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Abstract: Particulate photocatalysts-based artificial photosynthesis using
water as an electron donor offers a renewable and scalable way to produce
solar fuels. In constructing artificial photosynthesis systems, strategies based
on modifying the semiconductor surface can remarkably influence the
adsorption and activation abilities of ions/molecules, the control of involved
reactions, and the efficiencies of charge separation and catalytic conversion.
Therefore, in this review three common ways of improving the photocatalytic
performance of overall water splitting or CO2 reduction, are summarized.
Namely: (1) surface regulations by crystalline phase, crystal facet and surface
defect, (2) surface functionalizations through the introduction of co-catalysts
and/or a “photo-inert” metal oxide, (3) surface assembly with another
semiconductor photocatalyst to form a heterostructure or an all-solid-state
Z-scheme system. Challenges and future trends in the development of efficient

artificial photosynthesis systems are also discussed briefly.



1. Introduction

Global fossil fuel shortages and related environmental issues have
stimulated research activities towards the development of renewable and
clean energy sources that do not emit carbon dioxide. Solar energy is a
principle source of sustainable energy. In nature, the photosynthesis in plants
transforms CO2 and H20 into carbohydrates and Oz at room temperature
under sunlight. Inspired by natural photosynthesis, extensive research
activities have been devoted to developing artificial photosynthesis for
harvesting diffuse and intermittent sunlight, and converting it to solar fuels that
can be stored and transported. Overall water splitting (OWS) and CO:
reduction with water as an electron donor are the two key processes in this
field.1?2 Both of reactions have high activation energies with an associated
positive change in the Gibbs free energy.®# Their similar part is the water
oxidation process, while the difference is the reduction part where the proton is
reduced to Hz for OWS and CO: is reduced to valuable hydrocarbon chemicals
for CO2 reduction. Notably, many of the strategies adopted for OWS can be
exploited for CO2 reduction. However, photocatalytic CO2 reduction is much
more difficult to be driven than the OWS, mainly owing to the difficulty of
achieving effective adsorption and activation of CO2 molecules, and complex
COz2 reduction processes accompanying with fierce competition with the proton
reduction reaction (PRR).>® There are three major types of solar energy
conversion systems: photovoltaic-assisted electrolysis (PV-E),
photo-electrochemical (PEC) cells, and photocatalysis.”'® Taking water
splitting for example, techno-economical analyses of the photocatalytic and
PEC systems estimate that the cost of hydrogen generated by these
processes would be approximately US$1.60-3.20 kg™ and US$4.10-10.40
kg™, respectively.” Although PV-E systems can achieve the highest
solar-to-hydrogen (STH) energy conversion efficiency, the price of the

produced hydrogen is very expensive (about US$12.1 kg™).° Therefore,
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particulate photocatalytic systems are the most promising way to meet the
target hydrogen price of US$ 2.00-4.00 kg™ set by the United States
Department of Energy. However, currently, the STH efficiency achieved with
this approach is the lowest among those three routes, which is below the
benchmark STH value of 10%.” Therefore, development of highly efficient
particulate water splitting photocatalysts is still the primary target in the near
future.

Table 1. Potential reactions related to photocatalytic OWS and CO; reduction with

H.O as an electron donor.

Equation Reaction E® (V) vs. NHE (pH =7)
1) CO; + 2H* + 2e- — HCOOH -0.61
2 COz + 2H* +2e- — CO + H20 -0.53
(3) CO; + 4H* + 4~ - HCHO + H,O -0.48
4) 2H* +2e” — H; -0.41
(5) CO; + 6H* + 6e- — CH3OH + H,O -—0.38
(6) CO; + 8H" + 86~ — CH4 + 2H20 -0.24
(7) H,O + 2h* — 1/20;, + 2H* 0.82

For particulate photocatalytic OWS and CO: reduction processes, some
possible reactions and the corresponding redox potentials are summarized in
Table 1. It shows the target reductive product is only H2 for OWS reaction,
while there are several parallel reduction processes in CO2 reduction reaction
(CRR), and all of them compete with each other due to very similar
thermodynamic requirements. To achieve those processes, there are two
distinct routes, namely, one- and two-step photoexcitation routes. In one-step
photo-excitation systems, the reactions of proton/CO:2 reduction and water
oxidation occur on a single semiconductor photocatalyst (see Figure 1A).
Generally speaking, a typical particulate photocatalytic system is composed of

a light-harvesting semiconductor with particle size mainly located at the region
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of 10 nm—-10 ym and one or more co-catalysts with particle size of a few
nanometers.*1%12 As a thermodynamic prerequisite, the semiconductor should
have conduction band minimum (CBM) and valence band maximum (VBM)
levels straddling the potentials of those redox reactions.**>1> Chemical stability
under photo-irradiation in water and sufficient carrier mobility are also
necessary characteristics for these photocatalysts. However, as the bandgap
of the semiconductor decreases, the driving force for the proton/CO2 reduction
reaction and/or water oxidation reaction (WOR) is reduced, making it more
difficult to achieve the OWS reaction with low energy/long-wavelength visible
light.'® For a two-step photo-excitation system, it is inspired by natural
photosynthesis in green plants, and is also known as the Z-scheme system. In
this case, the aforementioned redox reactions are spatially separated and
performed at two different functional photocatalysts (see Figure 1). It only
requires the applied semiconductor photocatalyst to satisfy the band position
requirement of proton/CO2 reduction or WOR. That further means those
semiconductors, which have a more negative CBM than the potential of the
proton/CO2 reduction reaction or a more positive VBM than the O2/H20
potential level, can be used. Thus, compared with one-step photo-excitation
process, two-step system alleviates the thermodynamic requirements and
expands the choice of semiconductors, making it possible to realize the water
splitting/CO2 reduction reaction with a large driving force. Here, an aqueous
redox mediator or a solid-state electron mediator is necessary to complete the
whole photocatalytic cycle via recombination of photo-excited electrons and
holes from the water oxidation photocatalyst (WOP) and proton/CO2 reduction
photocatalyst (P/CRP), respectively. In addition, it is feasible to separate the
produced reductive product and Oz by dividing the P/CRP from the WOP.’
Since the discovery of Honda-Fujishima effect in 1972 and the proposal of
two-step photo-excitation system in 1979, considerable progress has been

made in this field, especially in recent two decades.®'® Among the various



reported photocatalysts, some oxides, (oxy)nitrides, (oxy)sulfides and
oxychlorides have been intensively investigated, accompanying with matched
aqueous redox mediators or solid-state electron mediators.?%-2> Based on the
valence changes of |(1-/0)  |(1-/5%)  Fg(2+/3+)  Co@+/3+)  \/(4+/5+)  Mn(+3+) and
Mo®*6%)  several aqueous redox couples have been applied to two-step
photo-excitation systems.1”2426-30 A series of electrical conductors, including Ir,
Ag, Au, Rh, Ni, Pt, reduced graphene oxide (RGO) and carbon dots, have also
been identified as electron mediators for solid-state two-step photo-excitation
systems.313¢ However, because of the additional elementary procedures, the
number of backward electron transfer routes is increased, making this reaction
scheme more complicated than the one-step photo-excitation approach.*
Achieving effective adsorption-desorption and activation of reactants, and
acceleration of the target reactions while suppressing the competing reactions,
require a detailed understanding of the reaction mechanisms to enable rational
design of efficient photocatalytic OWS and CO:2 reduction systems.%11.12

The photocatalytic OWS and CRRs are uphill reactions when water is used
as an electron donor. However, many reviews have been reported over the
past decades covering the design and preparation of various heterogeneous
photocatalysts for water splitting and CO:z reduction in the presence of
sacrificial reagents.®’° In these cases, most processes are downhill reactions
associated with a negative change in the Gibbs free energy, such that photon
energy is not stored. To differentiate from those reviews, this work focuses on
photocatalytic OWS and CRRs with water as an electron donor, in particular
those via a two-step photo-excitation route. The construction of efficient
two-step photo-excited processes is challenging, involving the effective
adsorption and activation of redox couples and CO2 molecules, promotion of
target reactions, inhibition of competing reactions and improvement of charge
separation and catalytic conversion abilities. Note that some specific

semiconductors free of co-catalyst can also act as photocatalysts, typically



composed of both a co-catalyst and a semiconductor, but the overall
conversion efficiency is low due to the sluggish reaction kinetics. Co-catalyst
itself can not proceed the whole photocatalytic process, due to no input of
photo-generated carriers. Typically, photo-excited electrons and holes are
generated in the semiconductor upon irradiation, which then transfer to the
surface(s) of the semiconductor and/or co-catalyst(s) to participate in the redox
reactions. Under these circumstances, the surface structure of the
semiconductor plays an important role in the adsorption-desorption of
reactants and products, the dispersion state of the deposited co-catalyst, and
the interfacial charge transfer at the co-catalyst/semiconductor.**43 To
address aforementioned challenges in constructing effective two-step
photo-excitation processes, this review focuses on three aspects of the
semiconductor surface strategies (see Figure 2). Namely: (1) surface regulation
of the semiconductor (crystalline phase, crystal facet, and surface defect); (Il)
surface functionalizations of the semiconductor by the introduction of
co-catalysts and/or a “photo-inert” metal oxide, (lll) surface assembly of the
semiconductor to form a heterostructure or an all-solid-state Z-scheme system.
We do hope that the general methodology of surface strategies introduced in
this review will give a guidance on the design and fabrication of efficient solar

energy conversion systems.

2. Surface regulation of semiconductors

As shown in Figure 1, the photocatalytic Z-scheme OWS and CRRs are
complicated, and involve solid, liquid, and gas phase reactants and products.
Considering a typical Z-scheme OWS system with a redox couple of 1037/I- as
an example, the OWS reaction is broken up into two separated parts: PRR for
H2 evolution and water oxidation for O2 evolution (see Figure 1B). Over a H2
evolution photocatalyst, the photo-excited electrons reduce protons to H2 and

holes oxidize I~ ions to |03~ ions. The 103~ ions are reduced back to the I~ ions
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by photo-excited electrons generated over a WOP, where the holes oxidize
water to O2. Besides those targeted reactions, there also exist several
competitive side reactions. 103~ ions reduction over a Hz evolution
photocatalyst and I~ ions oxidation over an Oz evolution photocatalyst are
backward electron transfer reactions, which need to be prohibited to ensure
the Hz and O2 evolution reactions. In addition, competing reactions of the
oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR) also
occur in the Z-scheme process.* Therefore, effective suppression of those side
reactions is necessary to enable the Z-scheme process.*?6
Thermodynamically, the aforementioned competing reactions are preferred
over the target reactions. Kinetic control by selective adsorption/sieving of
redox couple ions/molecules has been demonstrated to be an effective means
of overcoming these thermodynamic constraints.'?44 However, for the CO:2
reduction process, the adsorption and activation of CO2 molecules are both
critical steps to inhibiting competing PRR. Therefore, the construction of a
semiconductor surface with the ability to adsorb and activate CO2 molecules is
desirable.®'> Furthermore, different surfaces exhibit distinct redox features.*®
Hence, this section will discuss the surface regulation factors of
semiconductors, including the crystalline phase, crystal facet, surface defect,

and their effects on the operating mechanism of Z-scheme reaction processes.

2.1. Crystalline phase

Photocatalytic conversion efficiency is highly dependent on the cumulative
efficiency of the three sequential elementary steps: light absorption, charge
transfer and surface reactions.*® Semiconductors with different crystalline
phases may have different electronic and band structures, which lead to
differences in the efficiencies of light absorption and charge transfer. Moreover,
differences in the atomic arrangements of different crystalline phases might

also generate discriminative surface reactivities, which affect the selectivity of



ions/molecules adsorption and the surface catalytic reactions.***> Considering
TiO2 as an example, which commonly features two crystalline phases, anatase
and rutile. These two phases show completely different behaviour as WOPSs in
the presence of an 10z7/I- couple.?® It has been shown that the oxygen
evolution reaction, which is thermodynamically less favourable than oxidation
of I~ to 103~ (a competing reaction of the water oxidation process), proceeds
preferentially over rutile TiO2 even in the presence of I~ ions. However, such
preferential water oxidation process does not take place on anatase TiO2. The
adsorption abilities of I0s~and I~ anions on the surfaces of anatase and rutile
TiO2 have thus been compared. Both of these anions can be adsorbed by TiO2
particles; however, |- ions show low adsorption to the rutile TiO2 surface.?®
Hence, the oxidation of I~ ions is limited during the water oxidation process on
the rutile TiO2. Similar selective adsorption behaviour between 103~ and I~ ions
is also demonstrated in the case of WOs3, although the origin of these unique
adsorption characteristics has yet to be clarified. Semiconductors with different
crystalline phases exhibit a diverse range of photocatalytic activities, which
result from the overall behaviour in the aforementioned three elementary
steps.*’” Noting that a proper surface phase junction structure formed by
integrating two phases on the surface is favourable for the interfacial charge
separation as well as photocatalytic performance.*®4° Here, suppression of
competing reactions (such as oxidation of I= ions) and promotion of goal
reactions (such as water oxidation) by controlling the crystalline phase of the

semiconductor is one possible approach to constructing a Z-scheme system.

2.2. Crystal facet

Different crystal facets show distinct adsorption-desorption properties for
ions/molecules and anisotropic surface electronic structures owing to the
different atomic arrangements, even within the same semiconductor. The

adsorption and activation of CO2 and H20 molecules on various surfaces have



been extensively studied theoretically and experimentally.*4> For example,
using first-principles calculations He and co-workers identified that the anatase
TiO2(101) facet plays a key role in adsorbing CO2 molecules and promoting
the electron- and proton-transfer from the TiO2 surface to COz2 in the process
of photocatalytic CO2 reduction.>®>! For the case of water, the key issue is
whether H20 molecules will dissociate or not, which is intrinsically determined
by the coordination numbers of the surface atoms and their separation.*® It has
been theoretically and experimentally verified that the adsorption of water
molecules is favourable on the anatase (101) surface with 50% Ti6c and 50%
Ti5c atoms, while the dissociative adsorption of water occurs spontaneously
on the anatase (001) surface with 100% Ti5c atoms.®>°® Furthermore,
semiconductors with specific exposed facets also show selective adsorption of
redox couple ions. For example, rectangular shaped WO3s particles with
selectively exposed (200), (020), and (002) facets, respectively show higher
and lower adsorption abilities for Fe3* and Fe?* ions, than commercial WOs
samples possessing an irregular morphology.>* These unigque adsorption
properties contribute to suppress the backward reaction (oxidation of Fe?*
ions), and enhance the photocatalytic Z-scheme OWS performance with the
use of rectangular-shaped WO3 as a WOP.

Different surface reactivities have also been demonstrated among different
crystal facets.%>° Wang and co-workers reported that the Oz evolution rate of
BiVO4 samples was enhanced as the (040)/(110) intensity ratio increased,
indicating that the (040) facet plays an important role in the photocatalytic
oxidation of water.>” Theoretical calculations have suggested that the
multi-atomic BiVa centres on the exposed (040) facet are responsible for the
high O2 evolution rate. Considering that photo-excited electrons and holes
might be “attracted” to different crystal facets for the corresponding reduction
and oxidation reactions, it is possible to improve the charge separation

efficiency and the overall photocatalytic activity by tuning the ratio of different
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facets.®>%8 Yu and co-workers prepared a series of anatase TiO2 with different
ratios of exposed {101} and {001} facets, and tested the photocatalytic CRR
with H20 vapor. Their results showed that the CH4 evolution rate exhibited a
maximum as the ratio of the exposed facets was suitably increased. Based on
the density functional theory calculations, it was deduced that the
photogenerated electrons and holes spontaneously migrated to {101} and {001}
facets, respectively. Thus, the reduction of CO2 to CH4 occurred on the {101}
facet, and the {001} facet provided a reaction site for water oxidation.
Therefore, the redox reaction sites were spatially separated and there was a
balance between these two facets owing to the charge separation and the
catalytic reaction.>® Notably, the selective accumulation of electrons or holes is
not simply fixed for specific crystal facets, it also depends on the photocatalytic
reduction and oxidation reactions. In addition, the spatial separation of the
photogenerated electrons and holes on different facets does not occur
between two arbitrary different facets. In principle, the staggered band
alignments and an adequate potential difference between two facets are
prerequisites for inducing charge carrier transfer. Based on this facet-induced
spatially charge separation, selective deposition of reduction and oxidation
co-catalysts on corresponding reduction and oxidation facets can further
promote the charge separation efficiency and photocatalytic performance, as

will be discussed further in section 3.59-61

2.3. Surface defects

Surface defects can modify the physical and chemical properties of a
semiconductor surface, which are closely related to all steps in the
photocatalytic process including ions/molecules adsorption-desorption and
activation, intermediate products, and surface reactivity.®> Oxygen vacancies
(Vo), are common defects on the surfaces of metal oxides, which have been

widely investigated for photocatalytic CO2 reduction and OWS reactions. It has
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been shown that the most stable adsorption of CO2 molecule on rutile
TiO2(110) surface is at oxygen vacancy defect sites in a nearly linear
configuration.®® The oxygen vacancy can also help to activate and reduce CO:2
molecules. Li and co-workers reported that CO2~ species, generated upon an
electron attachment to COz2, were spontaneously dissociated to CO even in the
dark on Cu(l)/TiO2— surfaces with many V..%* The formation of CO bound to
Cu™ sites was identified by in situ diffuse reflectance infrared Fourier transform
spectroscopy. In this spontaneous dissociation process, surface Vo provide not
only electronic charge for the formation of Ti3* (favourable for the generation of
COz2™ species), but also sites for adsorption of oxygen atoms from COx.

In addition to the application of Vo to photocatalytic CO2 reduction, these
defects can also influence the photocatalytic OWS process. Takata and
co-workers investigated different types of defects in SrTiOs, a model OWS
photocatalyst, by doping of aliovalent metal cations.®® Note that SrTiOs is
intrinsically a non-stoichiometric compound containing Vo. As indicated in
equation 8, a small amount of oxygen gas forms from the dissociation of Ti-O

bonds, accompanying the formation of Vo and the release of free electrons.

SITiO3 = SrTiO3x + 1/2x02 + 2xe™ + XVo (8)
SITiOs = SITi(IV)1-2xTi(I)2x03x + 1/2x02 + XVo (9)
K = [Ti**][Vo]P(O2)12 (10)

The Ti** ions are reduced by free electrons, resulting in the creation of Ti%* ions
and Vo (equation 9). The density of these two defects are determined by a
thermodynamic equilibrium, with the equilibrium constant K, as expressed by
equation 10. As schematically illustrated in Figure 3A and B, the individual
defect density of SrTiOs can be modified by aliovalent doping. The doping of a
cation with a valence lower than that of the parent cation (p-doping)
extrinsically introduces Vo, which inhibits the formation of Ti®*. Doping of a
higher valence cation (n-doping) can produce Ti%*, leading to a decrease of Vo.

A series of Ga- and La-doped SrTiOz have been examined, in which Ga3*
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occupies the Ti%* site as a lower valence cation, and La** occupies the Sr?* site
as a higher valence cation. Notably site-selective doping was possible by the
selection of suitably sized dopants according to the Goldschmidt tolerance
factor, an indicator of the stability of perovskite structures.®®6’ The
photocatalytic activity results showed that the doping of a lower valence cation
could effectively enhance the photocatalytic activity, while doping of a higher
valence cation decreased the activity (see Figure 3C). From the
aforementioned analysis, it can be concluded that increase of Vo and decrease
of Ti** sites improve the photocatalytic OWS activity of SrTiOs.

In addition to Vo and Ti%*, other defects including sulfur and nitrogen
vacancies and reduced metal cations have also been reported to influence
overall photocatalytic performances in some visible-light-responsive
(oxy)sulfides and (oxy)nitrides.#2686° Generally, several types of defects
operate in a semiconductor, and clearly defining individual contributions of
specific defects and their effects on the overall photocatalytic reaction process
have yet to be accomplished. Appropriate surface defects can provide
adsorptive sites, which benefit the activation of ions/molecules and contribute
to the catalytic conversion efficiency. However, bulk defects and some other
surface defects also act as charge recombination sites.*>"° Therefore, there is
generally a balance between them and an optimized condition exists when we
intentionally introduce some defects to the photocatalyst. From this point of
view, an in-depth understanding of the mechanism, rational creation of positive
surface defects and inhibition of negative ones are highly desirable for
developing efficient photocatalysts. In addition, increase of the amount of
appropriate surface defects by enlarging the exposed surface area of the
investigated semiconductors may be an alternative approach to further
magnifying the promotion degree of the photocatalytic performance.

In this section, several approaches of crystalline phase, crystal facet and

surface defect to regulate the semiconductor surface for the operation of
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photocatalytic Z-scheme process are introduced, respectively. In most cases,
these factors interact with each other and fine tuning of the surface structures

is necessary to achieve a better photocatalytic performance.

3. Surface functionalization of semiconductors

Photocatalytic Z-scheme OWS and CRRs involve several steps including
adsorption/desorption of ions/molecules, generation of photo-excited carriers,
charge transfer and surface catalytic reactions. A typical photocatalyst is
composed of a light harvesting semiconductor and co-catalyst(s); thus, it is
difficult to achieve a highly efficient conversion process using only the
aforementioned surface regulation strategies for semiconductors. The main
function of the co-catalyst is to serve as a redox reaction site to catalyse the
reaction by lowering the activation energy and stabilizing the photocatalyst. At
the same time, the co-catalysts also trap charge carriers to promote their
separation and transport.**' Hence, the “reversible field”, formed by the
random diffusion of photo-induced electrons and holes in particulate
semiconductors, can become patrtially irreversible after the introduction of the
co-catalyst, leading to a decreased probability of charge recombination.'?
Furthermore, competing reactions can be prohibited by finely tuning the
composition and configuration of the deposited co-catalyst.*"* Apart from the
co-catalyst, some specific “photo-inert” metal oxides can also be introduced
onto semiconductor surfaces to improve the overall photocatalytic
performance. This type of metal oxide does not generate photo-excited
carriers upon irradiation, but instead enhances the adsorption and activation
abilities of CO2 molecules, improves the charge separation efficiency, and
suppresses competing reactions.’>’4 This section focuses on these two
aspects of co-catalysts and “photo-inert” metal oxides, which are deposited on
the surfaces of semiconductors. We show the operating mechanisms of these

two cases and their recent advances in the preparation of efficient artificial
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photosynthesis systems.

3.1. Co-catalyst modification

A typical photocatalyst of co-catalyst/semiconductor is a miniaturized
photo-electrochemical system, in which the co-catalyst corresponds to the
counter electrode and its components typically tend to overlap with the
components of the electrocatalysts.''’> Certain metals and metal oxide
nanoparticles are frequently used as co-catalysts.'13%.7576 According to the
redox type of the promoted reaction, the co-catalyst can be classified as a
reduction or oxidation co-catalyst (see Figure 1). Generally, Pt, Rh, Ru, Ir, Au,
Ag, Ni and Cu metals promote the proton/CO: reduction reaction, whereas
oxides of Co, Fe, Mn, Ru and Ir accelerate the WOR.*31537 Some specific
oxides of Ni, Ir and Ru can potentially promote both the PRR and WOR,
although in most cases these co-catalysts boost the PRR.”’-® Furthermore,
certain organic molecules have been shown to act as reduction and oxidation
co-catalysts.®%83 Here, the assembled molecule co-catalyst can trap the
photo-excited electrons/holes from the particulate semiconductor and catalyse
the corresponding reduction/oxidation reaction. Some of those systems even
exhibited undiminished hydrogen evolution activity for over 300 hr.84 Unlike the
case of PRR, co-catalysts can also affect the selectivity of reductive products
from the photocatalytic CRR.8> Notably, not all co-catalysts are effective in
combination with an arbitrary semiconductor in these reactions. The
co-catalysts must be matched to the semiconductor in terms of their energy
levels and electronic structures.'' Hence, the co-catalyst and semiconductor
should have compatible lattice and electronic structures with properly matched
Fermi-levels or band levels. In this case, the interfacial charge transport
process can proceed in an ideal direction between semiconductor and
co-catalysts (see Figure 1), leading to efficient charge separation.

As mentioned previously, both target and competing reactions co-exist in the
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photocatalytic Z-scheme OWS and CO:2 reduction systems. These two kinds of
reactions competitively occur on the surfaces of the co-catalysts and
semiconductors, which integrally determine the final photocatalytic
performances. Therefore, it requires an effective co-catalyst should
simultaneously improve target reactions and suppress competing reactions. It
should be pointed out that when metallic nanoparticle is employed as a
co-catalyst, a possible contribution of plasmon-induced hot electrons to the
reduction of proton/CO2 may happen. The plasmonic effect caused by the
loaded metals not only affects the light absorption, but also influences the
charge separation of photocatalyst. However, this kind of effect is too
complicated to be well discussed during the artificial photosynthesis process,
so it will not be summarized here. In this section, the main functions of
co-catalyst for the improvement of desirable reactions and suppression of
competing reactions will be introduced separately, although sometimes these

two aspects are highly related and hard to be distinguished from each other.

3.1.1. Improvement of target reactions

As indicated above, a “matched” co-catalyst deposited on a semiconductor
surface can effectively catalyse the reduction or oxidation reaction. Typically,
the photogenerated electrons and holes on one photocatalyst would
participate in reduction and oxidation processes, respectively. Thus, it is
reasonable to deposit different functional co-catalysts to reduce the
overpotentials of the corresponding redox reactions. Through this dual
co-catalyst strategy, improvements of both photocatalytic activity and stability
have been reported, particularly for cases of narrow bandgap (oxy)sulfides and
(oxy)nitrides with weak anti-oxidation properties.8° |t is because the holes
can be efficiently trapped by the oxidation co-catalyst that can prevent the
semiconductor surface from being oxidized by holes. For example, PtOx/WOs3

is a typical visible-light-responsive WOP with O3~ ions as an electron acceptor,
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in which PtOx is functioned as a reduction co-catalyst to reduce 103~ ions.%?
When PtOx/WOs3 is modified with a small amount (0.001 wt %) of an oxidation
co-catalyst (e.g., MnOx, CoOx, RuOz2 or IrO2), the water oxidation activity is
improved further. Under optimized conditions, a prepared RuO2-PtOx/WOs3
photocatalyst showed an apparent quantum yield (AQY) of 14.4% at 420 nm.®?
Abe and co-workers further introduced this type of photocatalyst
(IrO2-PtOx/WO3) to a Z-scheme OWS system, and more steady evolution of Hz
and O2 was obtained than the case without an oxidation co-catalyst
modification (PtOx/W03).%® The aforementioned dual co-catalysts were loaded
by a traditional impregnation method, leading to a random distribution of
deposited co-catalysts on the surface of the semiconductor. Recently, Li and
co-workers showed that controlled deposition of the reduction co-catalyst on
electron-accumulating  sites and the oxidation co-catalyst on
hole-accumulating sites can further enhance photocatalytic activity.®° This
effect can be attributed to the decreased probability of photo-excited charge
carriers recombining at unmatched sites (i.e. reduction co-catalyst on
hole-accumulating sites and oxidation co-catalyst on electron-accumulating
sites). The selection of semiconductors with intrinsic spatial charge separation
ability, such as semiconductors with anisotropic faces, is necessary for this
strategy. Note that staggered band alignments and adequate potential
differences between two different facets are also important for achieving
spatial charge separation, as indicated in the previous section. For instance,
studies of cubic SrTiOs nanocrystals with morphologies ranging from isotropic
to anisotropic facets, have shown that reduction and oxidation catalytic sites
can be separately distributed on anisotropic facets but are randomly
distributed on isotropic facet.®® Furthermore, controlled assembly of dual
co-catalysts on the anisotropic facets of SrTiOs produced an enhanced AQY in
photocatalytic OWS. This performance was approximately 6 times greater than

that one of the systems based on isotropic facet. The superior performance
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was attributed to the charge separation at the anisotropic facets and the spatial
separation of the reduction and oxidation catalytic sites, which reduced charge
recombination. In addition to semiconductors with anisotropic facets, recently a
ferroelectric PbTiOs semiconductor has also been reported to possess a
similar intrinsic spatial charge separation ability even without a regular
morphology and facets, owing to a built-in ferroelectric field and spontaneous
electric polarization in the bulk.®* Some polar semiconductors with an internal
polar electric field in the crystal structure can also be potential candidates, in
which the angle between the directions of internal electric field and charge
transfer is the key to determine their charge separation ability.®>

Because co-catalysts and semiconductors have different physical and
chemical properties, a new interfacial barrier is generally formed, which might
influence interfacial charge transfer.%® The interface of
co-catalyst/semiconductor is the region where the photogenerated charge
carriers are transferred, and is important for preventing adverse electron-hole
recombination in the semiconductor. Inefficient interfacial charge transfer can
limit the number of charge carriers transferred to the co-catalyst, resulting in a
decreased conversion efficiency of the surface reactions. Therefore,
controllable design and synthesis of the co-catalyst/semiconductor interface is
desirable for efficient interfacial charge transfer, as represents an indirect
approach to optimizing the co-catalyst contribution to the performance of
photocatalysts.”®97 Recently, we have demonstrated that photogenerated
charge separation and water splitting performance can be greatly promoted by
modifying the wettability of an interface.*>43% Here, the hydrophobic surface
of a TasNs semiconductor was made hydrophilic by coating with a magnesia
nanolayer (2-5 nm), leading to a great improvement of the interfacial contact
between the investigated co-catalyst and the modified hydrophilic TasNs
semiconductor (see Figure 4). A series of co-catalysts including an oxidation

co-catalyst of CoOx, reduction co-catalysts of Pt and Ir were investigated in this

18



photocatalyst system. These results showed that the interfacial contact area
between MgO/TasNs and the co-catalyst was enlarged compared with the case
of bare TasNs without the interfacial magnesia nanolayer (see Figure 4C-F).
Considering all co-catalysts were loaded by impregnation and post-annealing
treatment, the improved interfacial contact can be attributed to the hydrophilic
surface of the modified sample enabling uniform dispersion of the solute [such
as Co(NOs)2, KalrCls, (NHa4)2PtCls] from aqueous solution. This effect
contributed to intimate interfacial contact and the deposition of co-catalysts
with small particle sizes and a uniform dispersion. Furthermore, the magnesia
nanolayer acted as a passivation layer to decrease surface defect sites on
TasNs and inhibit the recombination of photo-induced carriers. Time resolved
infrared (TRIR) spectroscopy studies further revealed that the interfacial
magnesia nanolayer could suppress the recombination of photo-induced
carriers and prolong their lifetimes. Notably, when the prepared WOP of
Ir-MgO/TasNs was developed into a Z-scheme OWS system with 1037/I~ as a
redox couple, this sample showed a clearly decreased adsorption ability for 1~
ions compared with the system without the magnesia modification. Thus, the I~
ion oxidation reaction, a competing reaction of water oxidation, was
suppressed. This is one effective approach to reducing backward reactions

without weakening forward reactions, as will be discussed later.

3.1.2. Suppression of competing reactions

As mentioned previously, a major obstacle to the OWS process is that the
co-catalysts tend to not only promote the target reactions (PRR and WOR), but
also often increase the rates of competing reactions, i.e., HOR and ORR. For
the CO:2 reduction process, competing reactions of proton reduction and the
re-oxidation of reductive CO2 products also need to be prohibited. When a
redox couple or solid-state electron mediator is introduced to construct a

Z-scheme system, some backward electron-transfer reactions must be
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avoided. As an example, for a solid-state two-step Z-scheme system, the
injection of photo-excited electrons from the WOP into the solid conductor
ideally completes the recombination with holes in the P/CRP. However,
electrons from the P/CRP might also recombine with holes in the WOP unless
a rectification function is induced.*%¢ Therefore, in most cases it appears that
there is no reaction occurring or the evolved gases reflect a seriously
maladjustment in the system. Thermodynamically, most competing reactions
are favoured over the target reactions, making it challenging to promote the
target reactions and simultaneously suppress the competing reactions. Kinetic
control by selective adsorption of the redox couple ions onto the surface of
semiconductors has been demonstrated to be one effective solution, as
introduced in the previous section.?65* In this subsection, measures related to
the use of co-catalysts to restrict competing reactions and their work
mechanisms are introduced below.

A typical example of suppressing the competing reactions of ORR and HOR
is the wuse of core-shell structured metal (oxide)/Cr203 reduction
co-catalysts.”%° For example, Rh/Cr203 co-catalyst has been extensively
deposited on various semiconductors for the OWS reaction. The Cr203 layer,
having a thickness of several nanometres, is typically coated by a
photodeposition method. In this case, the active sites of the PRR and ORR are
not in the Cr203 layer but at the surface of the Rh metal. The hydrated Cr20s3
nanolayer enables reactants to diffuse and the formed Hz gas to permeate to
the outer surface. However, Oz generated from water oxidation cannot
permeate to the interior of the Cr203 nanolayer, which prevents Oz from
accessing the Rh-core surface, and thus limits the resulting ORR and
recombination of H2 and O2 (see Figure 5A). The positive effect of the addition
of Cr species, is not only limited to this core-shell structure, some other mixed
oxides, such as Rh2-yCryOs, also exhibit a similar behaviour. It needs to be

noted that the Cr component will partly loss in the long-term evaluation
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process, and reloading the Rhz2-yCryOs co-catalyst can recover the water
splitting activity to a certain extent.®® In addition to Cr-containing oxides, some
similar compounds, such as Ni/NiO, Rh/La203 and Pt/MoOs, have also been
shown to be effective in restricting those competing reactions.01-103 Recently,
it has been verified that a chemisorbed molecular layer of CO on the surface of
Rh co-catalyst or fluorine ions adsorbed by Pt co-catalyst can similarly function
as that of Cr203 layer for OWS.194195 Although some extra problems are
introduced, such as undesirable CO oxidation reaction, those works provide a
different avenue to suppress the competing reactions. In Z-scheme systems
containing aqueous redox mediators, Pt or Ru is frequently used as a
reduction co-catalyst, although these noble metals are generally active for the
ORR and water formation reaction. The main reason is that some of the added
shuttle ions are in situ converted to specific species, such as the iodine layer
and [Fe(SO4)(H20)s]*, adsorbed on the surface of the reduction
co-catalyst.196107 These species show similar functions to that of the Cr203
layer by restricting competing reactions. However, only some specific aqueous
redox mediators have this feature and the degree of the inhibition by these in
situ formed adsorbates is limited. It has been suggested that the use of
effective Cr-containing reduction co-catalysts can further restrict competing
reactions.*% For example, Qi and co-workers found that the suppression of
the competing reactions could be further improved by photodeposition of a thin
layer of Cr203 onto the Pt surface, for the proton reduction photocatalyst (PRP)
of Pt-ZrO2/TaON. The obtained Pt/Cr203-ZrO2/TaON photocatalyst showed an
enhanced H2 evolution rate in the presence of the 1037/I- couple. Additionally,
Abe and co-workers demonstrated that the backward electron transfer
reactions could be inhibited by selective deposition of the Pt co-catalyst on
interlayers of KaNbeO17.26°% This is a cation-exchangeable layered
semiconductor, consisting of a K* ion interlayer and a (NbsO17)*" layer. Under

these conditions, the oxidized species I3~ cannot diffuse into the Pt co-catalyst
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located in the interlayer spaces, owing to the electrostatic repulsion of the
(NbeO17)*~ layers. Therefore, the Pt(in)/KaNbsO17 photocatalyst can
remarkably suppress the backward reaction of I3~ reduction and acts as an
effective PRP in the Z-scheme OWS system with I37/I- as a redox mediator.

In the process of CO:2 reduction with H20 as an electron donor, the main
competing reactions in OWS, such as ORR, HOR, also occur and need to be
prohibited. However, its major challenges are the suppression of the PRR and
the improvement of the conversion efficiency of CO2 reduction. Generally
speaking, strategies typically used for OWS can also be potentially adapted to
the CO2 reduction.’®> Wang and co-workers compared the influence of TiO2
photocatalysts deposited with different noble metal reduction co-catalysts (e.qg.,
Pt, Pd, Rh, Ag and Au) on photocatalytic CO2 reduction performance. They
found that the rate tendency of consumption of photogenerated electrons for
the CRRs corresponded well to that for the work function of the metals. The
work function reflects the electron donating or accepting ability, which
increases in the order: Ag (4.26 eV) < Rh (4.98 eV) < Au (5.10 eV) < Pd (5.12
eV) < Pt (5.65 eV).157310°9 Among the various reductive products, the CO
evolution rate was almost unchanged; however, the CHa evolution rate
showed the highest value for the Pt/TiO2 photocatalyst. Considering that both
CO and CH4 are formed via proton-assisted multielectron transfer reactions
(equations 2 and 6), the enrichment of the electron density on Pt particles
might enhance the probability of the eight-electron transfer reaction to form
CHa. However, in all these cases, the Hz evolution rate was much higher than
the evolution rate of CO or CHa. Therefore, it is highly desirable to develop
effective strategies to inhibit the PRR. For some other semiconductors, e.g.,
Zn-doped Ga20s, ALa4TisO1s (where A = Ca, Sr, and Ba), La2Ti2O7, and
ZnGa204, Ag has been shown to be an active co-catalyst for reduction of COz2
to CO, some of which even exceeds its performance for the H2z evolution

reaction.''%113 This is likely because Ag has a weak ability to reduce protons,
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but can act as an efficient electrocatalyst for electrochemical reduction of CO:2
to form CO selectively in an aqueous KHCOs solution.''* Besides those single
metal co-catalysts, some other composites, metal-organic frameworks (MOFs),
organic molecules and even bacteria have also been investigated as CO2
reduction co-catalysts to improve conversion efficiency while suppressing
competing reactions.08115-119 As an example, Cu is an active electrocatalyst
for the reduction of CO2 to hydrocarbons; however, its ability to extract
electrons from a semiconductor is weak owing to its relatively low work
function. A core-shell structured Pt/Cu20 co-catalyst was thus designed and
loaded onto the surface of the TiO2 semiconductor.'® Results showed that this
co-catalyst could considerably promote the photocatalytic reduction of CO:2
with H20 to CH4 and CO, while suppressing the PRR. Detailed mechanistic
investigations have revealed that the Pt core extracts photogenerated
electrons from TiO2, while the Cu20 shell provides sites for preferential
activation and conversion of CO2 molecules, and also prevents protons from
diffusing to the Pt surface to induce the PRR (see Figure 5B). In addition, the
specificity for reducing CO:2 to value-added products with high selectivity
enables certain organic molecules and bacteria to be used as reduction
co-catalysts with a decreased rate of Hz evolution.'*>18 However, chemically
bonding such co-catalysts with particulate semiconductors to ensure efficient
charge transfer at the interface, and protecting the co-catalysts from
oxidization and deactivation are challenges that have yet to be

addressed.120.121

3.2. “Photo-inert” metal oxide modification

“Photo-inert” metal oxides anchored on the surfaces of semiconductors or
photocatalysts can directly affect both the semiconductor and co-catalyst,
resulting in pronounced differences in the efficiencies of charge separation and

catalytic conversion. Furthermore, the added modifier can make up for
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deficiencies in the adsorption and activation of ions/molecules to a certain
degree for the semiconductor and co-catalyst. The main functions of

“photo-inert” metal oxides are outlined in this subsection.

3.2.1. Surface defect control

Nitridation treatment at high temperatures is a typical method used to
prepare visible-light-responsive (oxy)nitrides, such as TaON (Eq = 2.5 eV),
TasNs (Eg = 2.1 eV).1?2123 Under this condition defects, including metal species
with a low valence state and nitrogen vacancies, are unavoidably formed on
the surfaces of (oxy)nitrides. These species have been reported to be
detrimental to the photocatalytic performance.*26%124 The deposition of an
appropriate metal oxide to protect the (oxy)nitride surface from being
excessively reduced has been shown to be effective for controlling such
surface defects. For example, monoclinic ZrO2 has been shown to suppress
the formation of surface defects during the nitridation preparation of
TaON."2124.125 The prepared ZrO2/TaON loaded with appropriate co-catalyst(s)
showed enhanced OWS activity in one- and two-step photo-excitation
processes. This improvement is mainly attributed to the introduction of ZrOz,
which causes the interfacial tantalum cations to become more cationic after the
nitridation treatment, leading to a decreased defect density of reduced
tantalum species. As previously indicated, MgO is an effective modifier for
TasNs to control its surface defects.*?1%¢ In this case, doping of Mg at Ta sites
is accompanied by substitution of N3 with O?~ owing to the charge balance.
Results show that both densities of reduced tantalum species and nitrogen
vacancies decrease, while the defect density of On® (an oxygen atom located
at a nitrogen lattice site with single positive charge) increases after the
magnesia doping treatment. Theoretical calculation results have indicated that
nitrogen vacancies are responsible for the localized deep states in TasNs that

likely contribute to charge recombination; however, Onx® can induce delocalized
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shallow donor states below the CBM and reduce the number of acceptor
states above the VBM, which facilitates electron migration and inhibits charge
recombination.*?® Similar control of the surface defects can also be realized by

the formation of a solid solution.?”

3.2.2. Adsorption and activation of ions/CO2 molecules

We previously discussed the preferential adsorption of 103~ ions rather than
I~ ions for WO3 and rutile TiO2, which makes them be effective WOPs in the
Z-scheme OWS system with the IO37/I- redox couple. However, the number of
photocatalysts possessing this unique ion-adsorption property is very limited,
particularly for the visible-light-responsive ones. One alternative approach is
direct deposition of these oxides on the surfaces of the investigated
semiconductors to suppress the competing reaction of I~ oxidation. For
instance, Ir/TasNs modified with rutile TiO2 shows decreased I~ ion-adsorption,
allowing this photocatalyst to evolve O: in the Z-scheme OWS system.?® In
addition to WOs3 and rutile TiO2, recently MgO has also been found to have
similar ion-adsorption features, enabling Ir-MgO/TasNs to act as an effective
WOP in the presence of the 1037/I- couple.®®

Considering that CO2 is an acidic molecule and basic surfaces typically
feature stronger interactions and higher CO2 uptake, construction of functional
basic sites on the surface of photocatalysts is thus required to adsorb and
activate CO2 molecules.®*®> Some semiconductors with intrinsic basic sites,
such as Ga203, KTaOs, Mg-In layered double hydroxides, have been used for
photocatalytic COz2 reduction in H20.111.129-131 However, most semiconductors
do not have such basic sites, which reduce their effectiveness for
photocatalytic CRR. Therefore, some basic metal (hydro)oxides, MOFs, and
organic substances with nitrogen-containing basic functional groups have
been deposited on the surfaces of semiconductors to act as CO2 adsorbents

and activators.'32-136 As a typical example, Pt-MgO/TiO2 is chosen to highlight
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the function of MgO in this system (see Figure 6A-C). The introduction of MgO
remarkably suppresses the PRR and accelerates the reduction of COz2 into
CHa. It has been proposed that MgO provides basic sites for preferential
chemisorption of CO2 onto the semiconductor surface and chemisorbed COz2
molecules can be efficiently reduced by electrons trapped on the neighbouring
Pt co-catalyst. Here, the interfaces between Pt, MgO and TiO: are the key for
this promotional effect.'>"3 In addition to MgO, a series of basic metal oxides
have also been investigated in the Pt/TiO2 system to reveal a relationship
between the amount of CO2 chemisorption and the CHa4 evolution rate.'3? As
shown in Figure 6D, a linear relationship was clarified, revealing that the ability
to chemisorb CO: is important for photocatalytic CO2 reduction to CHa. In
addition, the introduction of bases, such as hydrogen carbonate, to the
agueous reaction solution has also proved to be effective for promoting the
CO:2 reduction process.'®” Notably, the formed reductive products need to be
further confirmed to derive from CO2 and H20, when inorganic acids or organic

materials are added to the reaction systems.134138

3.2.3. Prohibition of competing reactions and stabilization of the photocatalyst

Recently, it has been found that a nanolayer coating of amorphous
oxyhydroxides of group IV and V transition metals (Ti, Nb and Ta) can
effectively suppress the ORR and stabilize the (oxy)nitride-based
photocatalysts, leading to successful OWS via one- and two-step
photoexcitation systems.’4190.13% These coating layers are photodeposited
from solutions of the corresponding water-soluble metal peroxides. Upon
irradiation, the O~ species can be readily reduced or oxidized to the valence
state of O?~ or OO, respectively, leading to the formation of a thin amorphous
oxyhydroxide layer coating the entire photocatalyst surface. The formed
nanolayer can act as a molecular sieve to control the surface redox chemistry,

similar to effects of the aforementioned Cr203 layer. Hence, H* and H20 can
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diffuse into the nanolayer to participate in the PRR and WOR, and the products
of H2 and O2 can be released to the outer phase. However, the diffusion of Hz
and O:2 in the opposite direction (into the nanolayer) is effectively prevented.
Therefore, the ORR, which might occur on the surfaces of the reduction
co-catalyst and semiconductor, can be prevented through this unique one-way
product diffusion process. This effective suppression role can even be
achieved at an enhanced operational background pressure.*? The stability of
photocatalysts based on oxynitrides is also remarkably improved after coating
with an oxyhydroxide nanolayer, although the details of the related mechanism
remain unclear.100141-144 Notably, coated photocatalysts can even split water in
the presence of agueous ethanol solution, owing to the differential permeability
of H20 and ethanol molecules (see Figure 7).”* Thus, this approach provides
an important inspiration for the design of CO2 reduction photocatalysts with the
feature of inhibiting the re-oxidation of reductive products. Here, reduction
co-catalysts need to be exposed to allow free diffusion of CO2 molecules.
Furthermore, species of this coating layer can also be possibly extended to
basic oxides to improve the adsorption and activation abilities of CO:
molecules. Therefore, besides the OWS reaction, it is believed this surface
coating layer strategy can also be applied to CO:2 reduction and other related
solar energy conversion processes.

In this section, both modifications of co-catalyst and “photo-inert” metal
oxide were introduced from the aspects of surface defect control, adsorption
and activation of reactants, improvement of target reactions and suppression
of competing reactions. OWS and CRRs are very challenging reactions
accompanying with several competing reactions. As a whole, how to
simultaneously improve target reactions and prohibit competing reactions is

still a main topic to be addressed in the future. Here, surface functionalization

has been demonstrated to be one of the most effective means to achieve it.
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4. Surface assemblies of semiconductors

This section concerns features of semiconductor surfaces assembled with
other semiconductors for efficient photocatalytic Z-scheme OWS and CO:2
reduction processes. For the individual part of P/ICRP or WOP, it is expected
that enhanced charge separation efficiency can be achieved in assemblies
with effective heterojunction structures. For all-solid-state systems, when two
different functional photocatalysts (such as PRP and WOP) are assembled
together, efficient charge recombination at the interface is desirable to enable
more photogenerated charge carriers to participate in the corresponding redox
reactions (see Figure 1C). The principles and advances in those two aspects

are illustrated in the following subsections.

4.1. Construction of heterostructure

As for semiconductors with heterostructure, electric-field-assisted charge
transport from one semiconductor to the other at the interface of them with
matched band alignments is expected to be achieved. This effect can improve
the charge separation and increase the lifetime of charge carriers, which is
normally called as heterojunction. Based on the band structure of the two
semiconductors, the heterojunction can be categorized as an isotype
heterojunction (p-p or n-n) or a heterotype heterojunction (p-n). Although a p-n
junction is known to be more effective for charge separation, most reports of
heterostructured photocatalysts involve two n-type semiconductors, owing to
the rarity of p-type semiconductors in nature. For a typical heterojunction
formed by two n-type semiconductors with different band energy positions and
Fermi levels, electrons flow from the semiconductor with the higher Fermi
energy level (semiconductor A) to the semiconductor with the lower Fermi level
(semiconductor B). This electron flow leads to the formation of an
electron-depletion region in semiconductor A and an electron-accumulation

region in semiconductor B. Hence, a built-in electric field forms at the interface
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with a potential difference between the two sides. When the Fermi levels
become equilibrated at the interfacial boundary, the electron flow stops.
Accordingly, band bending occurs owing to the energy difference between the
interface and the bulk in the semiconductor.4

Two aspects need to be carefully considered to construct an effective
heterojunction, namely the band alignment and the nature of the interface. In
terms of the alignment of the energy levels of the two semiconductors, a
heterojunction can be classified into three different types: type | (straddling
alignment), type Il (staggered alignment), and type Ill (broken alignment) (see
Figure 8).146 For a type | heterojunction, the CB and VB levels of the larger
bandgap semiconductor straddle those of the narrower bandgap
semiconductor. In this case, photo-excited carriers will accumulate in the
semiconductor with the narrower bandgap, leading to no improvement in
charge carrier separation. In a type Il junction, the CB and VB levels are
staggered between the two semiconductors. In this band alignment,
photogenerated electrons and holes are driven to transfer in opposite
directions, enabling them to be spatially separated from each other. For type Il
junctions, the CB level of one semiconductor lies below the VB level of the
other semiconductor. Therefore, type Il heterojunctions are the most effective
structure for promoting spatial charge separation and decreasing the
probability of charge recombination. In addition to the band alignment, the
nature of the interface is also important, because it determines the interfacial
transfer of photogenerated charge carriers. A low degree of structural
discontinuity and strong chemical bonds across the interface with a large
contact area are highly desirable for constructing heterojunctions. Proper band
alignment with a sufficient potential difference and matched interface can
together drive photo-excited carriers to smoothly transfer at the junction,
leading to improved charge separation efficiency.4%:14

Note that most heterostructures used for OWS and CO:2 reduction are
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constructed based on ultraviolet-light-responsive oxides, which are generally
prepared by annealing treatment in air.*®'48 To improve solar energy
conversion efficiency, the development of visible-light-responsive
semiconductors with absorption edges at longer wavelengths is highly
desirable. For this purpose, some (oxy)nitrides and (oxy)sulfides are good
candidates; however, most of them are thermally unstable in air.'2'6 Recently
a MgTa206-xNy/TaON heterostructure has been prepared by a one-pot
nitridation approach without annealing treatment in air.!4’ These results
showed that the as-fabricated MgTa206-xNy/TaON heterostructure effectively
suppressed the recombination of charge carriers and improved the H:
evolution rate. The use of this material as a H2-evolution photocatalyst,
PtOx/WO3 as an O2-evolving photocatalyst and 1037/~ as a redox mediator, a
Z-scheme OWS system was thus constructed and gave an AQY of 6.8% at
420 nm (see Figure 9A). Characterization of the band structure revealed the
formation of a typical type Il heterojunction, with the thermodynamic potential
to spatially separate photogenerated carriers (see Figure 9B). A
photoreductive deposition of platinum under visible light irradiation (A 2 420 nm)
was performed to gain insight into the direction of electron transfer. As shown
in Figure 9C and D, the photoreduced Pt nanoparticles were mainly deposited
on the porous surface of TaON, rather than the smooth surface of
MgTa206-xNy (Eg: 2.18 eV), demonstrating electron transfer from MgTa20s-xNy
to TaON. Notably, the one-pot nitridation route features strong interactions at
the interface, leading to the formation of an intimate interfacial contact and
passivation of interfacial dangling bonds contributing to a decreased defect
density. These positive factors give a remarkably enhanced carrier lifetime and
improved photocatalytic performance. A similar strategy has also been
demonstrated in the case of a TasNs/BaTaO2N heterostructure.'*® In addition
to the two-step photoexcitation systems, heterojunction structures have also

been extensively applied in one-step photo-excitation systems and PEC
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systems.*®0-152 To further improve the efficiencies of charge separation and
catalytic conversion, it is suggested that the reduction and/or oxidation
co-catalyst(s) should be deposited at locations where electrons and holes are

accumulated, respectively.®°

4.2. Construction of all-solid-state Z-scheme systems

Another surface assembly approach involves the coupling of different
functional photocatalysts to construct an all-solid-state Z-scheme system for
OWS or CO2 reduction (see Figure 1C). In this system, interparticle charge
transfer between the P/CRP and WOP occurs either through physical contact
or through a solid electron mediator. The concept of an all-solid-state
Z-scheme system was proposed and verified by Tada and co-workers in
2006.%%3 Later Kudo et al. developed the first example of this typed system for
OWS by combining Ru/SrTiOs:Rh and BiVO4 photocatalysts together.*>* In this
case, the two photocatalysts were in physical contact with each another, and
photo-excited electrons from the CBM of the BiVO4 were injected into the
dopant-derived energy levels of the SrTiO3:Rh to complete the interparticle
charge recombination process. The interparticle charge transfer was the key
step influencing the overall charge-transfer efficiency and photocatalytic
performance. Therefore, improving the interfacial contact and introducing solid
electron conductors are effective strategies to enhance the probability of
interparticle charge recombination.* Note that the contact between the
reported P/CRP and WOP is mainly based on electrostatic attractive forces
obtained by tuning the pH value of the reaction solution.?® It is extremely
expected that new methods need to be developed to produce a more intimate
contact with a large contact area between the photocatalysts. For example, to
improve the interfacial contact degree, Kudo et al. developed BiVO4-SrTiOs:Rh
composites by preparing BiVOa in the presence of SrTiOs:Rh via a liquid-solid

state reaction.'®® This procedure allowed intimate contact between the two
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different photocatalysts, and the composite photocatalyst showed a higher
activity than a simple mixture of BiVOs4 and Ru/SrTiOs:Rh powder under
neutral pH conditions. However, the activity of this system was still limited,
presumably because of chemical reactions between the two photocatalysts
occurring during synthesis and the low degree of control over the interparticle
contact. The introduction of solid electron conductors has also been shown to
be effective for promoting the interfacial recombination of charge carriers.
Several conductors, such as Ir, Ag, Au, Rh, Ni, Pt, RGO and carbon dots, have
been used as solid-state electron mediators.3'-3¢ Some of these materials have
even been used to construct the Z-scheme system for visible-light-driven
CRR.1%6.157 Note that the selection of P/CRP and WOP is also important for
achieving an effective Z-scheme process. Kudo and co-workers demonstrated
that for RGO-based solid-state Z-scheme systems, one prerequisite is the
presence of an overlapped onset potential for a p-typed PRP and an n-typed
WOP.?? The deposition of an appropriate co-catalyst is an effective way to
drive such kind of Z-scheme process and improve the conversion efficiency.

In addition to the powder-suspension format, the all-solid-state Z-scheme
system has also been applied to the powder-fixed sheet format.3314° In the
latter case, the interparticle contact is fixed and cannot be influenced by
conditions of the reaction solution, such as stirring and the pH value.
Furthermore, the photocatalysts can be easily collected and replaced when
required. Both these features are advantageous for the design of practical
solar water-splitting units. Recently, a unique two-step OWS system has been
developed, in which a mixture of PRP and WOP particles was embedded in a
continuous conductive layer with mono-particle thickness.®31%0 In this case,
both the PRP and WOP particles were electrically connected by a
back-contact layer, such that a sufficient contact area for efficient interparticle
charge transfer was obtained. After a proper post-annealing treatment to

further improve the interfacial coupling, the resulting Ru/Cr203-loaded
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SrTiOs:La,Rh/Au/BiVO4:Mo sheet efficiently split “pure” water (pH 6.8, without
any pH modification) with an AQY of 33% at 419 nm and a STH conversion
efficiency of 1.1% at 331 K and 10 kPa. In this case, mediating the behaviour
of the interfacial charge transfer was necessary to achieve a highly efficient
process, in which band bending in the space-charge layers between the
PRP/conductor/WOP interfaces needs to be carefully considered.*® To date,
various oxides, oxynitrides, oxysulfides, and conductive materials have been
successfully applied to this system for OWS, and it is also expected this
system can be extended to other solar energy conversion processes, including
CO:2 reduction and N2 fixation.33:139.144,158,159

In this section, two aspects of surface assembly of semiconductor were
introduced, namely construction of heterostructure and all-solid-state
Z-scheme systems. Their key point is how to effectively mediate the charge
transfer at the assembled interface. Recent progresses of MgTa206-xNy/TaON
heterostructure and SrTiOs:La,Rh/Au/BiVO4:Mo photocatalyst sheet system
well shed light on this topic.

5. Summary and outlook

OWS and CRRs, are the two most challenging artificial photosynthesis
reactions involved in the conversion of solar energy to chemical energy. Each
reaction shares similar features in terms of photocatalyst design, which is
expected to be mutually revealing. Based on the surface of semiconductor, this
review details recent advances in surface control, modification, and assembly,
to achieve effective photocatalytic OWS and CRRs. In particular we highlight
the similar features of these two reactions and hope to inspire more readers in
these areas. To date, considerable advances have been made in both
research fields through in-depth mechanism investigation and controlled
construction of surfaces of semiconductors and photocatalysts. At present,

there are several reported successful examples of OWS processes that show
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a response to visible light up to 600 nm, a maximum STH conversion efficiency
of over 1%, and a longevity of more than half year.89:100.152.158 Comparatively,
the study of photocatalytic CO2 reduction is still in its infancy, mainly because
of the challenges of adsorbing and activating CO2 molecules for catalytic
conversion, and prohibiting competing reactions.®1®> Some effective strategies
applied to OWS, such as interfacial layers, surface coating layers,
heterostructures, and photocatalyst sheets, show promise for application to
photocatalytic CO2 reduction to address these challenges.334274147 Recently
other technologies have been introduced and coupled with particulate
photocatalytic systems, infusing this area of solar energy research with many
promising new avenues for exploration. For example, surface plasmon
resonance (SPR) has recently been shown to be applicable to light-harvesting
materials.'0 It has been reported that OWS can be achieved over plasmonic
photocatalysts, and that the conversion efficiency of CO2 reduction can be
further improved by coupling with the SPR effect.161-164 |n addition to artificial
photocatalysts, some natural photosynthetic enzymes (e.g., photosystem I,
photosystem Il) and bacteria have also been used in conjunction with artificial
photocatalysts for OWS and CRRs.118165167 These hybrid systems show
potential for combining the merits of both natural and artificial photosynthetic
systems. Similar hybrid photocatalytic-PEC systems have also recently been
developed for two-step OWS.168.16% Owing to the spatial separation of the PRR
and WOR zones by a Nafion membrane, this configuration can partly restrict
competing reactions. Most notably, it is possible to use complementary
wavelengths over a wide spectral range in this tandem design.

Extensive attention has been paid to research of photocatalytic OWS and
CO2 reduction. To further boost progress in these fields, several specific
suggestions listed below are highly recommended. (1) The oxygen evolution
rate is necessary to provide when H20 is used as an electron donor. The

balance of photogenerated electrons and holes should be confirmed by
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calculating the consumption of charge carriers from the produced solar fuels
and O2. In some cases, the evolved oxygen might be unbalanced, implying
that the competing reaction of ORR may occur, which needs to be avoided in
the investigated reaction systems. (2) To determine whether reductive
products are derived from CO2 and not from introduced carbon impurity
intermediates, it is essential to perform isotope labelling experiments with
13CO2 as a reactant.’®®170 |n addition, blank tests and different control
experiments are strongly recommended for all future studies. (3) Owing to
variations in experimental illumination conditions, it is necessary to use a
unified solar energy conversion efficiency measured by a series of standard
procedures to enable comparison of the reaction rates of photocatalysts
reported by different groups. The STH conversion efficiency is widely used in
the field of OWS. For the COz2 reduction system, owing to the various reductive
products in the gas and liquid phases, it is suggested that the
solar-to-chemical energy conversion efficiency should be based on the single
oxidative product of O2, associated with the selectivity of reductive products.
Although considerable progress has been made over the past decades,
there is still very long way to go for having the scientific and technological
abilities to make artificial photosynthesis available for practical use. The
primary goals in the fields of OWS and CRRs relate to rational design and
construction of highly efficient and stable photocatalytic systems based on the
narrow band-gap semiconductors. In this circumstance, it becomes much
more important to use the surface/interface strategies to these semiconductors,
because the driving force of the reactions decreases as increasing the
absorption edge. Some effective strategies used in the PEC systems are
highly suggested to be “grafted” to this field. The surface of photocatalysts,
acting as the sites of ions/molecules adsorption and activation, the
accumulation of charge carriers, and catalytic reactions, plays key roles in the

overall photocatalytic performance. The properties, including acid-base,
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hydrophobicity-hydrophilicity, and internal electric fields, need to be rationally
designed and controlled.'’*"® Here, the precisely controlled synthesis,
theoretical simulations, and advanced in situ time- and space-resolved
characterization techniques are highly desirable to be combined to deepen our
understanding to the surface catalytic reaction process.’4176 Although the
currently obtained STH values are typically around 1% in small-scale trials,
which are lower than the benchmark STH value of 10%, it is time to put more
effort into applied research, such as large scalable production of promising
narrow-bandgap photocatalysts consisting of inexpensive and earth-abundant
elements, reactor design and manufacture, and the techno-economic analysis
of the whole industrial process.'’” Artificial photosynthesis for solar fuels
production has a bright future for simultaneously addressing the energy crisis
and environmental challenges, so it is sincerely expected that multiple

collaborations in this exciting research field will speed its industrial process.
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Figure 1. Schematic diagrams of different systems for OWS and CRRs.

(A) One-step photoexcitation system.

(B) Two-step photoexcitation system with an aqueous redox mediator.

(C) Two-step photoexcitation system with a solid-state electron mediator.

NHE, normal hydrogen electrode; E4, semiconductor bandgap; CB, conduction band; VB,
valence band; Red, reductant; Ox, oxidant; WOP, water oxidation photocatalyst; P/CRP,

proton/CO; reduction photocatalyst; CRRs, CO; reduction reactions.

Figure 2. Schematic illustration of typical strategies based on the surface of a

semiconductor for two-step photo-excitation processes.

Figure 3. Schematic illustration of SrTiOz doped with (A) trivalent cation or (B)
pentavalent cation and (C) their typical photocatalytic water splitting activities.

In Figure 3C, filled circles, Hy; filled squares, O2; photocatalyst, 0.3 g; co-catalyst, Rh,O3 +
Cr203 (0.5 + 0.5 wt % loading); reaction solution, 400 mL of distilled water; light source,
high pressure Hg lamp (450 W).

Source: (A-C) Reproduced with permission from Takata et al.® Copyright 2009,

American Chemical Society.

Figure 4. Effects of magnesia nanolayer modification on the
hydrophilicity-hydrophobicity of TasNs and the dispersion of the loaded co-catalyst.
(A) Contact angle (CA) values of MgO/TasNs samples as a function of magnesium
contents.

(B) Transmission electron microscopy (TEM) image of MgO/TasNs sample.

(C and D) High resolution transmission electron microscopy (HRTEM) images of
CoOx/TasNs-based samples without (c) and with (d) magnesia nanolayer modification.

(E and F) Field-emission scanning electron microscopy (FESEM) images and histograms
of particle-size distributions (inset) from typical samples: (e) Pt/TasNs, (f) Pt-MgO/TasNs.
In Figure 4B-F, the contents of magnesium, cobalt, and platinum were 2, 1 and 2 wt %,
respectively. A.S., average size.
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Source: (A-D) Reproduced with permission from Chen et al.*? Copyright 2015,
Wiley-VCH. (E and F) Reproduced with permission from Chen et al.** Copyright 2016,

Elsevier.

Figure 5. Schematic illustration of the operating mechanisms of core-shell
structured (A) metal (oxide)/Cr,0O3 co-catalyst for PRR and (B) Pt/Cu,0 co-catalyst
for CRR.

PRR, proton reduction reaction; ORR, oxygen reduction reaction; CRR, CO: reduction
reaction.

Source: (A) Reproduced with permission from Yoshida et al.®® Copyright 2009, American
Chemical Society. (B) Reproduced with permission from Zhai et al.1°® Copyright 2013,

Wiley-VCH.

Figure 6. Effect of basic metal oxides modification on the Pt/TiO, photocatalyst for
CRR.

(A and B) lllustration of the mechanism of Pt/TiO»-based photocatalysts without (a) and
with (b) MgO maodification.

(C) The effect of MgO contents on the evolution rates of reductive products.

(D) Effect of basic metal oxides on the catalytic behaviours of Pt/TiO, catalysts for the
photocatalytic reduction of CO, with H,O vapor.

CRR, CO; reduction reaction. Scrr, selectivity of CRR.

Source: (A and B) Reproduced with permission from Xie et al.'®> Copyright 2016, The
Royal Society of Chemistry. (C) Reproduced with permission from Xie et al.”® Copyright
2014, American Chemical Society. (D) Reproduced with permission from Xie et al.'®?

Copyright 2013, The Royal Society of Chemistry.

Figure 7. Effect of TaxOs coating layer on the Rh,O3/SrTiOs:Sc photocatalyst for
water splitting.

(A-i and A-ii) Time courses of photocatalytic H2 and O2 evolution from aqueous ethanol
solution on 0.5 wt % Rh203/SrTiOsz:Sc-based photocatalysts without (A-i) and with (A-ii)
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Ta»0s coating layer. Reaction conditions: 5 wt % is used for the surface layer of TazOs,
100 mg photocatalyst, aqueous ethanol solution (10 vol %, 250 mL), 300 W xenon lamp.
Filled circles, Hy; filled triangles, Oa.

(B-i and B-ii) Schematic of the reaction mechanism of 0.5 wt % Rh,Os/SrTiOs:Sc-based
photocatalysts without (B-i) and with (B-ii) Ta>Os coating layer in aqueous ethanol
solution.

Eg, semiconductor bandgap; CB, conduction band; VB, valence band.

Source: Reproduced with permission from Takata et al.”* Copyright 2015, American

Chemical Society.

Figure 8. Schematic energy diagrams of three different types of heterojunctions: (A)
type | (straddling alignment), (B) type Il (staggered alignment), (C) type Ill (broken
alignhment).

Source: (A-C) Reproduced with permission from Guo et al.l*® Copyright 2016,

Wiley-VCH.

Figure 9. Characterization of MgTa>Os-xNy/TaON heterostructure.

(A) Photocatalytic Z-scheme OWS activities of typical PRPs. Here,
MgTa>Os-xNy/TaON(mix) indicates the physical mixture of MgTa>Os-xNy and TaON, and
MgTa>06-xNy/TaON denotes the one-pot prepared heterostructured sample. Reaction
conditions: 75 mg PRP loaded with 0.4 wt % Pt; 150 mg 0.45 wt % PtOJ/WO3
photocatalyst; 150 mL aqueous Nal solution (1.0 mM); Pyrex top-irradiation type; 300 W
xenon lamp (A =420 nm). PRP, proton reduction photocatalyst.

(B) The estimated relative band positions of the MgTa>Os-xNy/TaON heterostructure.

(C and D) FESEM images of 0.5 wt % Pt/MgTa206-xNy/TaON photocatalyst. Pt was
deposited by photoreduction method.

Source: Reproduced with permission from Chen et al.'4” Copyright 2015, Wiley-VCH.
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