0;7/I” redox mediator. By extending the absorption wave-
length further to A =660 nm, BaZrO,/BaTaO,N with Pt NPs can
be used as a water reduction promoter with either PtO,/WO,
or TiO, rutile as the O, evolution catalyst.” It is anticipated
that nanosheets such as g-C;N,, BivO,, and WO, can be used
and optimized to build more efficient systems under visible
light.

The oxide SrTiO; exhibits high stability, but it alone cannot
split water under visible light. Pairing Ru/Na,V-SrTiO;, and Ru/
Rh-SrTiO; with the aid of the 10,7/ mediator results in water
splitting owing to narrowing of the band gap of the oxide by
adjusting the impurity levels of the V3d and Rh4d states in

ChemSusChem 2016, 9, 1-28
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the forbidden band. These intermediate energy levels act
either as electron acceptors or donors that allow Ru/Rh-SrTiO,
to reduce H,O to H, and the holes in the VB of Na,V-SrTiO; to
oxidize H,0 to produce 0,2 Inorganic modification and or-
ganic dyes are normally employed to tune the energy levels of
the semiconductors for visible-light absorption. As organic dye
sensitizers, NKX 2677 can be loaded on Pt(in)/H,Nb¢O,, for H,
evolution and WO; for O, evolution with the 10;7/I- redox
couple between them; H, evolution proceeds at a steady rate
of approximately 8 umolh™'B" Rapid electron injection from
the anchored dyes into the semiconductor is responsible for
this high performance.

Inorganic noble metals (Pt, Rh) and several metal oxides
(NiO,, RuO,) are important cocatalysts to collect charge carriers.
They are dispersed on a photocatalyst surface to provide
active sites and to reduce the activation energy (Scheme 1
b).33 The SrTiO;:Rh system loaded with various cocatalysts
(Ni, Ru, Rh, Pt, and Au) has been explored for H, evolution in
the Fe’*/Fe?™ electron-mediator solution.®® The activity using
a Ru cocatalyst is as high as that using a Pt cocatalyst. The
backwards reaction of water formation from H, and O, and the
reduction of Fe*" ions by H, do not proceed in the system.
The (Ru/SrTiO;:Rh)-(Fe*"/Fe?™)-(BiVO,) system shows a quantum
yield of 0.3% with stable activity for more than 70 h. The way
in which the catalyst is synthesized is also an important factor
affecting the AQY; it increases from 0.4 to 3.9-4.2% at A=
420 nm if SrTiO5:Rh is synthesized by the hydrothermal and
polymerizable complex method instead of a solid-state reac-
tion.**

3.1.2. The redox couple and engineering aspect

Redox mediators inhibit the unfavorable recombination of elec-
trons and holes, which is analogous to the transport chain in
NPS. They transfer electrons from the O, evolution catalyst
(OEQ) to the hydrogen evolution catalyst (HEC) and are in direct
contact with the catalyst surface. Many transition-metal com-
plexes have been accepted as electron mediators including
10,/I-, Fe*T/Fe’",  [Co(bpy)sP*>"  bpy=22"-bipyridyl),
[Co(phen);**"**  (phen=1,10-phenanthroline), and NO,”/
NO, ['7*3 The most common redox couples are 10,7/l and
Fe’*/Fe’”", the former of which is used over a wide range of pH
conditions and has no absorption in the visible-light region.
lodide salts (e.g., Nal) are used to initiate water splitting. By in-
creasing the concentration of Nal, the efficiency of I~ oxidation
by the VB holes for a HEC is increased, which results in water re-
duction to give more H,. In the case of the Fe*/Fe’" couple,
the situation is similar, but the available pH range is limited to
acidic conditions, because iron ions undergo precipitation to
give iron hydroxide under neutral conditions. The cobalt com-
plexes [Co(bpy);]*** and [Co(phen),*™** have been shown to
be effective mediators. Their activity depends on the solution
pH, and the highest activity is obtained under neutral pH condi-
tions.?¥ Nevertheless, all redox mediators absorb light to some
extent and have limited long-term stability.

Nanoparticle photocatalysts are often mixed with an aque-
ous solution in a single reactor (Figure 2b)."* In this reactor,
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the backwards reaction occurs and separation of the products
causes extra expense. A two-compartment system connected
by a Pt wire with bromide and iron ions as electron mediators
was proposed for water splitting in 1998.5° Fuel production
was then achieved in a dual-bed operation with O, evolution
on WO, and H, evolution on Pt/SrTiO;:Rh in an aqueous Fe’"
/Fe*" solution.”® Twin reactors also have been designed for
CO, reduction.®” Here, a fuel-evolving catalyst and an oxida-
tion reaction catalyst are placed in different compartments of
the reactor that are separated by a proton-exchange mem-
brane (PCM, Figure 2c). Comparing the single catalyst Pt/CuAl-
Ga0, system with the dual catalyst Pt/SrTiO;:Rh and Pt/CuAl-
GaO, system in Fe?"/Fe’" solution, the dual-catalyst system
shows a photoreduction quantum efficiency of 0.0051%,
which is more than double the efficiency of the single-catalyst
system.’”™ These reactors offer a viable prototype for engi-
neering applications.

Reviews

3.2. Direct coupling of two semiconductors (photocatalytic
systems)

Loading one semiconductor onto another creates a semicon-
ductor junction.®“'®2! The band offsets and the electronic
structure/affinity and work functions of the materials define
the charge dynamics. According to energy level and band-gap
alignment, the junctions are classified as injection sensitization
(Figure 3a,b), p-n junction (Figure 3c,d), staggered (Fig-
ure 3¢,d), straddling junction (Figure 3e), and direct Z-scheme
(Figure 3 f). These structures provide an offset of band edges
that promotes spatial separation of the charges by transferring
electrons in the higher CB to the lower CB and/or holes in the
lower VB to the higher VB.

3.2.1. Injection sensitization

Injection sensitization happens in a system with a wide-band-
gap semiconductor (S2) and a narrow-band-gap semiconduc-
tor (S1). The narrow-band-gap sensitizer is excited under visi-

Figure 3. a) Electron-injection sensitization and its example a1) SEM and HRTEM images of A-TiO,/ZnO/CdS (adapted from ref. [42], copyright 2014 Nature
Publishing Group). b) Hole-injection sensitization and its example b1) SEM and TEM images of In,05/NaNbO; rods (adapted from ref. [44], copyright 2010

American Chemical Society). ¢) The p-n junction and its example c1) TEM and HRTEM images of Caln,0,/Fe-TiO, composite (reprinted with permission from
ref. [11b], copyright 2014 American Chemical Society). d) Core-shell staggered junction and its example d1) TEM images of ZnSe/CdS nanocrystals (reprinted
with permission from ref. [80], copyright 2012 American Chemical Society). e) Straddling junction and its example, e1) TEM images and SAED pattern of
BiVO,/ZnO (adapted from ref. [81], copyright 2014 American Chemical Society). f) Direct Z-scheme and its example, f1) SEM and TEM images of Si/TiO, nano-
spheres (adapted from ref. [100a], copyright 2014 American Chemical Society).
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ble light and generates electrons and holes (Figure 3a,b).5®

The CB energy level of S2 is lower than that of the sensitizer
(Figure 3a). Therefore, the electrons in the sensitizer can mi-
grate to the CB of S2. For instance, the band gap of CdS is ap-
proximately 2.40 eV, and the CB and VB energy levels are ap-
proximately —0.50 and 1.90 eV versus normal hydrogen elec-
trode (NHE). The electrons of CdS are transferred from the VB
to the CB, whereas TiO, cannot be photoexcited under visible
light because of its large band gap.® As a result, the electrons
of CdS are injected into the CB of TiO,, because the CB poten-
tial of CdS is more negative than that of TiO, (= —0.26 eV). The
holes remain in the VB of CdS owing to the lower positive po-
tential of the CB.

Photoexcited electrons of CdS have been reported to inject
into diverse nanostructures, such as elongated nanocrystals
(NCs),®¥ porous or layered materials,*” and tubular semicon-
ductor hosts.*” The H, production rate of CdS/elongated TiO,
NCs reaches 3.85 mmolh~'g™" if the Cd/Ti molar ratio is
0.17.5% The H, generation rate of the CdS NPs with layered ti-
tanate nanosheets (=~ 1.0 mmolg™'h™") is higher than that of
their reference (~0.13 mmolg'h™" for bulk CdS/TiO,)."*
Strong electronic coupling between the 2D layered titanate
nanosheets and the CdS NPs leads to a high visible-light har-
vesting ability, an increased charge lifetime, and expansion of
the surface area. Decorating CdS NPs approximately 2-5 nm in
size inside TiO, nanotubes (TNTs) not only promotes the H,
evolution activity but also enhances the stability of CdS.“'>d
CdS-coated TNTs undergo rapid deactivation after a reaction
time of 4 h. However, the activity is stable for 13 h if CdS is
confined within the TNTs. Figure 3a1 shows hierarchical struc-
tured CdS-sensitized 1D ZnO nanorods (NRs) on a 2D TiO,
nanosheet; it exhibits better H, evolution performance
(~13.3 umolh~'cm™) than CdS-sensitized 1D ZnO/TiO, NRs.*?
This is due to efficient light harvesting and effective charge
transport through the connected 3D network.

Hole injection is an inverse process to the electron injection,
in which excitation of the sensitizer results in transfer of the
holes to the VB of the semiconductor for the oxidation reac-
tion (Figure 3b). For Ag;PO,/SrTiO,* and In,0,/NaNbO; NR
composites,*” the CB edge of the sensitizer (i.e., AgsPO, or
In,0;) is lower than that of the parent catalyst, whereas the VB
edge of the catalyst is higher than that of the sensitizer. Under
visible light, electrons in the sensitizer are excited to its CB,
which leaves holes in the VB. The holes of the sensitizer are
transported to the catalyst (i.e., SrTiO; or NaNbOs) through the
interface, whereas the electrons retain in the CB of the sensitiz-
er®*1 0, evolution has shown that a small amount of SrTiO,
brings about an increase in the activity of Ag;PO,. The AQY
reaches 16.2% if the molar ratio of SrTiO;/Ag;PO, is approxi-
mately 5%.*" In,0, exhibits a low activity for H, evolution in
CH;0H solution (1.7 umolg™"h™"), and almost no H, is formed
over NaNbO; (Figure 3b1).*Y However, their combination with
an In molar percentage of 0.25 improves the H, formation rate
to 16.4 umolg™"h™", which is approximately one order of mag-
nitude higher than that of In,O; alone.

Injection-sensitized catalysts have also been applied for CO,
reduction, such as CdS, Bi,S;,"® PbS"" and AgBr*® coupled
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with TiO,, ZnTe decorated with ZnO"® and SrTiO,.*® CdS- or
Bi,S;-sensitized TNTs show selective reduction of CO, into
methanol. The yields of methanol on TNTs, CdS/TNTs, and
Bi,S;/TNTs catalysts are 102.5, 159.5, and 224.6 umolL™", re-
spectively.”® The selectivity arises from the potentials of the
CBs of Bi,S; and CdS, which are more negative than those of
the six-electron reduction of CO,, H,CO;, and CO;>~ to metha-
nol in water. Thus, regardless of whether CO, is in the form of
H,CO, or CO,*™ in water, it is reduced to methanol. The spec-
tral range of light absorption depends on the band gap, which
can be tuned by adjusting the size of the photocatalyst.”" PbS
NPs with diameters of 3, 4, and 5 nm have been used to sensi-
tize TiO, doped with Cu cocatalysts for CO, conversion.””
Although the CB edge of bulk PbS is slightly lower than that
of TiO,, quantum confinement shifts the CB edge of the small-
er PbS NPs to higher energies, which enables electron injection
into TiO,. The activity is clearly dependent on the size of PbS.
The conversion rates of CO, over the composites with 3, 4, and
5 nm PbS are reported to be 0.45, 1.12, and 0.60 umolg'h™',
all of which are higher than the conversion rate over Cu/TiO..
This is because smaller PbS NPs facilitate electron-hole separa-
tion, whereas particles with larger diameters extend the visible
absorption owing to the smaller band gap.

3.2.2. P-n junction

The p-n junction is an interface between p-type and n-type
semiconductors. Within the interface, the energy bands are
bent and the Fermi levels are equilibrated to reach a new equi-
libration between diffusion and migration, which results in the
formation of a space-charge region. The built-in potential in
the space-charge region allows effective separation of the
charges (Figure 3¢)."®**?**3 n.Type TiO, has been coupled with
various p-type semiconductors to form these junctions, for ex-
ample, CuFe,0,/Ti0,,"™ Cu,0/Ti0,*” Cu0,/Ti0,* Caln,0,/Fe-
TiO,, "™ and CuO/TiO, ,N,.*® Figure 3¢1 presents a TEM image
of a Caln,0, NR with a tunable Fe-TiO, content. The composite
leads to a H, evolution rate of 280umolg 'h™', which is
12.3 times higher than that of pure Caln,0, and 2.2 times
higher than that of pure Fe-TiO,.""™ The enhanced rate is at-
tributed to increased surface area, enhanced visible-light ab-
sorption, and efficient charge separation across the interface.
Porous Cu,O/TiO, offers more reaction active sites than their
composite particles for CO, conversion. The formation rate of
CH, is 28.4 ppmg~'h™", which is approximately 12, 9, and
7.5 times higher than that of the pure TiO,, Pt/TiO,, and com-
mercial P25 powders.®¥ As nitrogen atoms enter the lattice
TiO,, they make the band edges more compatible for charge
transfer. The CuO-TiO,_,N, composite with a hollow nanotube
structure shows a high CH, formation rate of 41.3 ppmg 'h™'
from CO, reduction.®®

By depositing p-type NiS NPs onto n-type CdS NRs, the H,
generation rate becomes higher than that of 1 wt% Pt-loaded
CdS NRs.”” The assembly of NiS NPs on the surface of CdS NRs
results in the formation of a large number of p-n junctions
that reduce charge recombination. The optimal NiS loading is
5mol%, and the corresponding H, rate reaches
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1131 umolg~'h~". However, cadmium suffers from photocorro-
sion and is toxic. The emerging perovskite n-La,Ti,O,/p-LaCrO,
evolves 267.6 umolh™ of H,, whereas LaCrO; photocatalyst
produces only 74.4 umolh™"'® This boost in activity is the
result of the low recombination rate of the charge carriers and
visible-light activation of La,Ti,O,. A nanodiode of p-CaFe,0O,
(~1.9eV) and n-PbBi,Nb,,W,,0, (=~2.75¢eV) has also been
constructed.®” This composite shows enhanced activity for
both H, production in methanol solution and water oxidation
in AgNO; solution. Similar bulk junctions of CaFe,0,/MgFe,0,
(2.0 eV) have also been reported.®™ The H, evolution rate of
the RuO,/MgFe,0,/CaFe,0,/Pt composite remains almost the
same after several runs with a quantum yield of 10.1%. This
performance comes from the effect of the junction, for which
the p-type and n-type semiconductors are dispersed from each
other.

3.2.3. Staggered alignment

For staggered band-gap heterostructures, both the CB and VB
edges of S1 are higher than those of S2 (Figure 3¢,d). The
energy gradient existing at the interface tends to separate
electrons and holes on different sides; the electrons are con-
fined to the CB of S2 and the holes are confined to the VB of
S1. Band bending resulting from the difference in the chemical
potentials of the semiconductors also contributes to a built-in
field. It remains under debate as to whether this occurs
through electron transfer owing to favorable energetics of the
relative positions of the CBs or through band bending at the
interface.b<182361 Ag 3 result, spatially localized charges across
the junction can participate in redox reactions. The disadvant-
age of this structure is weak redox ability after charge transfer.

One wide-band-gap semiconductor coupling to another
narrow-band-gap semiconductor results in the formation of
a junction, and this occurs in TiO,/Ce0,,*? Ti0,/Zn0,**® Ta,0./
In,05,%* Cu,0/g-C3N, " 1n,05/g-C;N,* N-TiO,/g-C;N,*” ZnO/
g-C5N, % Ti0,/Sn0,,* and TiO,/Nb,0.."" Incorporation of
In,0; improves the thermal stability of mesoporous Ta,Os and
leads to a composite with a reduced band gap. The composite
promotes electron transfer from the CB of In,0; to the CB of
Ta,0s, and the inverse transfer of the holes retards the recom-
bination probability. A H, evolution rate of approximately
92 umolg™'h™" is detected with a stability of approximately
30 h.®¥ Recent studies focus on new photosystems such as
metal nitrides and carbon nitrides. Fe,N/Fe,O; structures im-
prove the separation of charges and enhance the water-split-
ting reaction.”" First-principles analyses have revealed that the
properties originate from particle-size-dependent changes in
the band structure. The proximity of the VB potential of the
component promotes the entrapment of hole carriers, and the
defect-induced interband-gap energy states lead to effective
charge separation. g-C;N, is a metal-free semiconductor, and
its CB band edge (—1.20 eV vs. NHE at pH 7) is more negative
than that of TiO, (—0.29 eV), which implies that its photoexcit-
ed electrons have stronger reducibility, and this allows it to
reduce CO, to CH;OH. ZnO with a CB potential of —0.44 eV
has moderate ability to absorb CO,. Loading ZnO on porous g-
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C;N, markedly increases the activity. Under sunlight for 1 h, the
generation rates of ethanol, methane, methanol, and CO reach
2.5, 5.4, 19.0, and 38.7 umolg.,. . The optimal sample shows
a CO, conversion rate of 45.6 umolg™"h~', which is 4.9 times
higher than that of g-C;N, and 6.4 times higher than that of
P25.% An optimal concentration exists because if the loading
of ZnO is too high it blocks the active sites on g-C;N,.

Multiple interfaces increase the complexity of charge trans-
port, as in the Cu,0@Sn0,@Fe,0,"? V,0./BiVO,/TiO,"® and
ZnS/CdS@Fe, 0,7 composites. One-dimensional
Cu,0@Sn0,@Fe,0; core-double shells present a tubelike mor-
phology and has broad spectral response to sunlight owing to
the combination of a narrow-band-gap material (e.g., n-Fe,0;,
~22¢eV or p-Cu,0, ~3.6eV) with wide-band-gap n-SnO,
(~3.6 eV)."” The band structures of Cu,0 or Fe,0; and SnO,
match well with each other; the CB edge of Cu,0 or Fe,O; is
higher than that of SnO,, and the VB edge of Cu,O or Fe,0; is
lower than that of Cu,0. Consequently, photoexcited electrons
are transported to the surface of SnO,, whereas the holes mi-
grate to the surface of a-Fe,0; or Cu,O. Apart from charge
transfer, stability is another key issue, in particular for long-
term applications. Coating photoactive CdS and/or ZnS onto
a magnetic Fe,0; core results in stable and recyclable catalysts.
CdS/Fe,0;, ZnS/Fe,0;, and ZnS/CdS@Fe,0; core-shell catalysts
can be synthesized by a co-precipitation method. ZnS/
CdS@Fe,0; evolves a higher volume of H, and is more stable
than the other counterparts. The maximum H, production is
4129 pmol, which gives rise to a quantum efficiency of 19% at
A=510nm."¥ In this case, vectorial charge transfer is pre-
sumed over all the components for separation of charges,
which thus enhances the activity.

Incorporating one or more elements into a parent semicon-
ductor results in the formation of a homogenous solid solu-
tion, for example, mixing ZnS and CdS results in Cd,_,Zn,S. The
band gap of the solid solution can be adjusted by tuning the
Zn/Cd concentration ratio. Thus, coupling the solid solution
with other materials, for example, Pt/Cd,_,Zn,S/ZnO/Zn(OH),"
Cdy5ZnysS/9-C;N, "¢ and CdS/Ba,_,Zn,TiO,,"" offers a flexible
technique for band-gap engineering. The activity of 19%Pt/
Cdy,ZnysS/Zn0O/Zn(0OH), exceeds that of 1%Pt/Cd,y;Zny,S by
a factor of 2.”¥ The highest H, production of approximately
2256 umolg~"h™' is achieved by Pt/Cd,_,Zn,S/Zn(OH), owing
to the fact that its electron reduction potential for zinc hydrox-
ide is higher than that of ZnO.” For the CdSe@ZnTe core-
shell structure, one of the carriers is confined in the ZnTe core,
and it is not accessible for surface reactions. However, if the
thickness of the outer layer is modified with an appropriate
charge-accepting moiety, the confined carriers can tunnel to
the surface and can be regenerated by a scavenging agent.””
The hole-scavenging surfactant facilitates transfer of core-local-
ized holes to the surface, even for shells exceeding 7 nm in
thickness (Figure 3d,d1).®” The transfer of charge carries from
the ZnSe core to the surface of the CdS shell is approximately
one order of magnitude faster than the recombination time,
which indicates that most of the absorbed energy is available
to drive the catalytic reactions.
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3.2.4. Straddling alignment

For a straddling band-gap alignment structure (Figure 3e),
both the VB and CB edges of S1 are localized within the
energy gap of S2. Photoexcited electrons are transferred from
CB2 to CB1, and the holes are transferred from VB2 to VB1. All
charge carriers are accumulated on S1, which does not affect
the activity.”® However, the potential difference between the
materials is asymmetric in most cases. Specifically, the CB band
edges of ZnO and BiVO, are situated at —0.38 and +0.32 eV
versus NHE at pH 7, whereas the VB edges of BiVO, and ZnO
are at +2.78 and +2.84 eV. The CB potential of BiVO, is much
more positive (+0.7 V) than that of ZnO, whereas the VB of
BiVO, is slightly more negative (~—0.06 eV) than the VB of
ZnO. Thus, there is a greater tendency for the electrons to flow
from ZnO to BiVO,. As there is not much difference in the VB
levels, the impetus for holes to flow into BiVO, is low (Fig-
ure 3e,e1).BY This facilitates charge transfer, and the mecha-
nism supports the design of V,04/BiVO," Bi,S;/CdS,* and
TiO,/SrTiO;® composites. The Bi,S;/CdS composite has been
shown to catalyze the reaction of CO, with H,O to give metha-
nol in a yield of 613 umolg™'; this value is approximately
threefold higher than the yield given by the CdS parent and
twofold higher than the yield produced by Bi,S;.® The TiO,/
SrTiO; catalyst produces approximately 4.9 times more H, than
TiO, and 2.1 times more than SrTiO,.B*!

For core-shell NCs with a narrow band core, electron-hole
pairs near the interface tend to be confined in the core. The
separation and transfer of charges from the core to the outer
shell surface is a challenging issue. In the cases of ZnS@CdS
and ZnS@CdSe NCs, the surface-trap states are passivated by
the ZnS shell. The confined electrons and holes with high
energy in the core might tunnel through the shell to the outer
surface.® A similar transfer has been observed in CdS@CdSe
NCs, in which charge-carrier tunneling produces a 10-fold in-
crease in H, evolution over the CdSe core NCs alone.®™ The in-
verted straddling-band-gap structure is found in a material
with a narrower band gap grown epitaxially around the core
material with a higher band gap,®” and the charges are ration-
ally driven to the shell by the built-in potential. For this reason,
In,S;@In,0; core-shells present a H, evolution rate of approxi-
mately 61.4 umolg 'h™".®¥ On the other hand, chemical etch-
ing can be used to open the shell to expose the core to the
external environment. The resulting morphology is desirable,
as it can enable both the reductive and oxidative reactions to
run simultaneously on different surfaces. The hydrogen pro-
duction activity of CdSe@CdS can be improved three-to-four-
fold by etching treatment.”®

3.2.5. Direct Z-scheme

In the direct Z-scheme, a large number of defects aggregate at
the semiconductor/semiconductor contact interface. The
energy levels of the interface are quasicontinuous and show
properties similar to those of conductors with low electric re-
sistance. Thus, the contact interface serves as the center for
charge recombination. The band alignment of the two semi-
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conductors in the direct Z-scheme presents a staggered edge
position, and the CB and VB of each semiconductor do not sat-
isfy redox potential requirements for an overall reaction, but
they can perform half-reactions separately (Figure 3 f).['8380
According to charge transfer, the electrons are required to
combine with the same quantity of holes. The ideal case is
that ST and S2 produce the same number of charge carriers.
This can be coordinated by tuning the mass ratio of the mate-
rials.*® % Whereas a broad contact interface promotes charge
recombination, a balanced distribution of incident photons
maximizes light absorption. Thus, architectural diversity in ma-
terial systems also requires an optimal mass ratio.°” The clear
advantage of this separation lies in the availability of powerful
reductive electrons and oxidative holes.

The direct Z-scheme has been successful in the design of
catalysts. The 1 wt% Pt-loaded (ZnO),/(CdS),, catalyst shows
the highest H, evolution rate of 1805 pmolg™'h™' among dif-
ferent reference structures; this value is 14 times higher than
that of the CdS catalyst and 40 times higher than that of the
ZnO catalyst.”'“®? Relative to particles, CdS/ZnO nanowire
arrays effectively trap light by extending the path length. The
photoexcited electrons in a low CB of ZnO are injected into
a higher VB of CdS and recombine with the holes to realize de-
sirable reverse carrier transfer. The H, evolution rate is approxi-
mately 2.0 times that of CdS/ZnO NPs.""¥ BivVO,-Ru/SrTiO;:Rh,
WO,/CdS,*™ WO0,/g-C5N,,** SiC/CdS,* Si/TiO, nanotree struc-
tures,”” and rutile/anatase TiO, composites®’™ follow this Z-
scheme mechanism. In the Ru/SrTiO;:Rh-BiVO, system, inter-
particle electron transfer occurs from BiVO, to Ru/SrTiO;:Rh.1**?!
The impurity level (Rh**/Rh**) formed by doping in the forbid-
den gap of SrTiO; serves as a mediator and assists in electron
transfer. The direct Z-scheme is also thought to exist at the
anatase/rutile interface.”’»% The TiO, sample composed of
45 wt% rutile phase and 55 wt% anatase phase exhibits a H,
production rate of 324 umolh™".

A few studies report direct Z-schemes for CO, reductio-
n,®"*% one of which involves the CuO/TiO, composite. The
electrons of CuO are used for CO, conversion, and the holes
from TiO, are consumed by the sacrificial reagent methanol.
The interface favors the combination of holes from CuO and
electrons from TiO,. The optimal rate of methyl formate forma-
tion is reported to be approximately 1600 pmolg™"h~".***! The
CB band edge of ZnFe,0, lies at —1.5 eV versus NHE at pH 7,
which is higher than that of TiO, and is more negative than
the redox potential of CO,/HCOOH. The VB position of TiO, lies
at 2.7 eV, which is more positive than that of the anodic oxida-
tion of cyclohexanol. Thus, coupling TiO, with ZnFe,0O, is ther-
modynamically favorable for CO, reduction. The junction has
higher activity than either pure ZnFe,O, or TiO,, and the com-
posite with a 9.78% ZnFe,O, content exhibits the highest
yield.”'™ The Si(S1)/TiO,(S2) composite (Figure 3f1) also pres-
ents activity in the conversion of CO, into methanol." In this
system, the potential barrier at the Si/TiO, interface reflects
holes back into the TiO, layer, and the holes move toward the
TiO,/electrolyte interface and oxidize OH™ to oxygen. The elec-
trons in Si moving to the surface trigger the CO, reducing re-
action.
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3.3. Multicomponent structures with a solid conductive me-
diator (photocatalytic systems)

In this structure, two semiconductors are bridged with a solid
electron mediator or conductor (Scheme 1d). The conductor
shows a stronger ability for charge transfer than the solid con-
tact interface among the semiconductors."®'" In theory, any
conductor, including metals and graphene oxide, can serve as
the conductive mediator.

3.3.1. Metal electron mediator

Metals in multicomponent structures can be functionalized as
storage centers (Figure 4a) and/or recombination centers (Fig-
ure 4b,c), which contribute to charge separation and to en-
hancing interfacial carrier transport.l'?*'819 The metallic com-
ponents may also enhance light absorption through a plasmon-
ic effect (Figure 4d-f)."% With these mechanisms, the struc-
tures have the capability to generate holes with strong oxida-
tion power and electrons with strong reduction power.

Reviews

3.3.1.1. Electron capture center (Schottky junction)

Metal semiconductor catalysts are often prepared by loading
metallic nanoclusters on a semiconductor surface. Contact of
the metal with an n-type semiconductor creates a Schottky
junction, at which the work function of the metal is slightly
higher than that of the semiconductor. Upon excitation, photo-
excited electrons from the semiconductor are transferred
across the Schottky junction to the metal, which results in
a shift in the Fermi level of the metal towards a new equilibri-
um (Figure 4a)."%%™ |n this manner, the metal acts like an
electron sink to enable separation of electrons and holes,
which thus extends the lifetime of the holes on the semicon-
ductor surface for the oxidation reaction. Besides, the metal
components provide active sites to reduce the overpotential
for surface chemical reactions.

Typical cases of this type include CdS/TiO,/Pt,[10%10410%
AgIn.Sy/TiO,/Pt,1%  TNT/CdS/Pt,® CdS/PdS/Pt[® CdS/TiO,/
Au," Ti0,/In,0,/Pt,M? CdS/BN/Pt™ and IrO, or CoO,/Ta;Ns/
Pt These systems show high activities that far exceed those
of one- and two-component systems. The effects of Pt and
PdS co-loaded on a metal sulfide [e.g., CdS or ZnO,_S,,

Figure 4. a) Metal acts as an electron capture center and its example, a1) TEM image of CdS/(Pt-TiO,) (reprinted with permission from ref. [105a], copyright
2008 Royal Society of Chemistry). b) Metal acts as an electron recombination center and its example, b1) SEM images of ZnRh,0,/Ag/AgSbO; (reprinted with
permission from ref. [133], copyright 2014 American Chemical Society). c) Metal acts as an electron recombination center in core-shell structures and its ex-
ample, c1) HRTEM image of CdS/Au/N-TiO, heterostructures (reprinted with permission from ref. [137], copyright 2014 Elsevier). d—f) Metal acts as a plasmonic
effect in parallel structures and their examples, d1) TEM and HRTEM images of Ag/AgCl/BiOCl (adapted from ref. [149i], copyright 2012 American Chemical So-
ciety); e1) TEM images of Ag-AgCl@Bi,,TiOs, photocatalysts (reprinted with permission from ref. [149d], copyright 2013 American Chemical Society);

f1) HRTEM image of the interface region of SrTiO; and Au@CdS (adapted from ref. [149¢], copyright 2014 Wiley-VCH).
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ZnIn,S,, ZnGa,S,, (Culn),sZn, ,S]1 have been studied for H, evo-
lution."® The activities of the catalysts follow the order Pt/
MS < PdS/MS < Pt/PdS/MS, and the best H, evolution rate of
approximately 8800 pmolh™' is obtained from the Pt/PdS/CdS
catalyst. The activity indicates that PdS acts as an effective co-
catalyst for oxidation, whereas Pt functions as an electron-trap-
ping center for proton reduction. In principle, microporous
zeolite Y loaded with Pt, TiO,, CdS, and Pt/TiO, NPs are pro-
posed for water splitting. The zeolites help to prevent aggre-
gation of the nanoparticles and stabilize the structure, and
provide access for the solution species to the zeolite-bound
particles."® An additional study validates the use of Pt/CdS/
TiO, composites within a hierarchically reticular structure, as H,
is generated at a rate of approximately 118 umolh™" on this
catalyst." Notably, the location of Pt on the catalyst is a criti-
cal factor affecting the efficiency, as the rate increases by
a factor of 3-30 for CdS/(Pt-TiO,) relative to that for Pt-(CdS)/
TiO, (Figure 4a1).[104b:105]

Rational integration of a light-absorber, hole and electron ac-
ceptor is important for charge transfer. The ZnSe/CdS/Pt™?
and CdSe/CdS/Pt" hybrids are formed by coupling several
crystalline materials. The three components with unique func-
tionalities are assembled to form a linear energy gradient. The
photoexcited carriers are steered to be localized in nonadja-
cent parts of the NR, the holes reside in the semiconductors,
and the electrons reside in the metal domains.""* Spatial lo-
calization of the carriers suppresses backwards recombination,
which leads to efficient harvesting of visible light through in-
jection of electrons into metallic Pt. Lian et al. have examined
the rate of elementary electron-hole separation and the re-
combination steps in CdSe/CdS-Pt and CdS-Pt NRs."™? The
electron-transfer efficiencies to Pt are near 100% and hole
transfer is the bottleneck step. The hole-transfer rates to the
electron donor can be correlated with the quantum efficiency
of H, generation.

Loading MgO on a Pt-TiO, photocatalyst can enhance CO,
reduction."™ The role of MgO is to attract CO, molecules onto
the catalyst surface to destabilize the chemical bonds of CO,
by the enriched area of electrons near the Pt nanoparticles.
However, maintaining long-term stability of the catalyst is
a challenge, as CO easily poisons Pt nanoparticles. One strat-
egy to avoid poisoning is to use bimetallic alloys. Coaxial
SrTiO5/TiO, nanotube arrays loaded with Au-Cu bimetallic alloy
NPs have been designed to reduce CO, into CO and hydrocar-
bons." It is found that Au,Cu/SrTiO,/TNTs is the most reactive
catalyst in the alloy famil. A CO production rate of
3.77mmolg'h™" and a total hydrocarbon  of
725.4 umolg™"h™" are obtained. In the reaction, N,H,H,0O as
the H source and electron donor offers a reducing atmosphere
to protect the surface Cu atoms against oxidation, which thus
maintains the alloying effect for high activity and stability.

3.3.1.2. Electron recombination center (ohmic junction)

The interface between semiconductors contains an ample
amount of defects that hamper charge transfer. Insertion of
a conductor between the semiconductors forms an ohmic con-
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tact with low contact resistance.'®'"™ The work function of
the ohmic metal layer should match the band positions of the
semiconductors, so that the photoexcited electrons from the
CB of S2 recombine with the holes from the VB of S1 through
the contact (Figure 4b,c). Although one photon is lost during
this recombination, it reduces the distance of electron transfer
and the remaining carriers can promote the redox reactions. In
addition to physical separation of the redox sites, the ohmic
junction offers net photon energies for the reactions by partial
overlap of two band gaps.

Metals in the CdS/Ag/TNT™M®  Bi,WO/Ag/N-TiO,™”
SrTiO;:La-Rh/Ir/Co0,-Ta;N, ' SrTiO;:La-Rh/Au/BivO,™
SrTiO;:La-Rh/Au/BiVO,:Mo,"*® and CeO,/Pt/SiO,!"*" composites
have been functionalized as electron relay or recombination
centers (Figure 4b). The high photocurrent of CdS/Ag/TNTs
might be due to the efficient electron traps formed at the
CdS-Ag junction.''® However, Xie et al. believe that two-step
excitation between CdS and TiO, with Ag as a mediator indu-
ces electron vectorial transfer!'® The La-Rh:SrTiOs/Ir/CoO,-
Ta;N; material exhibits a rate of H, evolution that is 3.8 times
higher than that of the SrTiO;:Rh system. Introduction of Au as
a mediator in the SrTiO5:La-Rh/Au/BiVO, system results in a cat-
alyst with high activity for overall water splitting. The activity
using particulate semiconductors immobilized onto Au layers
is approximately 6 times higher than that of a powder suspen-
sion and 20 times higher than that of the La-Rh:SrTiO,/BiVO,
system without metal layers.""®"?" The performance comes
from the presence of a metallic conductor (e.g., Ir, Au layer),
which serves as an electron shuttle to transfer electrons from
one semiconductor to another effectively.

As one constituent element of the photocatalysts is same as
the metallic mediator, such as in W,30,5/Ag/AgCl,"*? Cu,0/Ag/
AgBr-ALO, " AgBr/Ag/TiO, " TNT/Ag/AgBr'* AgBr/Ag/
Bi,WO,,"*? AgBr/Ag/g-C;N,"*" AgBr/Ag/Bi,MoQ,"* Ag,PO,/
Ag/Agl'® Ag;PO,/Ag/WO, " Agl/Ag/AgBr™" and AgBr/
Ag/Mo0,,*? there exists a concentration equilibrium between
the metal and its ions. The intimate contact interface between
the conductor and the catalyst presents low electric resistance
that is beneficial for the formation of an ohmic contact. For ex-
ample, water splitting has been performed on ZnRh,0,/Ag/
Ag,_,Sb0;_,, in which zinc rhodium oxide and defective silver
antimonate act as the H, and O, evolution catalysts and Ag
acts as an electron mediator for electron transfer (Fig-
ure 4b1)."3 Another case is Ag;PO,/Ag/g-C;N,™* in which
metallic Ag NPs are involuntary formed on the interface under
irradiation owing to photodecomposition of AgX. The optimal
sample shows a CO, conversion rate of 57.5umolg™'h™’,
which is 6.1 times higher than that of g-C;N, and 10.4 times
higher than that of P25. Different from the in situ generation
of the electron mediator, the catalyst can be inversely formed
from a chemical reaction of the metallic mediator. As in the
preparation of the ZnO/Cd/CdS and WO,/W/PbBi,Nb, ,Ti;;0,
catalysts,'**31 CdS and WO, are synthesized from surface sul-
furization of the metal core of Cd and surface oxidation of the
W cluster to form a seamless contact interface between the
materials.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

\\;} ChemPubSoc

+

+

ok

The core-shell CdS@Au/TiO, structure with an electron trans-
fer mediator (i.e., Au) exhibits high activity owing to stepwise
electron transfer driven by two-step excitation of TiO, and
Cds.'® Following this work, a series of composites including
CdS@AU/TIO,,"*® CdS@AU/N-TIO,!"*” and CdS@M/TiO, (M= Au,
Ag, Pt, Pd),"*¥ CdS@AuU/TNF (TiO, nanofibers),"** and CdS@Au/
TiO; 06Co0a*® have been developed. The module (Figure 4c1)
increases charge separation and prolongs electron-hole life-
times. The incorporated porous CdS@Au/N-TiO, contributes to
a H, evolution rate of approximately 9.2 umolh™', which is ap-
proximately 270 times higher than that of Au/N-Ti0,."*” To de-
termine the effects of the core—shell and the role of the TiO,
nanostructures, Au-deposited CdS/TNF and commercial TiO,
(P25) have been examined as references.*® The amount of H,
produced by CdS@Au/TNF higher than that produced by CdS/
TNF, CdS/Au/TNF, and CdS@Au/P25. However, these systems
are not real two-photon systems, because TiO, only generates
electrons under UV light. Biomimetic systems such as CdS@Au/
TiO, 46Co04 CONsisting of two visible-light components produce
four times the amount of H, as that produced by CdS@Au/
TiO,." Photoluminescence studies have revealed that the Au
core captures electrons from the CB of TiO, oCy04 and acceler-
ates electron transfer to the VB of CdS, which allows the elec-
trons to be shuttled to a higher energy level, and this produ-
ces a substantial amount of H, on the CdS surface.

Other composites, such as CdS@Au/ZnO,™"  ZnO/
cdsecd, ™ Cu,0@P/Ti0, ™! CdS@Pt/Ti0,™ Cr,0,@ Rh/
GaN:Zn0,"™ and CdS@Au/g-C;N, ™ have been further exam-
ined. Pt NPs loaded ZnO/CdS@Cd exhibits a H, evolution rate
of 1.92 pmolh™', which is 5.1 times higher than that exhibited
by Pt-loaded ZnO/CdS. To understand the size effect of the
core, Cr,0;@Rh/GaN:ZnO has been examined for water split-
ting."** The size of the poly-protected Rh NPs can be con-
trolled to fall within the range of 1.7 to 7.7 nm by changing
the nucleation rate of the polyol synthesis. The activity of the
catalyst with the smaller Rh core is higher than that with
a larger Rh core. In another case, the Cu,0@Pt/TiO, structure
with a Pt content of approximately 0.9 wt% and a mean Pt NP
size of approximately 3.1 nm has been prepared, in which the
Cu,0 shell provides sites for preferential activation and conver-
sion of CO, in the presence of H,0, whereas the Pt core ex-
tracts electrons from TiO,. The rate of formation of CH, is
33 umolg™"h™", which is approximately 3.0 times higher than
that over Pt/TiO, and 3.8 times higher than that over Cu/
Ti0,.'"*! The conversion of CO, and water vapor has also been
explored by using Cu,O/Pt/N-TNT, in which TNT offers a thin
wall to facilitate effective carrier transfer."”

3.3.1.3 Plasmonic effect

Interest in introducing nanoscale metals into photocatalysis
comes from their light-harvesting and electromagnetic field
concentrating properties induced by surface plasmon reso-
nance (SPR), which refers to coherent oscillations of the free
electrons on the metal surface against the restoring force of
positive nuclei."® The SPR resonant wavelength and intensity
depend on size, shape, composition, and dielectric environ-
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ment of the plasmon metals."® SPR enhances photocatalysis
in three ways: by increasing light absorption, by increasing
charge separation through either direct electron transfer or
plasmon-induced resonance energy transfer, and by reducing
charge recombination by plasmon-mediated electromagnetic
field. However, it is hard to differentiate the plasmonic effects
from other potential factors such as cocatalytic effect or en-
hanced charge separation by the metal/semiconductor junc-
tion.““g]

It has been demonstrated that Ag, Au, and Cu NPs respond
to visible light by the SPR effect."* The compounds BiOX (X =
Cl, Br) have good catalytic activities. To further improve their
activities, Ag/AgCl and Ag/AgBr have been integrated with
BiOCI and BiOBr. The roles of Ag in the systems have been
identified by quantification experiments involving trapping of
the active species and superoxide radicals."*" Given that the
absorption edges of AgCl and BiOCl correspond to A =382 and
360 nm, they cannot be photoexcited under visible light, but
Ag absorbs visible light owing to the SPR effect and its dipolar
character. The absorbed photons generate an electron and
hole, and then the electron is transferred to the CB of AgCl
and further moves to the CB of BiOCl (SPR effect in Fig-
ure 4d,d1). In contrast, the absorption edges of AgBr and
BiOBr are =490 and 427 nm. Therefore, the electrons flow as
BiOBr—Ag—AgBr in the AgBr/Ag/BiOBr structure (electron
relay in Figure 4c). To take advantage of the features of both
SPR and electron trapping, converting CO, into hydrocarbons
has been conducted by using Ag, Pt, or bimetallic Ag-Pt and
core—shell Si0,@Ag NPs coupled with a TiO, catalyst.'*7 A se-
lectivity for CH, of approximately 80% is achieved by tuning
the bimetallic Ag-Pt cocatalysts. If both bimetallic catalysts
and SiO,@Ag NPs are used, the product yield is enhanced
more than sevenfold over that obtained in the presence of
native TiO,.

In plasmonic Z-scheme systems (Figure 4e) such as AgCl/
Ag/H,WO,-H,0 nanoplates,"*? AgCI/Ag/Bi,TiOs, NCs (Fig-
ure 4e1),'*9 AgCl/Ag/Bi,Mo0, nanosheets,"** AgCl/Ag/a/B-
Bi,0,,'* and AgCl/Ag/y-TaON hollow spheres,"*" the metal
NPs serve as the electron mediator as well as the plasmonic
sensitizer. Specifically, under visible-light irradiation, AgCl with
a large band gap energy (£;) of 3.25 eV cannot be photoexcit-
ed, whereas materials with relatively small band gaps (e.g.,
H,WO,-H,0, BiyTiO;,, Bi,M0oOg a/p-Bi,0;, and y-TaON) respond
to visible light. Metallic Ag also absorbs visible light owing to
the SPR effect and its dipolar character. The photoexcited elec-
trons in the CB of a material with a small band gap combine
with the holes in the highest occupied orbital of metallic Ag.
The photoexcited electrons in the lowest unoccupied orbital of
plasmonic Ag migrate to the CB of AgCl. Such electron transfer
from Ag to the semiconductor is expected to facilitate charge
transfer.

Core-shell Cu,0@Cu NPs inside TNTs also shows a plasmonic
effect (Figure 4f)."*"¢ The metal Cu core plays three roles:
one, it lowers the resistance to electron transport from excited
Cu,0 to the TNTs; two, it behaves as an electron storage
center for charge separation; three, it enhances the photocata-
lytic properties of the TNTs under visible light. The maximum
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amount of H, evolved is 45.56 umolh™', which is approximate-
ly 12 times higher than that evolved over pure TNTs. The draw-
back of a bare plasmonic structure lies in fast decay of hot
electrons. Their ultrafast decay across Au NPs can be overcome
by coupling with CdS quantum dots (QDs) and by a Schottky
junction with perovskite SrTiO; NPs (Figure 4f1).*! The
CdS@AuU/SITiO; catalyst shows an impressive H, generation
rate of approximately 29.1 umolh™, in contrast to a rate of
5.0 umolh™" offered by Au/CdS/SrTiO;, on which CdS and Au
NPs are individually deposited on the SrTiO; surface. These in-
stances are consistent with the electron-relay model (Fig-
ure 4b, c), except that the electron mediator also takes respon-
sibility for light harvesting. Notably, both the band gap of the
semiconductor and the wavelength of incident light define the
role of the metal.

3.3.2. Graphene electron mediator

Graphene possesses a 2D structure, exceptional conductivity,
superior mobility of charge carriers, large surface area, and ex-
cellent optical transmittance.'™ Its work function is 4.42 eV,
and such a high energy level is beneficial to electron transport
from the semiconductor to graphene. A series of semiconduc-
tor(s) and/or metals have been coupled with graphene to form
multicomponent catalysts."*" Although the mechanism is not
fully understood, graphene in the composites is considered to
promote electron shuttling from the light-absorbing semicon-
ductor to the catalyst, to extend light absorption, and to pro-
vide a large surface area for the chemical reactions.

3.3.2.1. Semiconductor-metal composites

Since it was reported that shuttling of TiO, photoelectrons to
spatially separated Ag nanoparticles can occur through re-
duced graphene oxide (RGO),"*? numerous groups have inte-
grated semiconductors and metals with graphene. Metals in
these structures behave as electron capture centers (Fig-
ure 5a), electron relay mediators (Figure 5b), or plasmonic
components (Figure 5¢). The integration of Pt/TiO,"* Pt/g-
5N, Pt/CdS,"® Pt/Sr,Ta,0, N, ['*® Ag/ZnO NRs,"*” and Cu/
TiO,® on graphene has been performed, and the evolution
rate increases 2-5 times relative to the rate on their counter-
part references. In these cases, graphene serves to collect and
transport photoinduced charges, whereas the metal particles
act as an electron sink. To reveal electron transfer, three differ-
ent structures, Pt/(0.5graphene oxide (GO)+ P25), (Pt/P25)+
0.5GO, (Pt/0.5GO0)+ P25, have been synthesized by different
orders by using the same quantity of chloroplatinic acid.'**"!
The preparation procedures influence the loading location of
Pt as well as the electron-transfer routes. The (Pt/0.5GO)+ P25
sample presents the highest H, production rate of approxi-
mately 5921.1 umolh™'g™", as graphene oxide induces irrever-
sible electron transfer of the type P25—GO—Pt. In the CdS/Pt/
GO composite, graphene serves as an electron collector and
transporter to increase charge lifetime, which leads to a H,
production rate of 1.12 mmolh™' at a graphene content of
1.0wt% and a Pt content of 0.5wt%."*® The dispersion of
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Figure 5. Charge transport in the a) semiconductor-graphene-metal elec-
tron sink system (adapted from ref. [159]), b) semiconductor-graphene-
metal electron relay system (adapted from ref. [161]), and ¢) semiconductor-
graphene-metal plasmonic effect system (adapted from ref. [163]). Charge
transport in the d) semiconductor-graphene-semiconductor system (adapt-
ed from ref. [12b]), e,f) semiconductor junction-graphene systems (adapted
from ref. [178] and [180]).

a noble metal™ or bimetal’® on the semiconductor-gra-
phene composite also improves CO, conversion. Reducing
metal ions (e.g., PtCls>~, Pd®™, Ag™, and AuCl,") is a simple
polyol process to load metal (e.g., Pt, Pd, Ag and Au) nanopar-
ticles on reduced graphene oxide/TiO,. A 2.0 wt% Pt-doped
composite shows the best activity; it achieves a total CH, yield
of 1.70 umol g, "."* The Pt NPs play a critical role in trapping
electrons over both the TiO,/Pt and GO/Pt interfaces (Fig-
ure 5a).

Metal nanoparticles are believed to functionalize as electron
relay mediators in graphene-supported Ag;PO,/Ag/AgBr'®"
and graphene oxide/Ag/AgCl composites (Figure 5b)."*?
Ag;PO, is one of only a few materials that exhibits excellent
oxidative capability for O, evolution from water. The graphene-
supported Ag;PO,/Ag/AgBr catalyst can be prepared by the
photoassisted deposition—precipitation method.'®"” The com-
posite exhibits an O, evolution yield (76 umolh™") that is ap-
proximately 1.3 times higher than exhibited by Ag;PO,/Ag/
AgBr (48 umolh™) and a yield that is approximately 2 times
higher than that offered by pristine Ag;PO, (38 umolh™). The
improved yield is attributed to CB depletion of Ag;PO, caused
by additional Ag/AgBr. This composite leads to a long lifetime
of the photogenerated holes and a downward shift in the VB
of Ag;PO, owing to charge transfer to Ag and subsequently to
RGO. In the graphene oxide/Ag/AgCl composite, in which GO
and AgCl act as activated photocatalysts, metallic Ag shuttles
the electrons from AgCl to GO.'*? The electron-hole pairs of
a low energy level recombine in space through Ag as a solid-
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state electron mediator, and the remaining charge carriers
have a high energy level for redox reactions.

Graphene and RGO have also been used as supports for
plasmonic catalysts, such as in Au/TiO,/graphene,"®® Ag/TiO,/
graphene,"*” Au/N-La,Ti,0,/RGO,"* Ag/Ag,COs/RGO," and
graphene sheet grafted AgCI@Ag."®” In these cases, metal NPs
are photoexcited under visible-light irradiation owing to plas-
monic resonance. Charge separation is accomplished by trans-
ferring the photoexcited electrons from the metal NPs to the
semiconductors. The electrons then flow into the graphene
sheets in the graphene-semiconductor system (Figure 5c).
Both the graphene surface and the CB of the semiconductor
function as active sites for H, production. Such a scenario re-
tards the recombination of electron-hole pairs and suppresses
the reverse reaction by separating the redox sites. For instance,
graphene-based Au-TiO, catalysts have been prepared with
Au/TiO,-GO composite weight ratios of 0, 0.05, 0.10, 0.25, and
0.50%."% In the system, the H, evolution rate increases to
296 umh~'g™" as the Au concentration increases up to 0.25%,
but an excess amount of Au NPs may act as a recombination
center, which is evidenced by the lower H, evolution rate of
approximately 197 umh~"'g™' for the 0.5% sample.

3.3.2.2. Semiconductor-graphene composites

To prove the role of graphene as a support and relay material
between different light absorbers (Figure 5d), the anatase/gra-
phene/rutile,"®®  BiVO,/graphene/(Ru/SrTiO;:Rh),'* 1% metal
sulfide/RGO/TiO,""®  ZnO/RGO/CdS,"" and Fe,V,0,,/RGO/
CdS""? catalysts have been studied. In these structures, photo-
excited electrons of the n-type semiconductor are transferred
to another catalyst through RGO to achieve water splitting or
CO, reduction. The interface between the different materials is
the most active part for the reactions. Fast charge migration at
the interface provides a huge amount of reaction opportuni-
ties for photoinduced carriers, as RGO is used as an electron
mediator between Ru/SrTiO;:Rh (H,) and BiVO, (0,)."* The
electrons of BiVO, are transferred to the vacancies in the im-
purity levels of Ru/SrTiO; by RGO. The electrons in Ru/SrTiO;:Rh
reduce water to H, on the Ru cocatalyst, whereas the holes left
on BiVO, oxidize water to O,. The key factor that enables effi-
cient electron transfer relies on a balance between the degree
of GO reduction and the level of hydrophobicity. For the case
in which RGO works as a carrier transport channel, the ZnO
NR/RGO/CdS catalyst exhibits a H, generation rate
(0.6 mmolh™") that is 3.8 times higher than of the CdS/ZnO ref-
erence. The optimal contents of the RGO nanosheets and CdS
NPs are 2 wt% and 20 at%."”'¥ An example for CO, reduction
is a system consisting of Fe,V,0,; nanoribbon/RGO/CdS NPs
grown on a stainless-steel mesh scaffold.'”? The holes stored
by CdS oxidize H,0 to O, whereas the electrons stored by
Fe,V,0,; reduce CO, to CH,. As a result, the combination of
CdS and Fe,V,0,; increases the CH, evolution rate to a value
threefold higher than that of the Fe,V,0,; nanoribbons, and
the activity of the RGO system further increases to approxi-
mately 2.10 pmolg™'h™".
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A variety of noble-metal-free cocatalysts have been integrat-
ed with graphene-semiconductor composites, such as
MoS,,""”® CoygsSe,l7 NiO,, 7 Ni(OH),,"’® and Ru0,."””! In these
materials, not only are the electron-hole pairs separated but
there are more sites available for reduction. The MoS,/gra-
phene/TiO, composite reaches a H, production rate of
165.3 umolh™" when the MoS,/graphene cocatalyst content is
0.5wt% and the graphene content in this cocatalyst is
5.0 wt%."73 The electrons in TiO, are transferred to the MoS,
nanosheets through the graphene sheets and they then react
with adsorbed H™ ions at the edges of MoS, to form H,. More-
over, the electrons are transferred to the MoS, nanosheets on
the surface of TiO, or to the C atoms on the graphene sheets
where they can react with H" to produce H, (similar to Fig-
ure 5a). Metal oxides are rarely used in pure form for CO, re-
duction, whereas Ni/NiO(NiO,) has been identified as an effec-
tive cocatalyst. Different amounts of graphene (0-5wt%) in
the NiO,/Ta,0;/RGO catalyst have been tested for the conver-
sion of CO, in solution into CH;OH and H,."””! The catalyst con-
taining 1% graphene displays the highest conversion rate of
CO, to CH;0OH, and it produces 3.4times more CH;OH (
~0.82 umolh™") than the corresponding catalyst without gra-
phene. However, improper loading of graphene on the sam-
ples is detrimental, and this is ascribed to a trade-off between
its high charge-transfer capability and its shielding effect on
light absorption.

Materials with semiconductor junctions coupled to GO have
been constructed, as in Figure 5e."7% The CdS@TaON/GO cata-
lyst shows a stable H, production rate of 633 umolh™' at a GO
content of 1 wt% and a Pt content of 0.4 wt%; this rate is ap-
proximately 141 times higher than that shown by pristine
TaON. The presence of CdS@TaON reduces electron recombina-
tion, and GO serves as an electron acceptor and transporter to
increase the lifetimes of the charges. In the CdS/graphene/
ZnIn,S, porous architecture, the 3 wt% CdS QD decorated ar-
chitecture containing 0.4 wt% Pt shows a H, production rate
of 1.9 mmolh™', which is approximately 2.7 times higher than
that produced over ZnIn,S,."’ The rate is further increased to
2.7 mmolh™" if the composite is coupled with 1wt% gra-
phene. Injection junctions with graphene composites have also
been developed, as in the CuO/TiO,/graphene,™ CdS/TiO,/
graphene,™®" hierarchical CdS/1D ZnO/2D graphene,"® and
NiS/Zn,Cd,_,S/RGO composites. For CuO/TiO./graphene, the ra-
tional addition of Cu or graphene improves the activity of
TiO,."®™ The maximum H, evolution rate is 2905.0 umolg'h™".
The electrons of TiO, are injected into graphene or CuO
through a percolation mechanism (Figure 5f), at which they
then react with H* or H,O that is adsorbed on the surface of
graphene or Cu. In contrast, in the NiS/Zn,Cd,_,S/RGO compo-
site, NiS is functionalized as an oxidation-active site to assem-
ble photogenerated holes. RGO serves as an electron collector
and transporter and provides reduction active sites for H, pro-
duction."™ The catalyst achieves a high H, production rate of
375.7 umolh™" and an apparent quantum yield of 31.1% at A=
420 nm.
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3.4. Two/multiphoton electrodes (photoelectrochemical sys-
tems)

Basic PEs are fabricated from a single p-type or n-type semi-
conductor or from two or more semiconductors. Single-semi-
conductor electrodes require a band gap of at least approxi-
mately 2.3 eV to generate the necessary voltage to split water,
which leads to a maximum solar-to-fuel (STF) efficiency of
7%."® To prepare more efficient PEs, a two/multiphoton
scheme is desirable owing to optimal integration of narrow-
band-gap semiconductors, which in turn allows a wide solar
spectrum to be absorbed for high photovoltage.** ' Two/
multiphoton electrodes can be built through various strategies
such as semiconductor composites, QD sensitization, and plas-
monic doping.

3.4.1. Semiconductor-hybrid electrodes
3.4.1.1. Heterojunction electrodes

The p-n junction separates charges by an internal electric field
induced by band bending. A p-CaFe,0,/n-TaON anode has
been fabricated on fluorine-doped tin oxide (FTO) glass by
electrophoretic deposition of two semiconductors."® Upon ir-
radiating light from the backside of the FTO glass, TaON ab-
sorbs partial light and carriers are generated. CaFe,O, absorbs
the remaining light that also excites electrons. The electrons
from CaFe,0, (52) move toward the substrate through n-TaON
(S1), and holes from TaON migrate to the surface of CaFe,O,
by a potential difference (Figure 6a). Thus, the anode absorbs
high-energy light to excite efficient charge separations for
water oxidation. The introduction of the CaFe,O, overlayer on
the TaON electrode increases the photocurrent density approx-
imately fivefold. To improve stability, an ultrathin carbon
sheath is coated on a p-Cu,0/n-TaON NR array photoanode as
a surface protection layer. The passivated anode exhibits an in-
cident photon-to-current efficiency (IPCE) of 59% at A=
400 nm, shows a photocurrent of 3.06 mAcm™2, and retains ap-
proximately 87% of the initial activity after irradiation for 1 h.
Not only is the onset potential negatively shifted but the pho-
tocurrent density and photostability are also improved relative
to the unpassivated anode."®” These improvements are due to
fast transfer of electrons together with high conductivity and
shielding from the electrolyte by the carbon jacket. In addition
to the surface catalytic effect, bulk charge separation is ach-
ieved through introducing discrete p-Co;O, nanoislands onto
n-BiVO,. The anode offers a photocurrent of 2.71 mAcm™2 at
1.23 V, with a photoconversion efficiency of 0.659%."%® The p-
n junction has also been introduced in Si/TiO,/Pt photocatho-
des for CO, reduction.® The results show good performance
for the formation of methanol (0.88 mmolL™"), ethanol
(2.60 mmol L™"), and acetone (0.049 mmolL™"), presenting fara-
daic efficiency of 96 %.

Integration of two n-type semiconductors is an alternative
approach. The most studied materials are TiO,, WO,, a-Fe,0;,
g-G:N,, and BiVO,. TiO,/ZnIn,S, " N-TNT/TaO,N, (N-TNT=N-
doped TiO, nanotube),"" WO0,/BiVO,"*? coupling Fe,0; with
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Figure 6. Charge transport at a) heterojunction photoanode (adapted from
ref. [186]) and b) tunnel junction photoanode (adapted from ref. [200a]).

¢) Tunnel junction photoelectrode through a thin insulating layer (adapted
from ref. [198]). d) Charge transport at dual-sided quantum dot cosensitized
photoanode (adapted from ref. [219]). Charge transport at semiconducting
photoanodes with e) a metal nanostructure or f) a core-shell metal insulator
nanostructure (adapted from refs. [220e],[223b]).

MgFe, 0, and ZnFe,0," 3D Co00,/C;N,/Ba-TaON,"* and
C00,/C;N,/WO," have been explored for PEC water splitting.
By coupling N-doped TNTs with a thin TaO,N, layer, both
charge-generation materials are separated at their interface
owing to a potential gradient. The thin TaO,N, film serves as
a passivation layer that reduces the surface-trap sites of N-
TNT."®" This complementary factor results in a high photocur-
rent and improves visible activities by approximately 3.6 times
over that of the N-TNT electrode. WO; is an indirect band-gap
semiconductor (2.6 eV) with a very low absorption coeffi-
cient, approximately 12% of the solar spectrum. To improve
the performance, WO,/BiVO, nanowires (NWs) have been
grown on FTO, in which BiVO, is a primary light absorber and
WO, acts as an electron conductor. The IPCE value of the nano-
wire is 31% at =420 nm, whereas that of the planar WO,/
BiVO, films is 9.3%.'°%! The NW anode produces a photocur-
rent of 3.1 mAcm™ and an IPCE of approximately 60% at A=
300-450 nm for water oxidation."*>? In photoanode-driven CO,
reduction, the Co-Ci/BiVO,/WO; photoanode with a Cu cath-
ode system shows a stable photocurrent and 51.9% faradaic
efficiency for CO and C,-C, hydrocarbons.!*2"!

Hematite is an earth-abundant material that has a favorable
band gap of 2.1 eV. Its performance is restricted by poor kinet-
ics for water oxidation and short hole diffusion lengths (2-
4 nm).* " To compensate these shortcomings, branched Co-
Fe,0; NR/MgFe,0, has been devised as a photoanode. Driven
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by band alignment, the electrons migrate from the CB of
MgFe,0, to that of the Co-Fe,0; NRs, from which they are
then transported to the Ti substrate along the Co-Fe,O; NRs.
The holes in the VB of the impurity level of Co-Fe,0O; are trans-
ferred to the VB of the impurity level of MgFe,0,. As a result,
the anode presents a photocurrent density of approximately
3.34 mAcm~2 which is 2.69, 1.95, and 1.78 times higher than
that of Fe,O;NR, Co-Fe,O;NR, and 1D Co-Fe,0;NR/MgFe,0,."™
Relative to metal oxides, g-C;N, has attracted much interest in
response to visible light. The branched CoO,/C;N,/WO; anode
exhibits a photocurrent density of 3.61 mAcm~2 which is ap-
proximately 1.31 times greater than that of WO,/C;N, nano-
sheets."® In this architecture, WO, is an electron acceptor, and
CoO, functions as a surface oxidation catalyst.

3.4.1.2. Tunnel junction electrodes

A tunnel junction is a thin insulating layer or electric potential
between light absorbers. Charge carriers can pass through the
barrier by quantum tunneling."*® In tunnel-junction electrodes,
a redox reaction occurs at the interface of the semiconductor-
electrolyte. The junction interface serves as a site for the re-
combination of the majority of carriers (Figure 6b). There are
two possibilities for charge transport from one absorber to an-
other. In the first case, the semiconductor has different band-
bending properties near the junction. A potential energy barri-
er across the interface blocks a minor amount of the carrier
flow but permits the majority of flow towards the junction.
This situation has been realized in n-TiO,/n-Si NW,"** n-Fe,0,/
p- or n-Si NW?” anode, and InGaN/GaN/Si cathode.”" In
these cases, charge carrier flow is enabled if the two semicon-
ducting absorbers are photoexcited in a synergistic manner.
The VB of the top absorber is lower than that of the underly-
ing absorber, and holes from S1 are transported by tunneling
to combine with the electrons on the CB of S2 through an ex-
tremely thin depletion layer. For instance, Si NWs absorb pho-
tons (600 nm <A< 1100 nm) that are transparent to hematite
(A=300-580 nm) and convert the energy into additional pho-
tovoltage.”® Band alignment at the junction reflects holes
back into hematite, which helps to reduce the loss of holes.
Notably, without the highly doped layers, an inadvertent p-n
junction would form at the interface."® %% This would drive
electrons and holes in the wrong directions and would cause
recombination of minority carriers and reduce fuel-generation
efficiencies. Alternatively, a passive or protection layer with
a VB below that of the absorber allows a hole to tunnel
through the thin layer or to be transported through a defect
band in the layer (Figure 6c)."®® The former scheme has been
realized with thin layers of TiO, grown on n-Si or p-Cu,0"***¥
or with a thin epitaxial layer of SrTiO; grown on Si(001).2%
However, the thickness of the layer needs to be controlled, as
tunneling introduces a large series resistance for films thicker
than a few nanometers. The latter scheme has been achieved
by using amorphous TiO, layers coated with a number of ab-
sorbers: n-Si, n-GaAs, and n-GaP.*® The protection layer can
be as thick as 140 nm, which rules out any tunneling effect.
A thin TiO, interlayer (4-25 nm) is required in a dual absorber
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of a BiVO, (S2) and Si (51) anode to realize an increase in the
photocurrent and a shift in the onset potential. The anode
shows 1.0 mAcm™2 at 1.23 V with an onset potential of 0.11V;
thus, there is a 3.3-fold enhancement in current density and
the onset potential is shifted in the negative direction by
300 mV relative to that of the BiVO,/FTO photoanode.”™ A fur-
ther increase in the water splitting activity can be expected by
improving the interlayer conditions and by loading proper co-
catalysts.

3.4.2. Quantum-dot-sensitized electrodes

Integrating quantum dots with bulk or nanostructured semi-
conductors increases the light absorbance of PEs. Thus, CdS®*”
and CdSe®® have been adopted as sensitizers on TiO, nano-
structures for photosynthesis. The cascade structures of CdSe/
CdS,”" PEDOT/CdSe/CdS,”'® and ZnS/CdSe/CdS®™™ on TiO,
PEs exhibit more enhancement in the current response than
the single-sensitized PEs. The maximum photocurrent achieved
by the CdSe/CdS/TiO, PE is 14.9 mAcm™, which is three times
that of the CdS/TiO, and CdSe/TiO, PEs. If CdS and CdSe are in-
versely deposited on a TiO, film to form a CdS/CdSe/TiO, struc-
ture, the current density is much lower than that of the CdSe/
CdS/TiO, electrode.?® This is ascribed to the fact that the
alignment of the Fermi levels between CdSe and CdS induces
upward and downward shifts in the band edges. The energy
potential levels of intermediate CdSe are higher than those of
CdS, which results in a notable barrier for the injection of elec-
trons from the outer CdS layer and the transfer of holes out of
the inner CdSe layer.

Branched CdS/TiO,/SnO, NRs have been studied to under-
stand band alignment of multiple structures in the parent sem-
iconductors.”' The PE induces a photocurrent density of
8.75mAcm™ at zero bias, which is more than four times
higher than that of the SnO,/TiO, electrode. To verify the mor-
phology effect of the sensitizer, a series of CdS, CdSe, and
CdSeS NRs deposited onto TiO, NW PEs have been explor-
ed.”*"! |f the sensitizer is changed from a particle to a rod to
a stump-shaped morphology, the latter two anodes have
higher photocurrent densities, which comes from competition
between light absorption, recombination loss, and surface
area. The CdSe/TiO,-NW electrode presents the highest initial
photocurrent owing to the smallest band gap. The CdS/TiO,-
NW anode exhibits the lowest photocurrent with the highest
electron injection efficiency. The CdSeS/TiO,-NW heterostruc-
ture is a favorable one in terms of the level of the photocur-
rent and stability.

The cascade concept has been transplanted to extend the
absorption spectrum in ZnO-based PEs, such as in IrO,-nH,0O-
modified CdSe/CdS/ZnO NWs,?'¥  CdSe/CdS/ZnO  NRs,2™
Znin,S,/ZnS/ZnO nanotube arrays,?™ NiO/CdS@ZnO compo-
sites,?'® ZnSe/CdS/CdSe/ZnO NWs,?'” CdSe/CdS/ZnO/WO, hi-
erarchical NWs,”'® and double-sided CdS/ZnO|Zn0O/CdSe
NWs.2'? Triple-sensitized ZnO NWs can be fabricated on FTO
through a facile hydrothermal and anion-exchange reaction,
followed by a chemical bath deposition approach.”'” Through
synergistic light absorption and multigraded band-gap levels
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between the materials, the PE delivers a photocurrent intensity
of 5.3 mAcm™ which exceeds that of a single- or co-sensitized
PE and is approximately 11 times higher than that of bare ZnO
NWs. Although the electrons of CdSe are transferred to ZnO
through the CdS layer, the presence of this intermediate layer
in CdSe/CdS/ZnO increases charge recombination and limits
the efficiency of photoelectron collection. To overcome these
drawbacks, rational separation of CdS and CdSe on each side
of ZnO in a dual-sided PE is a wise tactic (Figure 6d).*'® The
Fermi levels of CdS, CdSe, and ZnO are aligned so that the CBs
of CdS and CdSe are close enough to allow delocalization and
transfer of the photoelectrons. The anode shows high activity
for water oxidation with a photocurrent density of 12 mAcm™.

3.4.3. Plasmonic electrodes

Plasmonic effects have led to compelling evidence for water
splitting. The PEs affected by metal NPs can be divided into
those with direct contact to the semiconductor (Figure 6e)
and those separated from the semiconductor by an insulating
spacer (Figure 6f). As a light absorber, Au has been used to
sensitize TiO, PEs to generate additional charge carriers for
water oxidation.”?” This is due to amplification of the electric
field near the semiconductor surface induced be SPR; this in-
creases the photon absorption rate of TiO, and improves the
photoactivity.”?"! Au NPs assembled with a TiO,-based photon-
ic crystal substrate can achieve a photocurrent density of ap-
proximately 150 uAcm™2. Matching the SPR wavelength to the
photonic band gap of TiO, boosts hot electron injection and
thus enhances activity.?*>??? By manipulating the shape of the
decorated Au structures, a mixture of Au NPs and NRs deposit-
ed on TiO, NWs shows water oxidation over the entire UV/Vis
region (A~ 300-800 nm).”*® A nanobamboo array with various
metal-semiconductor segments (ZnS-Ag-CdS-Au-CdSe) has also
been designed to improve charge transfer.??* The surface of
each segment is in direct contact with the electrolyte, and the
holes easily migrate to the semiconductor/electrolyte interface
because of a shorter transfer distance in the radial direction. As
a result, the architecture facilitates interfacial charge transfer
and accelerates photocatalytic transformations.

Direct exposure of plasmonic metals to the electrolyte leads
to their corrosion and dissolution. One attempt to address this
problem relies on coating the metals with a protecting
layer.?2 Plasmonic Ag shows great potential for redox appli-
cations.??*<22 By |oading core-shell Ag,(PO,),_,@Ag onto ZnO
NRs (Figure 6 f), water oxidation activity can be achieved with
a maximum photocurrent of 3.1 mAcm™2 and an IPCE of 60%
at 2 =400 nm.?*"! The SPR of Ag increases the optical absorp-
tion and the rate of electron-hole formation near the
Ags(PO,),_,/ZnO junction. Another strategy is to embed plas-
monic metals into the semiconductor photocatalyst,?2°%%% as
gold NPs sandwiched between TiO, NRs and a CdS layer play
a dual role in enhancing the efficiency.”®? The Au NPs first
serve as an electron relay that facilitates charge transfer be-
tween CdS and TiO, if the QDs are photoexcited by wave-
lengths shorter than 525 nm. Second, the Au NPs act as a plas-
monic sensitizer, which enables the conversion at wavelengths
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longer than the band edge of CdS, and this extends the wave-
length from 525 to 725 nm. The dual role of Au leads to a pho-
tocurrent of 4.07 mAcm™2 under full solar spectrum irradiation
and a maximum STF of 2.8%. An alternative method is to uti-
lize layered core—shell structures, such as uniform and tapered
Si@Ag NWs,”*! which combine the geometry of the NWs with
the SPR in the metal core to confine light within a thin semi-
conductor shell. To obtain cost-effective and scalable plasmon-
ic light harvesting, core—-multishell Fe,0;@AI@Si NW structures
with Al thin films as the intermediate shell have been devel-
oped with photocurrent densities comparable to those of
Fe,0;@Ag@Si NWs."*® A PE with a dual absorber system con-
sisting of Si and hematite reaches a photocurrent density of
approximately 11.81 mAcm2, which corresponds to a STF effi-
ciency of 14.5%.

Developing PEs with charge carriers purely generated by
SPR is another promising approach.”?” One realization of such
PEs is based on Au nanostructures. Au NRs are grown by elec-
trodeposition on a porous aluminum oxide template, which is
then coated with a thin TiO, layer for charge separation. To
build an autonomous unit, tiny Pt NPs are loaded to trigger
the reduction of H™ after capturing the hot electrons. A cobalt
cocatalyst is additionally loaded to feed the metal back with
electrons. This all-in-one unit is thus built and produces H, at
a rate of 5x10" moleculescm™2s™" under 1 sun illuminatio-
n.?”3 Au NRs capped with TiO, can also be used as an effec-
tive photoanode to collect and conduct hot electrons to the
platinum electrode at which H, gas evolves.”?”” The resultant
positive charges in the Au NRs function as holes and are ex-
tracted by OEC to produce O, gas. The anode shows enhanced
responsivity across the plasmon band, as evidenced by fuel
production efficiencies that are up to 20 times higher at visible
wavelengths than at ultraviolet wavelengths.

3.5. Two-photon cells (photoelectrochemical systems)

PEC performance has been explored extensively at the elec-
trode level, whereas cell design has received less attention.™
b192b.2281 |t js convenient to assemble two or more light absorb-
ers in a complete cell. Various techniques have been devel-
oped at the cell level to trade-off between light absorption
and reaction potentials, such as PV-PEC cells, Z-scheme cells,
PEC diodes, and all-in-one membranes. These cells consist of
two electrodes, one or both of which is photoactive. Semicon-
ductors in the cells are used either to create PV junctions or as
PEs. The photoanode and cathode can be physically separated
in a wired configuration or combined into a monolithic struc-
ture.??”

3.5.1. Wired cells
3.5.1.1. PV-PEC cells

In single-photon cells, a semiconductor material is used as
either the photoanode or the cathode with a counter elec-
trode. At the electrolyte/semiconductor interface, charge carri-
ers are separated and all important redox reactions occur. This
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solid/liquid junction suffers from recombination and results in
a low photovoltage. A PV junction can be introduced into
a PEC device to generate an additional bias to assist charge
separation.”” %% PV-PEC devices (Figure 7a) include a bottom
PV and a semiconductor/electrolyte junction. This stacked
structure involves the arrangement of two absorbers that need
optimum energy combinations in the ranges of 0.95 to 1.20
and 1.60 to 1.80eV.”" The classic PV materials GaAs and
GalnP, are good candidates that can be used to enable such
an adaptation owing to their adjustable optoelectronic proper-
ties. A typical cell is an assembly of a GaAs p-n bottom cell
and a GalnP, top cell with a Pt foil as the counter electrode.

Reviews

The top GalnP, layer (= 1.83 eV) is designed to absorb more
energetic photons, which leads to a high photovoltage. The
bottom p-n junction (~1.42 eV) absorbs less energetic pho-
tons and generates an additional photovoltage.”*” One set of
electrons and holes are recombined at the tunnel junction. The
resultant photovoltage is greater than the required potential
for photoelectrolysis, and this drives the water reductive reac-
tion at the semiconductor electrode. The H, production effi-
ciency of the cell reaches 12.4%. Conditioning the absorber in-
terface further with RuQ, increases the potential of the device
with a STF efficiency of approximately 14%.*% However, the
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Figure 7. a) PV-PEC cell and b) example of a tandem BiVO,-CH;NH,Pbl; device for solar fuels generation (reprinted with permission from ref. [238a], copyright
2015 American Chemical Society). ¢) Z-Scheme PEC cell and its example d) with a two-electrode configuration comprising translucent Pt-loaded TiO, and
[MCE2A + MCE4]-modified InP (reprinted with permission from ref. [251], copyright 2011 American Chemical Society). e) PEC diode and the example of f) a
self-biased diode consisting of an n-type compositionally graded nanotube photoanode and a p-type nanotube cathode (reprinted with permission from

ref. [2539], copyright 2009 American Chemical Society). g) All-in-one membrane and its example h) the blue portion of sunlight is absorbed by the semicon-
ductor oxide photoanode (red color), at which water is oxidized to release protons. The red portion of light passing through is absorbed by the Si nanorod
photocathode (blue color), which drives the protons and electrons to produce hydrogen. The membrane is permeable to the generated protons and conduct
electrons between the electrodes (reprinted from ref. [262], copyright 2009 Nature Publishing Group).
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use of expensive and scarce light-absorbing materials limits
practical application of this device.

In the search for low-costing materials, various devices have
been built with silicon materials.">*** The combination of a W-
BiVO, photoanode with a double-junction silicon (a-Si:H/nc-
Si:H) PV device offers a benchmark efficiency of 5.2%.2%¢ In
this cell, photons are filtered by the front BiVO, anode, at
which a gradient W-doping profile is introduced to enhance
charge separation. Then, the remaining photons are absorbed
by the PV structure. A junction cathode has also been made
from hydrogenated amorphous and microcrystalline silicon (a-
Si:H/uc-Si:H).2*3 Such a system has the added advantage of
absorbing sunlight at different wavelengths. By adjusting the
photocurrent of the structure, the maximum STF efficiency
reaches up to 13.26%.2*7 Another method is to introduce an
external bias through the PV cells. By connecting the OEC to
the p-type terminal and the HEC to the n-type terminal of the
PV module, the voltage and current of the system are con-
strained to the same value, that is, they are equal. In this case,
the STF efficiency can reach >10% by a series interconnected
PV module (c-Si or CIGS).¥

A series of dye-sensitized solar cell (DSC)-PEC cells have also
been fabricated by Gritzel et al,** Mora-Seré et al,*® and
Park®” et al. In these devices, the PE functions as a light ab-
sorber, and typical materials include WO;, Fe,0;, and CdS/TiO..
Incident light beams are transmitted from the photoanode to
the underlying DSCs. In DSCs, wide-band-gap semiconductors
are combined with visible-light-absorbing dyes. The photoa-
node and the DSCs are complementarily designed to exploit
a substantial part of the solar spectrum. The STF efficiencies
are 1.17 (Fe,05/DSC) and 3.10% (WO,/DSC). Recently, water-
splitting assemblies composed of a photoelectrode (e.g.,
BiVO,, Fe,0;, TiO,, and Cu,0) and a CH;NH;Pbl; perovskite
solar cell have been developed.”® The tandem configuration
(Figure 7b) allows efficient photon management with the pho-
toelectrode harvesting visible light and the underlying solar
cell capturing lower energy visible-infrared wavelengths in
a single-pass excitation; this results in a STF efficiency of
2.5%.%% Moreover, the PV module might even be the sole
supplier of the bias; for example, two perovskite solar cells
connected in series serve as an external power source for pho-
tolysis with a STF efficiency of 12.3%.”** However, because of
the presence of hygroscopic amine salts and the distorted
crystal structure, perovskites are susceptible to light, tempera-
ture, and aqueous environments, which not only restrict their
long-term stability but also weaken their direct use as photo-
anodes.”*”

3.5.1.2. Z-scheme cells

Given that water splitting entails two half-reactions, it seems
natural to use two light absorbers in a two-PE system in which
the photocathode and photoanode are connected in series.
The redox reaction is separated into two half-reactions (Z-
scheme cell in Figure 7¢).**" The majority of carriers recom-
bine at the photocathode/anode interface, whereas a minority
of carriers in the two semiconductors move towards the semi-
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conductor/electrolyte interface to carry out the individual half-
reactions. The better options for the anode and cathode are n-
type and p-type materials. Such a combination of two band
gaps produces a wide electrochemical window. Relative to PV-
PEC cells, this cell offers advantages including a simple fabrica-
tion process, a low operation voltage, and relatively high effi-
ciency. However, one-electron transfer in this system requires
the absorption of two photons.

A Z-scheme cell with carbon-doped TNTs (TiO,_,C,) as the
anode (S1) and Pt NPs incorporated in TNTs as the cathode
(S2) delivers a photocurrent of approximately 2.5-2.8 mAcm™
and can run continuously for approximately 80 h for visible-
light water splitting.?*? Following this route, various Z-scheme
cells have been built, such as n-TiO, NRs/FTO (S1) and C/p-
Cu,0 NWs/Cu (52),** Fe,0;NR and p-GalnP,,** NiO/TiO,NW
and Pt NP/Si NW,?*! TiO,/indium tin oxide (ITO) and Bi-
0,.Cl,_/ITO*  ZnS/CdS/TIO,/TCO  and  MoS,/CdS/TiO,/
TCO,* CdS/TiO, NRs and CdSe/NiO,**"™ and BiVO, and
Cu,0.7* The cells normally exhibit STF efficiencies in the
range of approximately 0.1% or less. A self-driven cell with
CdS/TiO, NR as the anode and CdSe/NiO as the cathode shows
a maximum efficiency of 0.17% for overall water splitting.
Average gas evolution rates of 224 (H,) and 1.07
(0,) umolh™"cm™ are achieved with approximately 95% fara-
dic efficiency.®"™ A higher STF efficiency of approximately
0.91% is obtained by using a hematite anode and an amor-
phous Si cathode with NiFeO, and Pt/TiO, overlayers.>*) Re-
cently, a dual PE device consisting of a metal nitride NW anode
and a Si/InGaN NW cathode has been reported to provide
a power conversion efficiency of 2%.2*'¥ Pairing the PE with
a PV as Z-scheme electrodes further improves the configura-
tion. Overall water splitting with a STF efficiency of approxi-
mately 2.5% is achieved by a device consisting of an anode
(FeOOH/Mo:BiVO,/FTO) and a Ni/Si-cell/FTO cathode.”*”

Reduction of CO, to formate by using H,O as an electron
donor and a proton source has been realized in a Z-scheme
device (Figure 7d).”®" In this device, the conjugating p-type
InP/Ru complex polymer and TiO,/Pt are used as the working
and counter electrodes. The selectivity for formate production
is above 70%, and the STF efficiency is 0.03-0.04%. However,
reduction of CO, by using a p-type semiconductor requires
a large bias potential, as the VB potentials of these semicon-
ductor are not positive enough to oxidize water.”®" Some n-
type semiconductors are stable in aqueous solutions and are
active under visible light with a relatively low bias potential.
PEC systems with n-type WO, as the photoanode and Cu or
SnO,/Sn as the cathode electrocatalyst have been demonstrat-
ed to achieve CO, reduction at low bias potentials.”*? A highly
calorific product such as methane, which requires eight elec-
trons, is obtained at a faradaic efficiency of 67% with a total
CO, reduction faradaic efficiency of 71.6% on a Cu cathode.
For the SnO,/Sn cathode, a combined (CO-+HCOOH) faradaic
efficiency of 44.3% is obtained at +0.8 V. This verifies that judi-
cious integration of a light-absorbing anode and a cathode co-
catalyst can accomplish the reduction of CO, with high effi-
ciency.
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3.5.2. Monolithic cells
3.5.2.1. Photoelectrochemical diodes

Tandem absorbers have been applied in self-biasing sys-
tems.”” 18253 The photoanode (S1) and photocathode (S2) can
be integrated into a monolithic structure (so-called diode)
either by stacking the two electrodes on the same substrate or
by joining them together by a PCM (Figure 7 e). This monolith-
ic cell has been observed to generate H, by simply loading it
in any water container.”* The products are separated on both
sides of the assembly. Such a strategy is successful in meter-
scale panels, for which ionic transport over macroscopic distan-
ces is assumed to experience a tremendous ohmic loss. The
trade-off between proton-transport distance and product sepa-
ration limits the panel size. Haussener et al. have calculated
the size of the standalone device and have concluded that to
avoid excessive overpotentials the typical electrode size should
not exceed approximately 10 mm.?*

The photochemical diode was first reported in 1977.
Later, an assembly of Si-PV junctions was built to produce hy-
drogen at 7.8% efficiency.”® A similar device with earth-abun-
dant catalysts has been examined in a neutral electrolyte with
an efficiency of 2.5%.”**! Two-photon diodes based on metal-
oxide nanotubes have recently been reported.*”?*3%927 A n-
TiO, nanotubes/p-Cu-Ti-O nanotubes PEC diode has been inte-
grated with glass substrates oriented back to back. Light is in-
cident on the UV-absorbing n-TiO, side and the visible light
passes to the p-Cu-Ti-O side. The TiO, side of the diode is kept
in 1M KOH and the Cu-Ti-O side is kept in 0.1 M Na,HPO, with
a salt bridge linking the two sides. The reactions are powered
by incident light to generate fuel with O, evolved from the
TiO, side and H, evolved from the p-Cu-Ti-O side. A photocur-
rent density of 0.25 mAcm™ is obtained with a photoconver-
sion efficiency of 0.3%.%*" The same group further proposes
a ternary oxide nanotube array with a gradient composition to
absorb light over different wavelengths (Figure 7 f).**9 Analy-
sis shows that the use of a large-band-gap material in the pho-
tocathode instead of in the photoanode is desirable.['®!

To promote CO, reduction, a PEC diode has been designed
in which the anode and cathode are separated by a PCM. The
anode consists of doped TNTs for light harvesting, electron
transport, and proton diffusion. The cathodic CO, reduction is
based on Fe/N-doped carbon nanotubes deposited over
a carbon cloth® or Pt-modified RGO loaded on nickel
foam.*>¢ Although these devices are able to limit charge re-
combination, reduce the energy input, and increase the effi-
ciency of CO, reduction, a bias of approximately 2.0V is re-
quired on the basis of the redox reduction to separate the
electrons and holes. The thin-film PV provides sufficient poten-
tial for the reactions, and a standalone device has shown a con-
version efficiency of approximately 4.5%.%*® Unassisted two-
photon devices with a wireless or wired configuration have
been reported to produce solar formate with a InP/[RuCP]
semiconductor/metal-complex cathode and SrTiO; ano-
de.®3125 Elactron transfer over the devices leads to STF effi-
ciencies of 0.14 and 0.08% in the wired and wireless configura-
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tions, respectively. This indicates that the design of the band
configuration is crucial for solar formate production.

3.5.2.2. All-in-one membranes

If photoactive components are extremely small NWs or NPs,
they can be imbedded in a membrane as an integral part of
the interface (Figure 7g).”*” Two types of such all-in-one mem-
branes have been reported: a multifunctional membrane em-
bedded with Si microwires and fuel-cell-like cells comprising
porous electrodes.'®P 2" This concept offers assemblies with
good light-harvesting capabilities and the possibility to tune
each side individually. One or both electrodes can be exposed
to the gas phase, and even flue gas or atmospheric CO, can
be used as the input stream for the cathode side. The efficien-
cy does not decrease if the size of cell increases."® However,
the membrane is easily poisoned in acidic or alkaline media.
Thus, there is a strong need for research on multifunctional in-
terfaces.

The Joint Center for Artificial Photosynthesis has developed
a multifunctional membrane embedded with Si microwires.
The concept modules use two different semiconductors,
a wider band-gap anode material, and a narrower band-gap
cathode material to yield a potential >1.23 V, which is neces-
sary for water photolysis. Cocatalysts distributed along the
semiconductor surface facilitate the reactions at low overpo-
tentials, and two PEs are connected by a thin poly(3,4-ethyle-
nedioxythiophene)-polystyrene sulfonate (PEDOT-PSS) layer
(Figure 7h).”*? A crucial component is a Nafion proton-ex-
change polymer membrane.?'“?%3) The membrane serves as
a structural support for the silicon microwires, allows efficient
proton transport while avoiding product crossover, offers an
electric interconnection between the anode and cathode, and
also is transparent for red wavelength photons. A second con-
cept module, built by using experience obtained from fuel
cells, imposes less stringent requirements on the interface. In
such an assembly, the carbon-based gas-diffusion electrode is
coated with semiconductor nanoparticles, and the counter
electrode consists of metal nanoparticles deposited on
a carbon substrate.s'®¢! A similar concept has been adopted
to design active heterostructures that consist of a semiconduc-
tor light absorber for oxidation and alumina-coated cocatalysts
for reduction. A free-floating device produces H, at a stable
rate over 24 h with visible light as the only input and a STF ef-
ficiency of approximately 0.9 %.%'

PEs loaded with suitable cocatalysts are important for redox
reactions, and integrating the components together into
a standalone device is an enormous challenge.B«'9*%'d A p-
type Si nanopillar loaded with [MosS,] clusters has been em-
bedded in a PCM for harvesting low-energy photons in the
solar spectrum. The assembly is an efficient photocathode for
hydrogen generation in an aqueous 1.0 m HCIO, solution, and
it can achieve a photocurrent density as high as 9 mAcm™
with zero overpotential.'® This is sufficient to achieve a STF ef-
ficiency of 10% in a two-photon cell. The measured amount of
hydrogen roughly matches half the number of electrons
passed through the circuit, which confirms that the photocur-
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rent is indeed due to photocatalytic hydrogen evolution and is  and photovoltaic-photoelectrochemical devices, Z-scheme
not from reduction of the MosS, clusters. Although these cells, and monolithic cells were reviewed. Successful creation
promising devices have been demonstrated, none of the cur-  of these structures will enable us to better control local photo-
rent cells fulfill the requirements for practical application. chemical environments and will be helpful to deepen the com-
Device modeling and thin-film deposition techniques are nec-  prehension of charge transport and utilization in the process-
essary methods to build future assemblies.*>2%% es.

Apparent quantum yields based on various photocatalytic
systems were extracted from selected articles and are shown
in Figure 8a, and the solar-to-fuel conversion rates of related
We reviewed general strategies to construct two-photon semi-  photoelectrochemical systems are plotted in Figure 8b. It
conducting structures toward solar-fuel applications. Particular-  would be more reasonable to compare the efficiencies and
ly, we focused our discussion on essential models that dictate  product yields over various systems, but such data is not readi-
the performance of this technique: the indirect combination of ly available. The values presented are to show typical yields
two semiconductors by a redox couple, direct coupling of two  and are dependent upon many variables such as materials and
semiconductors, multicomponent structures with a solid con-  structures, light intensity and wavelength, electrical bias, and
ductive mediator, and composite photoelectrodes together electrolyte. In general, the rational design of functional struc-
with two-photon cells. Photocatalytic and photoelectrochemi-  tures that are analogous to biological systems is a promising
cal examples were selected to demonstrate these concepts way to improve activity. By steering charge transport, one can
from a system-level angle, and this included semiconductor rationally design semiconducting structures according to spe-
particles in aqueous solution, heterogeneous photoelectrodes,  cific demands. Solid-state two- or three-component semicon-
and complete devices for water splitting or CO, conversion.  ducting structures exhibit better performance than solution-
Various charge-extraction schemes in solution contact systems,  contact structures. Optimization of the three-component struc-
multicomponent structures, nanostructured photoelectrodes  ture should create great opportunity for further improvements.

4. Summary and Outlook
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Figure 8. a) The reported apparent quantum yields on a semilogarithmic scale for photocatalytic fuel generation. b) The reported solar-to-fuel conversion effi-
ciencies of photoelectrosynthesis. Values were taken from references given in the article. Note: Apparent quantum yields AQY % = (number of reacted elec-
trons)/(number of incident photons) x 100 % = (number of evolved hydrogen molecules x 2)/(number of incident photons) x 100%. Solar-to-fuel (STF) conver-
sion efficiency = (output energy of hydrogen evolved)/(energy of incident solar light) x 100 % = [/, (1.23 — V4., 776)/P, = [(mean rate of products produced in
mmols~")x273 kJmol~"I/[(light intensity in mW cm™2) x (area in cm?)]x 100 %, in which I, is the short-circuit photocurrent density (mAcm™), 7 is the faradaic
efficiency and is defined as the moles of electrons consumed in the formation of the reaction product over the total moles of electrons transferred from the
anode to the cathode, and P, is the incident light power intensity on the PE (mWcm™).
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Reported STF efficiencies of PEC structures vary from below
1 to 18%; only a few multijunction PEC cells demonstrate
a value above 10%. Compositionally integrating different ma-
terials [e.g., p-type or n-type semiconductor(s)/graphene/
metals/quantum dots, etc.] with various building blocks (from
nanoparticles, 1D nanowires/nanorods/nanotubes, 2D nano-
sheets to 3D porous or complex nanostructure) to build spa-
tially functional structures was shown to improve light absorp-
tion and to facilitate microscopic charge transfer. Metals both
in direct contact with the light absorber and in a separate but
electrically connected cell serve as electron sinks and catalysts.
The engineering of special interfaces to form efficient interac-
tions such as heterojunctions and Schottky and ohmic junc-
tions offers an effective tool to enhance charge separation and
to extend charge lifetimes. Strategies to separate charges in Z-
scheme catalysts and surface passivation layers require further
study to understand the mechanism. The roles of plasmonic
and high-energy hot electrons represent recent breakthroughs
concerning our understanding of charge transfer, and more
work should be paid to fully realize their potential.

Although great effort has been devoted to finding combina-
tions of materials to steer charge transport for photosynthetic
systems, much of this domain has yet to be explored. Future
prospects are likely to focus on essential interface properties of
the junctions and on the design of well-defined structures for
optimal control of the rate, yield, and energetics of the charge
carrier flow at the nanoscale so that the complete structures
can achieve maximum conversion of solar energy into chemi-
cal fuels. Novel structure designs and controlled synthesis and
assembly through advanced manufacturing processes such as
wet-chemical synthesis with micro/nanofabrication, deposition
of low-costing materials, and large-scale self-assembly will be
required to meet the technology goals. This work is helpful to
understand the mechanism of charge transport in semicon-
ducting structures, and the complied information can be used
to evaluate progress in the solar-fuel field and to target a re-
search direction for future development.
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Charge Transport in Two-Photon
Semiconducting Structures for Solar
Fuels

Artificial 2-photon structures for solar fuels
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Burning bright: Progress on two-
photon semiconducting structures is
presented with focus on understanding
of interfacial carrier dynamics. Strategies
from solution-particle photocatalytic
systems to nanostructured photoelec-
trode and photoelectrochemical devices
are discussed to elucidate the mecha-
nism of charge transport and to ration-
alize experimental observations. The
studies compile valuable knowledge to
build efficient solar-driven systems for
clean energy.
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