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In order to solve the shortage of sustainable energy and the related concern about combustion of fossil
fuels, converting the most abundant solar energy into chemical fuels becomes one of the most
promising choices to provide the everlasting and environmentally friendly energy vector along with
the minimum impact on environment. Among the methods of converting solar energy into chemical
fuels, there is a significant interest in the renewable hydrogen production by photocatalysts from
abundant water under visible light irradiation. Therefore, the development of efficient photocatalysts
for water reduction and oxidation in a suspension system is the footstone for the development of solar
energy conversion. In this review, the fundamental theory of photocatalysis and key factors affecting
photocatalysis will be introduced first. Then the new materials development covering inorganic
materials (oxides, nitrides and sulfides), carbon-based photocatalysts, and semiconductor-coordination
compound photocatalysts developed over the past 10 years will be addressed with discussion about
dominating factors in the photochemical process. This review would provide a comprehensive
reference to exploring the efficient and novel materials working for the solar energy conversion to
affordable and sustainable fuels. Finally, the perspective of the technology is also discussed.

Introduction toelectrochemical water redox on n-type TiO, coupled with a

With the concern of sustainable supply of natural gas, oil, and Pt counter electrode to produce the equivalent to hydrogen
coal and more importantly the severe environmental issues  and oxygen separately under light irradiation, thus demonstrat-
caused by the combustion of the fossil fuels, it is very urgent  ing the feasibility of the technology [3]. However, n-type TiO,
for the society to discover alternative sources of energy which ~ can only absorb ultra-violet (UV) light to excite electrons from
are sustainable, clean, and abundant [1,2]. Among the potential the conduction band to the valence band because of its wide
solutions, converting and storage of solar energy into clean  band-gap of 3.2eV [4]. Visible light constitutes about 43% of
energy carrier is the most preferable choice. As the highest  the solar spectrum, therefore, researchers have paid much
mass energy density medium, hydrogen is a promising energy ~ attention on developing novel visible light-driven photocata-

carrier which can be produced via photocatalytic water reduc-  lysts. Therefore, finding suitable photocatalysts for efficient
tion driven by solar irradiation, thus storing solar energy into ~ Water redox into H, and O under visible light irradiation is
the clean medium H,. In 1972, Honda-Fujishima reported pho- critical.

In the past decade, many photocatalysts have been found to
[ be used in photocatalytic water reduction or oxidation under
* Corresponding authors. UV or visible light, such as TiO, [5,6], ZnO [7,8], WO3 [9,10],
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Fe,O3 [11,12], CdS [13,14], SnO; [15,16], ZrO, [17,18], and TaON
[19,20]. This area has moved forward rather fast with many new
photocatalysts or photocatalytic systems reported recently. There
have been a few reviews and books on water reduction and oxi-
dation published with different focuses (e.g., metal oxides, pho-
toelectrodes or junctions) [1,5,21-23]. Recently, a review gave
quantitative descriptions of the physical and chemical properties
of the photocatalysts to determine which parameters had the
most impact on improving the overall photocatalytic perfor-
mance [23]. Another review emphasized the two distinct
approaches to photocatalytic water splitting, one- and two-step
photoexcitation routes [22]. The other review highlighted pho-
tonic and electrical driven water splitting together with
photovoltaic-integrated solar-driven water electrolysis by sum-
marizing thermolytic, electrolytic, photolytic, and biolytic water
splitting [21]. These reviews accumulate the knowledge ranging
from different fields and use multidisciplinary approaches to
fully understand and improve the efficiency of photocatalysis.
This review, different from but complementary to those pub-
lished, focuses on key factors influencing the photocatalytic
activity and more importantly very recent development of pho-
tocatalytic materials, in particular visible light-driven photocata-
lysts instead of UV irradiation which have been substantially
reviewed, including not only inorganic photocatalysts (oxides,
nitrides and sulfides) but also carbon-based semiconductor pho-
tocatalysts and semiconductor-coordination compound systems.
Furthermore, this review has investigated a wealth of recent
reports on the photocatalytic properties of typical visible light-
driven photocatalysts working in the suspension system, putting
forward the viable routes to increase efficiency and improving
stability by facilitating well-placed band offsets and improved
charge separation and transfer. This is believed a basis to both
photoelectrochemical water splitting and artificial Z-scheme
systems.

Herein, a brief overview based on visible light-driven photo-
catalytic water splitting in a suspension system is first presented.
The mechanism of the photocatalysts and the factors influencing
photocatalytic activity will be briefly illustrated. The next section
of this review presents the recent development of inorganic
photocatalyst, including oxides, sulfides, and nitrides for half

Light

reaction of photocatalysis and Z-scheme water splitting. After
that, carbon-based organic photocatalysts will be described. Fol-
lowing this section, semiconductor-coordination compounds
and factors influencing their performance will be illustrated.
Finally, viewpoints on the future exploration of new photocata-
lysts will be discussed.

Mechanism

Fig. 1 shows the main process and the principle of photocatalytic
water splitting in semiconductor photocatalysis. The first step is
absorption of photons to generate pairs of electrons and holes (I).
Afterward these charges will separate and migrate to the reaction
sites or recombine (II). Finally, electrons or holes react with water
molecules to evolve H, or O, (III).

The key of the first step is that the energy of incident light
should be larger than the optical gap (also commonly referred
to as the absorption onset) of the irradiated photocatalyst, result-
ing in electron excitation from the highest occupied molecular
orbital (HOMO, top of the valence band (VB) in a periodic crystal
perspective) to the lowest unoccupied molecular orbital (LUMO,
bottom of the conduction band (CB)) and the generation of exci-
tons, namely, excited electron-hole pairs. Such excitons can sub-
sequently dissociate into free electrons and holes (where “free”
refers to the fact that they are not bound together as part of exci-
tons) through the supply of additional energy, the exciton bind-
ing energy. The optical band plus the exciton binding energy is
referred to as band gap. Numerous oxide photocatalysts were
found to be active for half reactions in the visible region
[24,25], which means their bandgap is narrower than 3.10 eV cor-
responding to the wavelength of visible light ranging from 400
nm to 700 nm. At the same time, the potential of the CB should
be more negative than the reduction potential of H,O/H, (0 V vs.
NHE, pH = 0), while the VB should be more positive than the oxi-
dation potential of O,/H,0O (1.23 V vs. NHE, pH = 0) [1,26]. There-
fore, the theoretical minimum band gap for water splitting is
1.23 eV. The width of the band gap and the levels of the CB
and VB are extremely important for semiconductor photocata-
lysts, which is the footstone for the second and the third step.

These free charge carriers can drive redox reaction in photo-
catalytic water splitting, but also reform excitons in a process

Potential 4
vs. SHE
at pH=0

0

The main processes and the principle of photocatalytic water splitting in semiconductor photocatalysts.
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commonly referred to as electron-hole recombination. Both free
charge carriers and excitons can also become trapped on a part of
the photocatalyst, with the defects of the photocatalyst around
the free charge carrier or exciton. Excitons, finally, can decay at
any stage back to the ground state via fluorescence/phosphores-
cence, the emission of light, or via internal conversion, a dark
nonradiative route, where the excess energy is dissipated in the
form of phonons (atomic vibrations). Dynamically, the charge
generation is at picosecond timescale and these electrons and
holes will be separated and transferred to active sites on the
surface of photocatalyst powder at nano- to microsecond time-
scale, while surface reaction of water splitting is extremely slow
at microsecond- to-second timescale due to the slow rate-
determining step of O, production in the third step [27,28].
Thus, it needs much longer life time of electron-hole pairs to real-
ize efficient water redox reaction on the surface. However, the
recombination of charge carriers competes with the last step
[27,29]. As a result, it is challenging to keep the life time of elec-
trons and holes long enough along with the recombination of
electrons and holes. Here, a co-catalyst can solve this problem
as enhancing the charge separation by forming a Schottky junc-
tion with semiconductors [30]. For the half reactions of water
splitting, appropriate sacrificial reagents can also prevent the
recombination of electrons and holes efficiently by extracting
one charge carrier, leaving the other to react with water and to
produce hydrogen or oxygen [30], as explained in Section “The
solution pH".

The reaction rate of the last step is important for the whole
photocatalytic process. The reason is not only that the competi-
tion of the recombination of charge pairs will reduce the concen-
tration of charges reacted, but also that the desorption rate of the
created H, or O, molecules is much slower, limiting the surface
reaction dynamically [28]. In addition, water redox will take
place when the practical potential meets the energetic require-
ments, which has to be much higher than the minimum
required to overcome overpotential and other system losses
[31]. Therefore, the slowdown of charge recombination is the
most important step and improving the surface chemical reac-
tions is highly important in the research field, which has a great
meaning for the improvement of the conversion efficiency from
solar energy to chemical fuels.

Key factors

According to the main process, there are many factors that
influence the photocatalytic performance of semiconductor pho-
tocatalysts in water redox, including doping, architecture param-
eters, cocatalysts, the solution pH, and sacrificial and mediator
regents as explained in the following.

Doping

As shown in Fig. 1, when light of high enough energy is used,
electrons are promoted from the VB to the CB and the concomi-
tant oxidation and reduction process take place. For the materi-
als, who have bandgaps wider than 3.10 eV as mentioned in
Section “Mechanism”, are not active under the visible light irra-
diation, especially for TiO,, which is among the semiconductors
of highest photocatalytic activity but requires irradiation with

light of wavelength shorter than the absorption band onset
(~350nm) [32,33]. Thus, metal doping or doping with non-
metallic elements have become an intense research front aimed
at expanding the photoresponse of materials with wide band-
gaps to the visible region. The more details and the vivid exam-
ples about the mental doping in the photocatalysts to enhance
the photocatalytic activities [34-39] are shown in Section “Oxide
photocatalysts for half reactions”. The nonmetal dopants, such
as nitrogen (Section “(Oxy)nitride photocatalysts”), sulfide (Sec-
tion “(Oxy)sulfide photocatalysts”), and carbon (Section “Oxide
photocatalysts for half reactions”) have been reported to
increase the photostability over that of metal-doped catalysts,
which could introduce a new energy level above the VB, thus
reducing the band gap and increasing the range of light-
responsiveness [33]. To a short sum up, doping is an efficient
method for extending the light-absorption range of the individ-
ual photocatalysts to achieve activity under visible light as well
as UV light irradiation.

Architecture parameters

The separation and migration of photogenerated electrons and
holes and the surface chemical reaction of H, or O, evolution
are also affected by their architectures, such as morphology,
the crystal structure, particle size, and surface area [33,40].
The improvements on the morphology of the photocatalysts
can increase the reflection and scattering of incident light
among its constituent nanoparticles [33]. For example, Cu,O
with different morphologies such as spherical particles, porous
spherical particles, cubes, and octahedral were obtained via
adjusting the concentration of NHj solution (Fig. 2) [41]. The
edge lengths of octahedral could be easily tuned from 130 to
600 nm via adjusting the NaOH concentration. The better
adsorption ability and photocatalytic ability of these octahedral
Cu,O particles were investigated with the comparison of cubic
Cu,0O. Usually, changing the morphology could also adjust
the particle size and crystallinity. Photogenerated charges are
extremely easy to be trapped and recombine at boundaries
and defects. Thus, if the crystallinity is much better, the defects
and boundaries will become less, which will improve the pho-
tocatalytic activity. Normally, the crystallinity can be improved
by calcination in the suitable temperature, which can change
the crystal structure and surface area as well [42]. Generally,
the specific surface area (as determined by BET measurements)
is relevant to the particle size. The smaller particle size and
the higher crystallinity of the NiO/NaTaOs:La photocatalyst
powder (0.1-0.7 pm) [43] showed the higher efficiency of water
splitting into H, and O, than the nondoped NaTiOj3 crystal (2—-
3 um), and the reason was that the small particle size with a
high crystallinity was advantageous to an increase in the prob-
ability of the reaction of photogenerated electrons and holes
with water molecules against the recombination. The small par-
ticle size to some extent brings about the quantum size effect
especially in colloidal system, resulting in widening of a band
gap and blue shift in the absorption spectrum, which increases
driving force and also leads to a higher activity [26]. In conclu-
sion, optimizing the practical hydrogen or oxygen evolution
rate is based on the balance of the various parameters of the
architecture.
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FIGURE 2

Schematic lllustration of the growth mode of Cu,O (a) octahedra and (b) cubes. The ammonia solution with a certain concentration may favor the preferential
crystal growth along the (100) direction and make it far exceed that of (111), thus {100} faces shrink. Reproduced with permission of ([41]). Copyright of

2006 American Chemical Society.

Cocatalysts
The CB levels of many oxide photocatalysts are not negative
enough to overcome the overpotential and provide the driving
force dynamically for hydrogen evolution. Co-catalysts such as
Pt [44], RuO, [18], and Ni/NiO [45] usually require a small over-
potential and also provide more active sites. At the same time,
these cocatalysts can form the Schottky junctions with semicon-
ductors and enhance charge separation in a photocatalyst. Not
only water reduction but also the water oxidation can be
enhanced by cocatalysts. The most common cocatalysts for oxy-
gen production in the half water oxidation reaction are PtO,
[46,47], IrO, [48], and CoO, [49-51|. However, it is not crucial
for photocatalytic O, evolution to load co-catalysts on oxide
photocatalysts because their VBs are usually much more positive
than the redox potential of O,/H,O (1.23 V vs. SHE). But one
molecular O, is formed by oxidizing water by four holes, which
is a more challenging reaction than the 2-electron reduction of
H,O into one molecular H, [52], so active sites on cocatalysts
for 4-hole oxidation of water are very helpful to enhance the
O, evolution. For example, in the NiO-loaded NaTaO; doped
with lanthanum system [43], H, was produced on the ultrafine
NiO particles, while the O, evolution proceeded on the groove
of NaTaOj:La nanostep structure(Fig. 3), which contributed to
the highly efficient water splitting into H, and O, stoichiometri-
cally. Beside the above-mentioned metals and their oxides acting
as cocatalysts, coordination compounds constitute another
group of cocatalysts. Such molecular/semiconductor hybrid sys-
tems will be described in Section “Advancements in the semicon-
ductor-coordination compound systems for water splitting”.
Furthermore, the catalytic performance of cocatalysts can be
significantly influenced by their physical and chemical proper-
ties, such as particle size and valence states. Usually the more
active sites are on the photocatalysts, the better performance

the photocatalysts will have. But in most cases, the more active
sites induced by cocatalysts would lead to the lowered light
absorption of the photocatalysts. Therefore, optimizing the load-
ing amount of the cocatalysts should be considered to obtain the
maximum activity of water splitting under light irradiation.
Because low-coordinated metal atoms often function as the cat-
alytically active sites, the specific activity per metal atom usually
increases with decreasing size of the metal particles. The ultimate
small-size for metal particles is the single-atom catalyst (SAC),
which contains isolated metal atoms singly dispersed on photo-
catalysts. SACs maximize the efficiency of metal atom use. More-
over, with well-defined and uniform single-atom dispersion,
SAC:s offer great potential for achieving high activity and selec-
tivity [53-58]. For example, isolated metal atoms (Pt, Pd, Rh, or
Ru) stably by anchoring on TiO, by a facile one-step method
leaded to a 6-13-fold increase in photocatalytic activity over
the metal clusters loaded on TiO, by the traditional method, as
well as enhancing the stability of the photocatalysts [55]. Both
measurements and first-principle calculations illustrated that
introducing the single-atom Pt could optimize the performance
of TiO, catalyst in photocatalytic H, evolution. Moreover, the
catalytic activity of this isolated Pt atom could be even better
than that of the metallic Pt deposited on TiO,, owing to the
decreased H* adsorption energy on Pt and increased exposing
reaction sites, which is closer to the optimum thermodynami-
cally [55].

Cocatalysts, by definition, should lower the activation energy
of the reaction taking place at their surfaces. In photocatalysis
the ‘cocatalyst’ term is often incorrectly used for any surface dec-
oration which improves the charge separation and therefore
decreases the recombination rate, but cannot reduce activation
energy. Although such effect is in general desired, it has nothing
to do with a real catalytic process.
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Mechanism of highly efficient photocatalytic water splitting over NiO/NaTaOs:La photocatalysts. The small particle size and the ordered surface nanostep
structure created by the lanthanum doping contributed to suppression of recombination between photogenerated electrons and holes and the separation of
active sites to avoid the back reaction, resulting in the highly efficient water splitting into H, and O,. Reproduced with permission of ([43]). Copyright of 2003

American Chemical Society.

The solution pH
Because the different pH can change the band edge levels, surface
chemistry and the states of compounds in a suspension system,
the solution pH is one of the key factors influencing the semi-
conductor photocatalysis, especially in a Z-scheme water split-
ting system. In 2007, the dependence of the photocatalytic
activity of the (Pt/SrTiO,:Rh)-(WO3)—(FeCl3) system on pH under
visible light irradiation was studied in the solution containing
Fe" ions [59]. The activity of the (Pt/S1TiO,:Rh)-WO;3; Z-scheme
system in sulfuric acid solution was increased when pH value
changed from 1.3 to 2.4, while decreasing when the pH increased
to 2.5. The highest activity was obtained in the aqueous FeCls—
H,SO,4 solution with pH 2.4. Some other researchers found that
a change in the pH of the solution could change the band edge
potential [60,61]. It shows that the energy varies in a Nernstian
fashion with log (proton activity) over an enormous solution
acidity (basicity) range, proved by the CB edge measurements
for nanocrystalline TiO, [61]. At the same year, the rates of gas
evolution over the mixture of Pt-TiO,—A and bare TiO,-R (rutile,
2 m?/g, Toho titanium Co. Ltd. HT0210) suspended in 0.1 M Nal
aqueous solutions [62] were observed when increasing the pH
value. The rates of both oxygen and hydrogen evolutions signif-
icantly increased along with the increasing pH value from 3 to 9.
And then it decreased as the solution pH increased to 11. Here,
accumulation of I3 ions took an important role in the water
redox system. At pH from 5 to 7, the amount of O, was lower
than the stoichiometric ratio to the H, amount which facilitated
the generation and accumulation of I3 in the solution. Therefore,
the strong absorption of the I3 anions around 350 nm caused a
light loss, resulting in a lower efficiency of the photocatalytic
reaction. In basic conditions of pH >9, the simultaneous evolu-
tion rates of H, and O,, with a stoichiometric ratio (2:1), were
much higher than those in acidic conditions. These results illus-
trate that a basic condition is more favorable for efficient water
splitting because the redox cycle of 103 /1" efficiently takes place.
On the other side, adjusting the suitable pH value could also
improvement the stability of the photocatalysts and reactant
species. In 2005, the photocatalytic performance of the RuO,-
loaded GaN:ZnO [7] was found to be strongly dependent on

the pH value of the aqueous solution. The activity increased as
the pH decreased from pH = 7, passing through a maximum at
pH = 3, and then decreased. The reason is that (oxy)nitride mate-
rials usually have an inherent instability in basic media but are
stable in acidic media, resulting in the highest activity at pH = 3.

In electrochemistry, most non-noble-metal hydrogen evolu-
tion reaction (HER) electrocatalysts work well only in acidic med-
ium to reduce H30™ [39,63-65]. However, many water-alkali and
chloro-alkali HER electrolyzers need alkaline-active catalysts and
many microbial electrolysis cells need neutral-active electrocata-
lysts [39,63,64]. Thus, it is substantially important to adjust the
pH value in the reaction and explore out some electrocatalysts
satisfying the requirements of the oxidation/reduction potentials
and active over a wide pH range (pH = 0-14) at the same time
[65-67].

The above studies all indicate that adjusting the proper pH in
a suspension system can improve the hydrogen or oxygen evolu-
tion rate due to acquiring better reaction environments includ-
ing the stability of reactants, the concentration of aqueous
reagents, the absorption at the certain wavelength and the band
edge levels.

Sacrificial and mediator reagents

The half reaction of water reduction into H, in particular oxida-
tion into O, is very inefficient due to the rapid recombination of
the excited holes and electrons on the surface of the photocata-
lyst. But the more gas production can be achieved by the addi-
tion of a suitable sacrificial reagent (a hole or electron
scavenger). In principle, the sacrificial reagent tends to react with
one type of charge carrier while the other type of carrier reacts
with water to produce hydrogen or oxygen. A hole scavenger
(an electron donor) can consume generated holes on the surface
of the photocatalyst and be used for water reduction half reac-
tions. On the opposite side, an electron scavenger (an electron
acceptor) can react with the generated electrons and be needed
in the water oxidation reaction. Theoretically, the hole scav-
engers must have a stronger power to capture photoexcited holes
than water due to their less positive potential [68], while the elec-
tron scavengers must be more readily reduced than water by
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photoexcited electrons. Methanol [69], ethanol [70], ethylenedi-
aminetetraacetic acid (EDTA) [71], triethanolamine (TEA or
TEOA) [72], and aqueous solutions of K,SO3; + Na,S [73,74] or
Na,SO3 + Na,S [75] are widely acknowledged as good electron
donors for the photocatalytic hydrogen evolution, whereas the
metal salts such AgNO3 [76], Na,S,0g [77], KIO3 [78], and NalO3
[79] are usually used as electron scavengers.

Different from sacrificial agents, mediator shuttles take the
necessary roles in the Z-scheme systems or dual systems
(Fig. 4). The mediator shuttles usually have two different mole-
cules, so that they can capture the electrons from one semicon-
ductor as well as the holes from another semiconductor. At the
same time, these two molecules take the redox reaction, so that
they can return to their original chemical states. More impor-
tantly, it needs two different photocatalysts, in which one can
provide the holes to one mediator molecule and the left excited
electrons for H, evolution, and the other can provide the excited
electrons to recombine with hole mediators and the left excited
holes for O, evolution in the water splitting system. The most
popular mediators are 103/I~ [47], I3/I" [46,52] and Fe3*/Fe**
[46,52]. The use of these mediator molecules is, however, not free
of some serious drawbacks. For example, the pairs of 103/1"
require the exchange of six electrons (103 + 3H,O + 6e™ —» I +
60H") and proceed in neutral or basic media. This process is
often a very slow step and requires an effective cocatalyst, such
as Pt or PtO,. Moreover, an unwanted side reaction (competing
with water splitting) leading to the I3 production takes place at
low pH. I35 ions absorb efficiently UV and visible light and play
the role of a light shield. However, the Fe**/Fe** redox pairs
appear reversible only at pH lower than 2, since at higher pH pre-
cipitation of Fe(OH); takes place [80]. Recently, coordination
compounds were reported as electron transfer mediators, which
will be detailed in Section “Advancements in the semiconduc-
tor-coordination compound systems for water splitting”.

Nonsacrificial Z-scheme water splitting systems are the even-
tual goal for the artificial conversion of solar energy into renew-
able chemical fuels [52]. But this system has some drawbacks

RUO2
A< 500 nm
e —==8 "k
‘ A '." e~
< p
&
H,O )
02 e_:'* h+

RuO,/TaON

(O, evolution system)

FIGURE 4

) >
*_( D_,'ﬁ_ -
10,4~ 1

compared to the one-step system, such as a higher complexity
and double photons are needed for producing the same amount
of charges reacted [81]. More vivid examples of Z-scheme water
splitting systems will be described in detail in the Section “Z-
scheme systems for water splitting”.

In summary, according to the main process, there are many
properties that influence the photocatalytic reaction of semicon-
ductor photocatalysts in water redox, as mentioned above
including bandgap energy, charge separation and migration,
lastly charge carriers’ reaction at effective sites based on the
mechanism as explained in Section “Mechanism”. In essence,
light absorption could provide pairs of charge carriers [32]. These
electron-hole pairs could collapse by recombination or separate,
forming independent hole and electrons [83]. Here the recombi-
nation rate of these charge carriers competed with their separa-
tion and motivation rate. So the key to improve the ability of
light absorption is to increase the creation of electron-hole pairs
and reduce their recombination, which are affected largely by the
composition and nature of the photocatalysts. Doping could
induce generation of electron-hole pairs upon irradiation by nar-
rowing the band gap [83] as detailed in Section “Doping”, how-
ever, the presence of impurities, particle size, surface area and
other physicochemical parameters strongly influence the charge
recombination and electron-hole trapping as shown in Sec-
tion “Architecture parameters”. Cocatalysts could assist in
electron-hole separation and lower the activation energy or over-
potential for H,— or O,— evolution reaction on the surface of the
photocatalysts, and also increase the stability of materials [84], as
discussed in Section “Cocatalysts”. In the reaction step of pro-
ducing H, and O, products, pH could mostly contribute to
change the band edge levels, surface chemistry, and the states
of compounds in a suspension (Section “The solution pH”),
which is vital in a Z-scheme system. Suitable sacrificial reagents
capture the electrons and holes in the O, and H, evolution
respectively, which could restrain the recombination of
electron-hole pairs in the photocatalysts. Differently, shuttle
electron mediators work as the electron transmission medium

A< 500 nm i

(CE . 1% e
‘ A H-

h+

Pt/ZrO,/TaON

(H, evolution system)

Z-scheme system of RuO,/TaON and Pt-ZrO,/TaON in aqueous NalOs; and Nal solution under irradiation. Overall water splitting through two-step
photoexcitation was achieved using the optimized RuO,/TaON photocatalyst in combination with Pt-loaded ZrO,/TaON as a H, evolution photocatalyst from
an aqueous Nal solution. Reprinted with permission from ([82]). Copyright (2011) American Chemical Society.
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with an acceptor/donor (A/D) pair, suppressing the backward
reaction involving redox mediators, facilitating the overall water
splitting [85]. Essentially, sacrificial and mediator take the roles
of the accepter or/and donor reacting with the photogenerated
electrons and holes, which is detailed in Section “Sacrificial
and mediator reagents”. Overall, these factors should be consid-
ered comprehensively in promoting the photocatalytic perfor-
mance in the overall water splitting system, however,
cocatalysts should give priority, as they largely hinder the charge
recombination, which is currently the most serious factor in lim-
iting solar to fuel conversion efficiency.

Development of inorganic photocatalysts (oxides,
nitrides and sulfides) for visible light-driven water
splitting

The developments of photocatalysts working for half reactions
are mentioned in Sections “Oxide photocatalysts for half reac-
tions”, “(Oxy)nitride photocatalysts” and “(Oxy)sulfide photo-
catalysts”, which can be used as the candidates for the
exploration of the novel photocatalysts working in the overall
water splitting systems which produce H, and O, simultaneously
under visible light irradiation as illustrated in Sections “The sin-
gle photocatalyst for overall water splitting” and “Z-scheme sys-
tems for water splitting”.

Oxide photocatalysts for half reactions

Suitable band positions are required for photocatalysts to pro-
duce H; or O, with sacrificial reagents under visible light irradia-
tion. The bandgaps for native visible light-driven photocatalysts

TABLE 1

must be narrower than 3.0 eV and the bottom of CB must be
more negative than the reduction potential of H*/H,, as well as
the top of VB more positive than the oxidation potential of
0,/H;0. As such a dilemma, it is very challenging to find a native
photocatalyst for pure water splitting while most of them are
only active for half reaction. Metal oxides as water redox photo-
catalysts are attractive because of their robustness. The typical
native and robust visible light-driven oxide photocatalysts, such
as WOs-, BiVOy-, and ABOs-type photocatalysts, are listed in
Table 1 and the corresponding details are illustrated in the fol-
lowing contents.

Firstly, WO3 is one of the most well-known photocatalysts for
O, evolution under visible light irradiation in the presence of
suitable reagents, considering that the potential of the top of
the VB of WO3 is much higher than the potential of O, evolution
[86]. Another excellent visible light-driven photocatalyst for O,
evolution is BiVO4. This is because BiVO4 has a 2.4 eV band
gap which is narrower than that of WOs3, and also has the poten-
tial of the VB edge at +2.86 V vs. RHE, which is deep enough for
oxidizing water to produce O, theoretically [97]. Practically,
BiVO, as a photocatalyst also needs sacrificial reagents which
consume the electrons, beneficial for the separation of the gener-
ated electrons and holes in water oxidation reaction. AgNO3
showed the better efficiency than Fe(NOs)3 as a sacrificial reagent
for the water oxidation into O, by BiVO, due to the efficient sep-
aration of the photogenerated electron-hole pairs by the Ag ions
[89]. Another way to remarkably enhance the photocatalytic
activity of BiVO, is combined with cocatalysts. For example,
Pt/MnO,BiVO, [98] got the much high O, evolution rate of
650 umol h™! g~! under visible light (. >420 nm), because of

Oxide, doped oxide, and nanocomposite oxide heterojunction photocatalysts for visible light-driven half water splitting reaction reported over the

past few years.

Photocatalysts BG/eV  Light source Co-catalyst  Reactant solution  Activity/pmol Refs. (Year)
h™'(0.19)
HZ 02
WO; 2.8 Hanau Sunset Lamp, 4 >410 nm - AgNO; - 0.27 [86] (1983)
SrooNbO3 19 Metal halide, 2 >420 nm - Oxalic acid 448 - [76] (2012)
- AgNO; - 3.5
Ir0, 15 Xe 300 W, 4 >400 nm - Na,5,0g - 6324°  [77] (2011)
KTaOs3 3.4 Xe 300 W, 4 >400 nm Ag Methanol 2.59 [87] (2015)
LaFeOs 2.1 W 200 W Pt Ethanol 3315 - [70] (2012)
SrTiOs 3.2 Xe 300 W, 1 >420 nm Pt Methanol 18.8 - [88] (2009)
BiVO, 24 Xe 300 W, A >420 nm - AgNOs - 240 [89] (2008)
BiVO, 24 Xe 300 W, 1 >420 nm Pt & Co30,4 NalOs - 106.9 [79] (2014)
SrTiO3:Rh 23 Xe 300 W, 4 >300 nm Pt Methanol 124 - [34] (2015)
SrTiOs:La—Cr 2.8 Xe 300 W, 4 >420 nm Pt Methanol 9 - [35] (2015)
M-LaCoq7Cug 305 24 Xe 125 W, A >400 nm - Formaldehyde 113 - [36] (2015)
BasTa;0;5:N 1.8 Xe 300 W, 4 >420 nm - Methanol 42 - [90] (2011)
BaTiOs:Rh Xe 300 W, A >420 nm Pt Methanol 30.8 - [37] (2014)
Caln,04/Fe-TiO, 3.4/2.9 Xe 300 W, - Kl 28 - [38] (2014)
420 nm < A <750 nm
Carbon quantum dots/TiO, -/3.2 Halogen, / >450 nm - Methanol 1.0 - [91] (2014)
C-mesoporous TiO, - Xe 450 W, 4 >400 nm Pt Methanol 20 - [92] (2014)
Zn0/In,03 3.1/23 Hg 125 W, 2 >400 nm - Methanol 178.4 - [93] (2014)
Bi,O5/(BaTaOs3:Bi) 2.8/3.6 Hg 125 W, 2 >400 nm - Methanol 102.5 - [94] (2012)
Gd,Ti,0,/GdCrO3 3.2/2.7 Hg 125 W, 2 >400 nm - Methanol 12315 - [95] (2011)
Gd,Ti,05/In,053 32/26  Hg 125W, A >400 nm - Methanol 579.8 - [96] (2013)

" O, was formed for 3.7 mg IrO, nanocrystals at an initial rate of 0.39 pmol/min, and the rate then declines to zero after 3.5 h [77].
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not only the intrinsic difference of charge separation between
the {010} and {110} facets of BiVOy, but also the selective depo-
sition of suitable reduction and oxidation cocatalysts onto the
different facets of BiVO,4. These heterogeneous water oxidation
catalysts can be readily interfaced with electrodes or photosensi-
tizers to achieve effective photocatalytic water oxidation. On the
other hand, homogeneous molecular water oxidation catalysts
based on a range of transition-metals, such as Ru complexes
[99,100], Ir complexes [101,102], Co complexes [103-105], and
polyoxometalates [106-112], allow for the further structural
fine-tuning and optimization in achieving enhanced catalyst sta-
bility, which is pivotal in character ensuring their durability dur-
ing water oxidation reaction and is introduced in detail in
Section “Coordination compounds as molecular cocatalysts”.

Visible light-active ABOs;-type photocatalysts also play an
important role in the photocatalysis as their perovskite structure
is very stable. Uniform crystals and irregular network LaFeO3 [70]
was synthesized by a sol-gel method, which evolved large
amount of H, for ethanol assisted water reduction reaction under
visible light illumination. Recently, Ag-decorated KTaOs; and
NaTaO3; nanotubes were directly monitored [87] to improve
water redox performance under simulated sunlight and visible
light. Due to the high photocatalytic performance, economic
cost, and excellent stability, StTiO3; has been one of the most
attractive photocatalysts for water reduction as well.
Mesoporous-assembled SiTiO3; [88] was synthesized by the sol-
gel method with the aid of a structure-directing surfactant, which
had a better photocatalytic activity with hydrogen production
rates of 188 umolh~'g~! and the solar to hydrogen energy
(STH) conversion of 0.9% under visible light irradiation than
commercial SrTiO3 and commercial TiO, (P-25).

For the photocatalysts inactive under visible light irradiation,
doping with suitable elements or composing with other photo-
catalysts can realize their photocatalytic activities in the visible
light region as shown in the middle part of Table 1. Rhodium
is one of the most common doping elements. A few p-type semi-
conductors have been researched by doping rhodium, for exam-
ple SrTiO;3 [34] and BaTiO3 [37], which got more negative VB
potentials, forming new absorption bandgaps in visible light
region to promote the water reduction ability. Copper is another
frequently used doping element owing to its universality and
non-toxicity. Doping copper in the perovskite photocatalyst
LaCoO3 [36] could create the appropriate oxygen vacancy, lead-
ing to more negative VB, than excellent visible light-driven pho-
tocatalytic activity of hydrogen evolution (1130 pmol h~' g™ ').
Numerous non-metallic anionic dopants have been widely used
in BiVO, replacing V°* to enhance the n-type characteristics and
then showed the better photocatalytic performance, such as car-
bon [113] and phosphate [114]. One step fabrication of C-doped
BiVO, with hierarchical structures significantly improved the
absorption enhancement under visible light and the efficient
separation and transfer of the photogenerated electrons and
holes, with the best photocatalytic activity (ca. 800 pmol L™?,
after 5 h) in O, evolution from water under visible light irradia-
tion (1 >420 nm) [113]. Transition metal doping usually forms
a discrete level in the forbidden band of photocatalyst and
reduces the mobility of electrons and holes in the dopant level
and thus sometimes lowered activity, however, the photocat-

alytic activity of BiVO, for water oxidation was found to be
remarkably enhanced by 2 atom% molybdenum doping, result-
ing into 370 umol h™! (0.5 g)~! O, evolution rate [115]. There
are some elements reported rarely, such as La and Cr [35], which
were doped into SrTiO3 by a one-pot microwave-assisted method
and improved the photocatalytic hydrogen production perfor-
mance by 15 times under visible light irradiation than La doped
S1TiO3.

Different from doping, composite nanostructures do not
change the band positions of the oxide semiconductors but
increase visible absorption by a narrow band semiconductor
and mitigate charge recombination by junction structure, conse-
quently optimizing the water reduction or oxidation reaction.
The end part of Table 1 summarizes the photocatalytic activity
of typical nanocomposite oxide heterojunctions. Several oxide
photocatalysts, including TiO,, In,O3, and perovskite-type oxi-
des, were studied as components of composites with other pho-
tocatalysts. The first and the most common photocatalyst, P25
TiO,, was combined with carbon quantum dots [91] by a one-
step hydrothermal reaction, which improved the photocatalytic
H, production activity under UV-vis and visible light (4 >450
nm) without any additional metal cocatalyst. When CQDs/P25
was irradiated by the UV light, the electrons and holes were
mainly excited on TiO, and then the excited electrons moved
to the CQDs as the electron acceptors, which benefits charge sep-
aration. However, under the visible light illumination, the
charge pairs were also excited on the n-conjugated CQDs and
then CQDs acted as a photosensitizer to transfer the electrons
to P25, accelerating the visible light-driven photocatalytic H,
production (0.5 pmol h™! (0.05 g)~!) with methanol as a hole
scavenger. Similarly, brown carbonate-doped TiO, microspheres,
synthesized by a simple “one-pot” solvothermal method, could
produce 0.2 mmol h~! g~! H,, higher than those from various
other TiO, photocatalysts [92]. In,O3 is sensitive to visible light
radiation, but its activity is very low. There are many studies
combining the single-phase In,O3; with other semiconductors
to promote their photocatalytic H, evolution under visible light
irradiation. Loading ZnO on In,03 has successfully improved the
photocatalytic water reduction for hydrogen production (1784
pmol h™! g~!) under visible light irradiation [93]. Perovskite-
type oxide composites, like Gd,Ti,0,;/GdCrO3; [95], combined
as p—n junction and reduced the possibility of recombination
of photogenerated electrons and holes, leading to the highest
activity toward H, evolution (246.3 umolh™' (0.02 g)™!) with
apparent quantum efficiency of 4.1% among other
photocatalysts.

Usually, the sensitization mechanism is applied to solar cell
[124-128]. They have recently been used in visible light-driven
photocatalytic H, evolution [71,72,116-123], as shown in
Table 2. The essence of sensitization is that electron/hole pairs
are generated by visible light irradiation in dyes or sensitizers
and then electrons are transferred to the CB of a semiconductor.
Alternatively, holes are transferred to the VB of a semiconductor.
Such mechanisms of photosensitization are often observed
mainly in the case of n-type semiconductors [117]. A typical
model of transfer of photogenerated electron/hole pairs in sensi-
tized semiconductor is shown in Fig. 5. The sensitizers of TiO,
have developed rapidly, including Ru(Il) complex [118], Eosin
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TABLE 2

Sensitized photocatalysts for H, evolution in the aqueous suspension under visible light irradiation.

Photocatalyst Sensitizer Sacrificial reagent Light source H, pmol h~" (0.1 g) Refs. (Year)
Pt-HCa,;Nb304¢ Ru-CH3 EDTA Xe-300 W, 1 =420 nm 248 [71] (2015)
Pt—(TiOx:N) Eosin Y TEOA Hg-400 W, / >420 nm 80 [116] (2008)
Pt-TiO, Cds Lactic acid Xe-300 W, A >420 nm 662.5 [117] (2011)
Pt-Al,0/TiO, [Ru"(4,4-(CO,H),bpy)s]** EDTA Xe-300 W, /. >420 nm  129.3 [118] (2009)
Pt-NS-H4NbsO;; [Ru(bpy),(4,4'-(POsH,),bpy)]**  EDTA Xe-300 W, 1 >420 nm 288 [119] (2009)
Pt-TiO, [Sn"(OH,), TPy PI®* EDTA Xe-300 W, /. >420 nm 2222 [120] (2010)
2-Mecaptoethanol/Ni(Ac), Erythrosin B TEOA Xe-300 W, 4 >420 nm 204 [72] (2011)
K;La,TizOqg Cds Na,S Xe-500 W, 4 >400 nm 2.0 [121] (2013)
Pt-TiO, Zinc-phthalocyanine EDTA Xe-300 W, 4 >420 nm 378.2 [122] (2013)
K,TizOg PbS Na,S-Na,SO;-KOH Xe-300 W, 4 >400 nm 61.1 [123] (2012)
(b)
<H2
H*/H,0
Red
FIGURE 5

Transfer of photogenerated electron/hole pairs in CdS-sensitized TiO, under UV (A) and visible light (B) irradiation. Reproduced from ([117]) with permission
of The Royal Society of Chemistry (RSC) on behalf of the European Society for Photobiology, the European Photochemistry Association and the RSC.

Y [116], CdS [117], Sn(IV) complex [120] and asymmetric zinc
phthalocyanine derivatives [122]. Other common sensitizers
are sulfides, such as CdS [117,121] and PdS [123]. Erythrosine
B-sensitized Ni(II) salt and 2-mecaptoethanol complex [72] was
created and obtained the outstanding photocatalytic efficiencies
for hydrogen evolution (2040 pmol h™! g~1) under visible light.
Authors claimed it was a simple and environmentally benign
solar hydrogen production systems assembled from Ni(Il) salt
and low-cost xanthene dyes.

Above all, a large amount of oxide photocatalysts have been
studied to promote the photocatalytic activity under visible light
irradiation. However, the drawback of such oxide photocatalysts
still exist which is the large bandgap due to very positive valence
band. Doping elements, composing junctions with other photo-

TABLE 3

catalysts or combining with dyes or sensitizers can mediate this
problem, which is a direction for modification of robust oxide
photocatalysts.

(Oxy)nitride photocatalysts

(Oxy)nitrides have become potential photocatalysts for water
splitting under visible light irradiation due to their narrow band
gap when nitrogen atoms replace oxygen atoms in the crystal
structure. Many (oxy)nitrides [25,49-51,129,131,132] have been
explored for hydrogen or oxygen evolution under visible light
irradiation in the presence of appropriate reagents as demon-
strated in Table 3. Among various (oxy)nitrides, tantalum nitride
(TagNs) [51] could absorb visible light (4 <590 nm) to generate
electrons and holes for water oxidation into oxygen with an

(Oxy)nitride photocatalysts for water redox into H. or O, under visible light irradiation.

Photocatalyst BG/eV H, evolution 0O, evolution Refs. (Year)
Cocatal. Activity/umol h™’ Cocatal. Activity/umol h™’
LaTiO,N 2.1 - - CoO, 204 [49] (2015)
Na,CO5/TasNs 2.1 - - Co0, 450 [51] (2012)
BaNbO,N 1.7 Pt 0.04 CoOy 60 [50] (2013)
CaTaO;,N 25 Pt 83 - - [129] (2012)
SrNbO,N 2.1 Pt 9.3 - 0.5 [130] (2005)
m-ZrO,/TaON 24 Pt 6 - 0.20 [131] (2008)
BaTaO,N 1.8 Pt 2 CoO, 10 [132] (2015)
CsCa,Tas00/Ng 21 Rh 0.47 - 92 [133] (2012)
Y,Ta,Os5N, 2.2 Pt-Ru 250 - 140 [25] (2004)
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evolution rate of 450 umol h™! (0.1 g) !, thus a promising nitride
semiconductor for visible light-driven water oxidation. The bulk-
type compounds with a perovskite-like structure, like tantalum
oxynitrides [25,129,131-133], titanium oxynitrides [49] and
Nb-based perovskite-type oxynitrides [50], also successfully
extended the absorption region to visible light for photocatalytic
water splitting into hydrogen or oxygen. Especially, Y,Ta,OsN;
catalyst was synthesized by nitriding YTaO4 under ammonia
flow, resulting in a small optical bandgap energy of 2.2 eV [25].
The activity of H, evolution was increased by co-depositing both
Pt and Ru on the Y,Ta,OsN, catalyst, up to a maximum of 833
umol h™! g~! with 0.15 wt% Pt and 0.25% Ru. The rate was 22
times larger than that for 0.15 wt% Pt/Y,Ta,OsN,. Upon irradia-
tion, O, was produced at an initial rate of 140 yumol h~! (0.3 g)!
from 0.01 M AgNOj solution over Y,Ta,OsN,. A tantalum oxyni-
tride series ATaO,N (A = Ca, Sr, and Ba) and PrTaON, were pre-
pared by growth methods and their VB and CB edges could
vary systematically [134]. The CB edges of tantalum oxynitride
perovskite could be tuned by modifying the size of the A-site
cation. Smaller A-site cations brought to more octahedral titling
and less disperse CBs and thus a higher energy for the CB edge.
The VB edges could be changed by adjusting the oxygen-to-
nitrogen ratio. An upward shift in the position of VB edge was
leaded by increasing the nitrogen content. This study could
determine the absolute energy levels of the oxynitride band
edges, exploiting their intrinsic potential as photocatalysts.

The most common challenging for the (oxy)nitride photocat-
alyst is to prepare high-quality (oxy)nitrides to reduce the defect
density in surface layers, as the formation of defects seems inevi-
table especially near the surface in the conventional preparation
method of transition metal (oxy)nitrides using NHs. The radicals
formed by the decomposition of NH3 between the interior and
exterior of the statically placed lump of oxide powders could be
different. The degree of nitridation and the homogeneity of each
particle in a powder sample could be very low. So it is very impor-
tant to dope the entire sample with nitrogen as homogeneously
as possible by repeating nitridation with grinding and mixing
the nitrogen precursor a few times and to ensure as uniform
NH; flow as possible by reducing a single nitrided amount of pre-
cursor [135]. High-pressure high-temperature treatments [136],
acid treatments [137] and flux treatments [138,139] could also
be utilized in the syntheses and post-treatments on (oxy)nitride
photocatalysts to enhance the crystallinity and reduce the impu-
rities, finally improving their photocatalytic performance.

Above all, (oxy)nitrides can generate both H, and O, individ-
ually from H,O in the presence of suitable sacrificial agents under
visible light irradiation, as the narrowed bandgaps have been
achieved by nitrogen atoms replacing oxygen atoms in the crys-
tal structure and upward shifting the position of VB edge. The
main challenge deep-rooted in the thermal instability of (oxy)ni-
trides compared to the corresponding oxides is to reduce the
defect density, improve the crystallinity and inhibit decomposi-
tion by various post-treatments.

(Oxy)sulfide photocatalysts

In the metal oxide photocatalysts, the tops of VBs are always
located at very positive potentials, close to +3 V vs. RHE due to
the O 2p orbitals, while the bottoms of CBs of some transition

metal oxides are localized at potentials more negative than O V
vs. RHE because of their empty d orbitals, resulting in very wide
energy band gaps. S 3p orbital is more negative than O 2p, so sul-
fides always show a narrow bandgap due to the raised VB com-
posed of S 3p.

As such many sulfides were reported as visible light-driven
photocatalysts. Table 4 lists the (oxy)sulfides reported for the
H, evolution with suitable reagent. Among them, CdS has a nar-
row band gap of 2.4 eV, therefore having been widely studied.
Loading Ni [142] on CdS could significantly enhance the H, pro-
duction under visible light in the appropriate reagent, where a
maximum hydrogen production rate of 25.848 mmolh ' g!
was acquired at 4% dosage of Ni dopants. 0.2 wt% MoS, [147]
loaded on CdS could also increase the activity of the H, evolu-
tion up to 36 times than that of pure CdS, and even had better
photocatalytic performance than that of 0.2 wt% Pt/CdS under
the same reaction conditions. As a rare H, evolution photocata-
lyst, MoS, was prepared as colloidal nanoparticles to catalyze
water into H, in [Ru(bpy)3]2+-based molecular systems under vis-
ible light [146]. ZnS, although it has a wide band gap of 3.6 eV, is
also a popular photocatalyst for visible light-driven water reduc-
tion when combined with other ingredients. For example, Cdg s-
Zn, sS combining the advantage of CdS and ZnS was prepared by
a simple hydrothermal method and markedly enhanced the pho-
tocatalytic activity of hydrogen production when doping with
Bi** [143]. Ni atoms exchanging a quite few percent of Zn atoms
in Zn$ could narrow the energy band into 2.3 eV and increased
the hydrogen amount in the photocatalytic water reduction
under visible light [24]. ZnS was also combined with a narrow
band gap photocatalyst, such as AgInS, [74] or CulLnS, (73] to
create a new solid solution. For instance, Pt (3%)-loaded
(AgIn)o 22Zn1 565, solid solution [74] showed a very high activity
of H, evolution up to 3147 umol h™! g~! in visible region and a
quantum yield of 20% at 420 nm. ZnS—-CulnS,-AgInS, solid solu-
tion photocatalysts were also investigated for the water reduction
to H, evolution under visible light irradiation. The system
showed a better photocatalytic performance (7733 umol h™*
g~ ') when Ru was loaded on this solid solution as a cocatalyst
[73]. The highest activity of H, generation by sulfides photocat-
alyst reported so far is 8.77 mmol h™! (0.3 g)~! and the corre-
sponding QE is extremely high up to 93%, achieved by loading
as low as 0.30 wt% of Pt and 0.13 wt% of PdS as cocatalysts on
CdS [153].

Various metal sulfides were also deposited on CuGasSs as
shown in Table 5, and found that NiS— and FeS had a better per-
formance than other cocatalysts [141]. In,S3 [145] was also used
to decorate TiO, nanoparticles, which achieved the hydrogen
production of 1350 umol h™' g~' under visible light (1 >420
nm) irradiation due to narrow bandgap of In,S; and its catalytic
effect. AglnsSg/TiO, heterojunction nanocomposite [144] and
CdS/AgGaS, p-n-type photocatalytic diodes [75] were also pre-
pared to promote the hydrogen production (850 and 3000
umol h™! g!, respectively) under visible light. As the AB,Xtype
semiconductor has a layered structure, ZnIn,S, was optimized by
copper doping, which increased the hydrogen evolution from
26.1 to 151.5 pmol h™! (0.2 g)~! in the aqueous solution of Na,-
SO3 and Na,S [140]. Sm,Ti,S,05 with the layers of S—(TiO,)—O—
(TiO2)—S (double octahedral) [148] was very stable for producing
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TABLE 4
(Oxy)sulfide photocatalysts for water splitting into H. under visible light irradiation.
Photocatalyst BG/eV  Light source Reagent H, evolution Ref. (Year)
Activity/umolh™' QY (%)
ZnIn,S4:Cu 2.1 Xe-300 W, >430 nm Na,SOs + Na,S 1515 (0.2 g) 14.2 [140] (2008)
(420 nm)
CuGasSs: NiS 2.4 Xe-300 W, >420 nm Na,SOs + Na,S 49 (0.05 g) 1.3 [141] (2010)
(420-520 nm)
Pt-CdS/AgGas, 24/2.7 Hg-450 W, >420 nm Na,SOs + Na,S 473 (0.1 g) 19.7 [75] (2007)
(420 nm)
Ni-CdS 24 Xe-300 W, >420 nm (NH,4),S05 25.8 (0.1 9) 26.8 [142] (2015)
(420 nm)
Zng.999Nip001S 23 Xe-300 W, >420 nm K,SO3 + Na,S 280 (19) 1.3 [24] (2000)
(440 nm)
Pt-Cdg.5sZng5S:Bi 23 Hg-400 W, >420 nm Na,SOs + Na,S 55.9 (0.1 9) 9.7 [143] (2012)
(400-700 nm)
Ru—(CuAg)o.15INg3Zni4S, 1.9 Xe-300 W, >420 nm K,SOs + Na,S 2320 (0.3 g) - [73] (2006)
AglnsSg/TiO, 1.8/ Xe-300 W, >420 nm  Na,SO; + Na,5 8.5 (0.1g) - [144] (2013)
In,S3/(Pt-TiOy) 2.3/ Xe-300 W, >420 nm Na,SOs + Na,S 135 (0.1 g) 1 [145] (2011)
(420 nm)
Pt—(AgIn)p22ZN1 5652 23 Xe-300 W, >420 nm K,SO3 + Na,S 944 (0.3 g) 20 [74] (2004)
(420 nm)
Ru(bpy)%*/MoSlezA - Xe-300 W, >420 nm Acetonitrile + Methanol 83.3 (0.002 g) - [146] (2009)
MoS,-CdS 24 Xe-300 W, >420 nm Lactic 540 (0.1 9) - [147] (2008)
Pt-Sm,Ti,S,05 2.1 Xe-300 W, >440 nm Na,SOs + Na,S - 0.1 [148] (2002)
Rh/Ag-Sm;Ti,S,05 Hg-450 W, >400 nm  Na,SOs + Na,S 949(0.2 g) 8.8 (440 nm) [149] (2010)
Pt-LasTi,AgSs0O, 15 Xe-300 W, >420 nm Na,SOs + Na,S 225(0.2 g) 1.2 (420 nm) [150] (2012)
Pt-LazGaSs0 2.3 Xe-300 W, >420 nm Na,SOs + Na,S 108 2.5 (420 < 2 <540 nm)  [151] (2008)
Pt-LalnS,0 2.6 Xe-300 W, >420 nm Na,SOs + Na,S 9(0.1 g) 0.2 (420 nm) [152] (2017)
Pt-PdS/CdS 1.6/23  Xe-300 W, >420 nm Na,SOs + Na,S 8700 (0.3 g) 93 [153] (2009)
(420 nm)
TABLE 5 g~ ! [153], whereas the sulfide photocatalysts are usually not

Rates of H, evolution in the presence of 0.05 g CuGasSs loaded with
various cocatalysts from an aqueous NazS (10 mM) and Na2SO3 (10 mM)
solution under visible light (4 > 420 nm) irradiation [141]-

Entry Cocatalyst Rate of H, evolution/umol h™'
1 None 15
2 NiS 49
3 FeS 38
4 Ru,S3 29
5 Ag,S 26
6 CoS 23
7 PdS 21
8 Cus 13

H, or O, from aqueous solutions with a sacrificial electron donor
(NasS, Na,SO3 or methanol) or acceptor (Ag") under visible light
(4 <650 nm). Further study found that Ag2S/Rh-modified Sm,Ti,-
S>05 had a photocatalytic water reduction activity 9 times that of
the Sm,Ti,S,05 sample and the apparent quantum efficiency of
the optimized sample was measured to be ca. 8.8% at 440 nm
[149]. Moreover, LasTi,MS;0; (M = Ag, Cu) was loaded with Pt
for H, evolution was significantly high among existing Ti-
based oxysulfide photocatalyts with AQE of 1.2% at 420 nm
[150]. Simultaneously, LasTi,MSs0; loaded with IrO, were active
for photocatalytic O, evolution although the valence band max-
imum was composed of S 3p orbitals [150].

In total, the best sulfide photocatalyst for H, evolution is Ru—
(CuAg)o.15In0.3Zn1 4S; with a H, evolution rate of 7733 pmol h!

stable for oxidizing water into O, because the $%~ anions are
more vulnerable to be oxidized than water. Therefore, a sulfur-
containing hole scavenger (e.g., Na,S, Na,SO3) is always added
to stabilize sulfide-based photocatalysts. In addition, there is no
sulfide reported for oxygen production even in the presence of
electron scavengers, which is again due to the completion
between sulfur ions oxidation and water oxidation. To make sul-
fides stable, one possible strategy is to make a p-type junction to
enable holes transfer to another semiconductor instead of oxidiz-
ing itself.

In conclusion, Fig. 6 illustrates the representative oxides,
nitrides, and sulfides applied in the visible light-driven water oxi-
dation and reduction. It shows the bandgaps and the VB and CB
positions of the selected oxides, nitrides, and sulfide semicon-
ductor photocatalysts, which are appropriate for hydrogen or/
and oxygen generation. TiO, and ZnO are the most employed
photocatalysts [91-93], but their wide bandgaps lead to them
being inefficient under visible light irradiation. In order to
increase the activity of these photocatalysts and improve their
energy conversion efficiency under visible light irradiation, co-
catalysts loaded on them or bandgap tuning by doping are
widely applied. Very obviously, (oxy)nitrides and (oxy)sulfides
usually have narrower bandgap than oxides, due to that the elec-
tronic potential of the N 2p or S 3p orbitals are higher than that
of than O 2p and the N 2p or S 3p orbitals will dominate the
occupancy of the top of the valence band, leading to band-gap
narrowing [154]. However, $*~ in the mental sulfide photocata-
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Bandgaps and band-edge positions of representative oxide (green), nitride (blue) and sulfide (brown) semiconductors in relation to the redox potentials for
water splitting at pH = 0. Values were taken from references given in Tables 1, 3 and 4. The CB potential of a semiconductor material in aqueous solution
usually exhibits a pH dependence described according to Ecg = Eg H o) — 0.059 pH. The redox potentials of water also have the same linear pH dependence

with a slope of 0.059 V per pH.

TABLE 6

Single photocatalyst for water splitting under visible light irradiation.

Photocatalyst Cocatalyst Activity/umol h™’ QY (%) Ref. (Year)
H; 0,

Ing gsNig.10Ta04 NiO, 16.6 83 0.66(402 nm) [45] (2001)
(Ca;_xZn)N; _, O, Ru-Cr oxides 308.6 1543 2.5(420-440 nm) [155] (2006)
GaN:ZnO Ru,_,Cr, O3 4.6 23 0.16(400-500 nm) [156] (2012)
AgsPW;,040 CQDs-Ag 4.02 201 4.9(480 nm) [157] (2014)
ZrO,/TaON RuO,/Cr,05-1r0, 3.8 1.9 <0.1(420 nm) [158]

(2013)
(Zn1‘44Ge)(N2.0300A38) RUOZ 14.2 74 - [159]

(2007)
Cu,0 - 2 1 0.3(550-600 nm) [160]

(1998)
GaN:ZnO Mn304—Rh/Cr203 11.7 5 1 [161]

(2000)
N-doped graphene oxide-quantum dots - 0.45 0.25 - [162]

(2014)
CdS Carbon dots 0.13 0.06 - [163]

(2017)
CoO Carbon dots 1.67 0.91 1.02(420 nm) [164]

(2017)
Te/SnS, ANLs Ag 3324 166.2 - [165]

(2017)

lysts is preferably oxidized by photogenerated holes accompa-
nied with creation of sulfur [26], whereas, CdS is an excellent
photocatalyst for H, evolution under visible light irradiation, if
an efficient hole scavenger exists. The (oxy)nitrides have similar
drawback to the sulfide, although the former is a bit more stable
than the latter under light irradiation. Meanwhile, WO3 has a
good photocatalytic performance for water oxidation into O,
under visible light irradiation in the presence of an electron
acceptor such as Ag* and Fe®* but is not active for H, evolution
because of its low conduction band level. Some of oxynitirdes,
e.g., LaTiO,N, BaNbO,N, and Y,Ta,OsN,, can also photo-
oxidize water to oxygen while sulfides cannot. The band gap of
a visible light-driven photocatalyst should be narrower than
3.0eV. KTaO3, SrTiO,, TiO,, ZnO,, LaTaO,N, CaTaO,N, and
SINbO,N possess suitable band structures for overall water split-
ting as shown in Fig. 6 while their efficiency is rather moderate.
Nevertheless, the band structure is just a thermodynamic
requirement but not a sufficient condition. Therefore, suitable

band engineering and co-catalyst modification are necessary for
the design of efficient photocatalysts with visible light response
for overall water splitting in Sections “The single photocatalyst
for overall water splitting” and “Z-scheme systems for water
splitting”.

The single photocatalyst for overall water splitting

Photocatalytic water-splitting into H, and O, based on a single
photocatalyst under visible light is a very challenging way to pro-
duce renewable energy resource [166] (Table 6). The most simple
photocatalyst for the overall water splitting under visible light
irradiation was Cu,O [160], which successfully decomposed water
into H, and O, under visible light irradiation without any addi-
tives in the distilled water. However, a part of photocatalysis is
not driven by light but mechanical reason [160]. Another simple
compound for water splitting under visible light irradiation is
nitrogen-doped graphene oxide quantum dots [162], which con-
sisted of the p- and n-type domains, taking responsibility for
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Schematic illustration of the mechanism of overall water splitting on IrO,/Cr,03/Ru0,/ZrO,/TaON photocatalyst. IrO, on TaON was demonstrated to function
as a water oxidation site, and Cr,03 — coated RuO, prevented the water oxidation reaction on RuO,/TaON but functioned as a water reduction site. Reprinted

with permission from([158]). Copyright (2013) American Chemical Society.

electron injection to produce H; and hole injection to produce O,
respectively. Interestingly, carbon dots concentration in carbon
dots-CdS nanocomposites could adjust the stoichiometric ratio
of generated H, and O, and Carbon dots could work as both oxi-
dation and reduction sites when the carbon dots concentration is
high enough [163]. Similarly, carbon dots (CDs) anchored on the
surface of octahedral CoO achieved highly efficient and long-
term stable photocatalytic performance for overall water splitting
under visible light, showing a H, (O,) evolution rate of 1.67 pmol
h™!(0.91 pmol h™!) with an expected 2:1 stoichiometry, which is
up to 6 times as high as that of pristine CoO [164]. Carbon quan-
tum dots and silver nanoparticles were also decorated on the
polyoxometalate (Ag;PW;,0.40) as cocatalysts for water splitting
into H, and O; efficiently under visible light [157]. In this system,
Ag3;PW 1,040 took the main role for water splitting. CQDs could
prevent the dissolution of the photocatalysts in aqueous solution
and also could store electrons to decrease the electron-hole
recombination rate on the surface of the photocatalyst. Ag
nanoparticles played two vital roles: one was to capture the elec-
trons from the CB and CQDs, acting as catalytic sits for hydrogen
generation, the other was to generate electrons due to its strong
localized surface plasmon resonance (LSPR) near the Ag/Ag;PWi,-
Oy interfaces. Similarly, Ag nanoparticles decorated on surface of
SnS, nanoplates (n-type) served as excellent electron collector
and sources of localized surface plasmon resonance sources, and
Te nanowire, a p-type semiconductor served as the branch of
Te/SnS,/Ag artificial nanoleaves (ANLs), which made a “high-
way” of “Te nanowire-SnS; nanoplates-Ag nanoparticles” for effi-
cient light utilization and charge separation, therefore enabled
and improved visible light-driven overall water splitting without
any sacrificial reagent [165].

Oxynitrides have been widely applied for visible light-driven
water splitting as well. ZrO,/TaON solid solution [158] was
modified with suitable cocatalysts for visible light-driven water
splitting into H, and O, without sacrificial reagents as shown
in Fig. 7. IrO, on ZrO,/TaON worked as a water oxidation site,
while Cr,O3/RuO, provided the water reduction site and the
Cr,0j3 shell prevented water oxidation on RuO, core. Another
solid solution GaN/ZnO was loaded with MnOj as a hole accep-
tor for oxidation reaction to produce O, and Rh/Cr,O3 as an
electron acceptor for reduction reaction to produce H, improv-
ing water-splitting activity under visible light [161]. Further-
more, loaded one co-catalyst Rh, ,Cr,O3 on GaN/ZnO
realized a long-time overall water splitting with an apparent
quantum yield of ca. 0.16% at 400-500 nm [156]. GeO, and
ZnO were also mixed with each other under ammonia flow
to create a wurtzite-type structure (Zn; 44Ge)(N;,0500.35), which
was modified by RuO, nanoparticles to achieve the overall
water splitting under both ultraviolet and visible irradiation
[159]. Another solid solution of gallium and zinc nitrogen
oxide (Ga;_,Zn,)(N;_,O,) was modified with a mixed oxide of
rhodium and chromium to produce H, and O, (462.9 and
105.7 pmol h™! g1, respectively) efficiently under solar light
irradiation and performed 2.5% quantum efficiency at 420-
440 nm [155].

In;_,Ni,TaO4 (x =0-0.2) was created by doping nickel into
indium-tantalum-oxide and split water into hydrogen and oxy-
gen stoichiometrically (33.2 and 16.6 umol h~! g~!, respectively)
under visible light irradiation with a quantum yield of about
0.66% (at 402 nm), which gave an example of more efficient
photocatalysts for water splitting by improving its surface area
and suitable surface modifications [45].
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TABLE 7

Z-scheme systems for water splitting under visible light irradiation.

H, photocatalyst 0, photocatalyst Mediator Activity/pmol h' QY (%) Refs. (Year)
H2 o2

Ru/SrTiOs/Rh BiVO, - 47.2 224 1.6 [167] (2015)
(420 nm)

Pt/ZrO,/TaON RuO,/TaON 17/1035 10 4 - [82] (2011)

Rh/SrTiO:(La/Rh) Ir/CoO,/TazNs - 50 25 1.1 [168] (2014)
(420 nm)

Pt-WO; Pt-BaTaO;N 17/103 6 3 - [169] (2009)

Ru/SrTiOs:Rh BiVO, [Co(bpy)s1**2* 100 47 2.1 [170] (2013)
(420 nm)

Coumarin-dye-adsorbed Pt/H4NbgO, IrO,—Pt/WO3 17/l3 242 1.2 <0.1 [171] (2009)
(500 nm)

Pt/BaZrO5;-BaTaO,N PtO,/WO; 17/103 67.4 279 - [47] (2013)

Pt/ZrO,/TaON Ir/R-TiO5/TasNs 1=/l3 - - - [172] (2010)

Pt/SrTiO5:Rh BiVO, Fe**/Fe** 122 61 4 [46] (2013)
(420 nm)

Pt/SrTiO3:Cr/Ta PtO,/H-Cs-WO; 1=/l3 32 16 1.5 [46] (2013)
(420 nm)

Ru/Rh-SrTiO; Ru/Na,V-SrTiOs 17/1035 0.012 0.006 - [173] (2012)

Ru/SrTiOs:Rh IrO,/SrTiO5:Rh/Sb Fe’*/Fe?* 3 1.5 - [48] (2014)

Ru/SrTiOs:La,Rh RuO,/BiVO4:Mo Au 100 50 33 [174] (2016)
(419 nm)

Ru/SrTiOs:La,Rh BiVO4Mo C 8 4 26 [175] (2017)
(419 nm)

Overall, in order to satisfy the band levels suitable for water
reduction and oxidation, the single photocatalysts are mainly
the oxide solid solutions or oxides and (oxy)nitrides solid solu-
tions. At the same time, it is very essential to decorate them by
the cocatalysts to provoke the separation of photogenerated
electron-hole and increase the active sites pairs for the overall
water splitting.

Z-scheme systems for water splitting

Z-scheme systems for water splitting use two different semicon-
ductor photocatalysts, one for H, and the other for O, evolution
separately, for example in Fig. 8. Typically, a shuttle redox medi-
ator is necessary for the Z-scheme system. On the surface of H,

evolution photocatalyst, the reduction sites transfer the conduc-
tion band electrons to hydrogen ions (H*) to create H, and the
electron donors (D) accept valence band holes to yield the corre-
sponding electron acceptors (A) on the oxidation sites. On the
other hand, the forward reactions on the O, evolution photocat-
alysts are for water oxidation by accepting the valence band
holes on the oxidation sites and the electron acceptors (A) are
regenerated to their reduced form (D) on the reduction sites.
Consequently, a cycle of redox pairs (D and A) is necessary and
the overall water-splitting reaction is achieved.

As shown in Table 7, the most frequent shuttles applied in the
Z-scheme water splitting system are 103/1-, I3/I" and Fe®*/Fe**.
(Oxy)nitrides and strontium titanate were regularly utilized as
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the photocatalysts of H, evolution, while WO3; and BiVOy as the
other photocatalysts of O, evolution. Fig. 4 shows a typical Z-
scheme water splitting system, in which RuO,-decorated TaON
as an O, evolution photocatalyst was combined with Pt-loaded
ZrO,/TaON as a H, evolution photocatalyst in an aqueous solu-
tion mixed with NalO3 and Nal [82].

There are many (oxy)nitrides applied in the Z-scheme system
considering that the CB level of N 2p is higher than that of O 2p,
resulting in the narrow bandgap and enhancing the photocat-
alytic activity. Tantalum nitride (TazNs), which was modified
with nanoparticulate iridium (Ir) and rutile titania (R—TiO,) as
an O, evolution photocatalyst, was mixed with Pt-ZrO,/TaON
as a H, evolution photocatalyst to create a water splitting system
in an 103/I" shuttle redox mediator under visible light (1 >420
nm) [172]. Three mixed tantalum oxynitrides, ATaO,;N (A = Ca,
Sr, Ba), were applied in a Z-scheme water-splitting system as a
H, evolution photocatalyst in combination with Pt-WO3 as an
O, evolution photocatalyst under visible light in the presence
of 103/I" shuttle redox [169]. BaZrO3-BaTaO,N solid solution
was also decorated with Pt nanoparticles as a hydrogen photocat-
alyst, and mixed with either PtO,/WO3 or TiO, rutile as water
oxidation promoters in the presence of I03/I" redox mediator,
realizing Z-scheme water splitting under visible light irradiation
[47].

Strontium titanate (SrTiOs3) is stable and photocorrosion-
resistant, and its band gap and band structure are similar to those
of TiO,, so it has been widely applied as both the water reduction
and oxidation catalyst in the photocatalytic water splitting under
visible light. SrTiO3; was used as the parental structure and doped
with either vanadium (and sodium) as water reduction photocat-
alyst or rhodium as water oxidation photocatalyst to introduce
visible light sensitivity in the presence of 103/I" [173]. StTiO3
doped with rhodium was active only for H, evolution, but StTiO3
doped with rhodium and antimony with proper ratio was active
for O, evolution as well, so a Z-scheme system composed of Ru/
SrTiO3:Rh and IrO,/SrTiO5:Rh/Sb was realized in the presence of
Fe**/Fe** redox couple solution under visible light irradiation
[48]. Using a hydrothermal method, a polymerizable complex
method, and a solid-state reaction method to synthesis of SrTiO3:
Rh with different amounts of added Sr, another highly active Z-
scheme system composed of SrTiO3:Rh and BiVO, in the aque-
ous Fe3*/Fe?* solution was created as well [46]. Later, the Z-
scheme system consisting of Ru/SrTiO3:Rh and BiVO, was
reported in the presence of [Co(bpy)s]**/>* and [Co(phen);]**/**
electron mediators using a reaction cell in which the H, and
O, evolution photocatalysts were divided with each other by a
membrane filter [170]. A coumarin-dye-adsorbed lamellar nio-
bium oxide as a hydrogen evolution photocatalyst and WO3 as
an O, evolution photocatalyst achieved sustainable water split-
ting under visible light with I35/ used as a shuttle redox [171].

There were also some Z-scheme systems without addition of
any electron mediator in the reaction solution. For instance,
core/shell structured La- and Rh-codoped S1TiO3; was combined
with Ir/CoO,/Ta3N; for solar-light-driven Z-scheme water split-
ting [168]. At the same time, BiVO4-S1TiO3:Rh composites were
also discovered for Z-scheme water splitting under simulated
sunlight irradiation without electron mediators, in which BiVO,
particles as an O, evolving photocatalyst was attached to Rh—

SrTiO; particles as an H, evolving photocatalyst [167]. This sim-
ple composite photocatalyst got 1.6% quantum yield at 420 nm
without additives, due to the formation of well-crystallized
BiVO, single-crystal-like particles. Very recently, a Z-scheme sys-
tem, based on La- and Rh-codoped SrTiO3; and Mo-doped BiVO,
powders embedded into a gold layer, enhanced the electron relay
by annealing and suppressed undesirable reactions through sur-
face modification, which allowed pure water splitting with a
solar-to-hydrogen energy conversion efficiency (STH) of 1.1%
and an apparent quantum yield (AQY) of over 30% at 419 nm
at 331 K and 10 kPa [174]. Another similar system, a SrTiOs:La,
RhC/BiVO4:Mo sheet was synthesized to achieve unassisted
pure-water splitting with a STH of 1% and an AQY of 26% at a
wavelength of 419 nm [175], which is so far the highest among
Z-scheme pure water splitting operating at ambient pressure.

From above one can see, an efficient Z-scheme system for
water splitting under solar light irradiation requires suitable shut-
tles for electron and hole exchange, between reduction and oxi-
dation photocatalysts. Furthermore, the proper levels of
conduction and VBs and desirable crystal structures can ensure
and improve the performance of a Z-scheme system in visible
light-driven water splitting.

Advancements in carbon-based organic

semiconductor photocatalyst for water redox

Apart from metal-based photocatalysts (such as inorganic semi-
conductors or organometal complexes), the discovery of carbon
based organic semiconductor photocatalysts for visible light-dri-
ven water splitting has recently triggered a great interest [3,155].
Compared to inorganic materials, the family of organic materials
possesses great advantages, such as light-weight, a wealth of ele-
ment resource supplement, diversity of fabrication approaches,
structural control and flexibility, chemically tunable electronic
and optical properties, and low cost [3,155]. Till now, enormous
organic and carbonaceous materials have been developed for
photocatalytic water splitting, including carbon nitride, gra-
phene oxide (GO), heteroatom-doped graphene, boron carbide,
hexagonal boron carbon nitride (h-BCN), conjugated polymers,
as well as non-covalent self-assembly supramolecular systems.
Careful manipulation and detailed investigation in the optical
band gap, HOMO-LUMO energy levels, thermodynamic driving
force, charge carrier mobility, surface area, and interface wettabil-
ity are vital to pursue efficient new photocatalysts for visible
light-driven water splitting [177].

This section provides a summary of the progress of carbon-
based organic semiconductor photocatalyst for water redox reac-
tions, with special highlights on the primary synthetic
approaches, molecular design principles, and the relationship
of structure and performance.

Melon-based carbon nitride photocatalysts

The keen interest of carbon nitride polymer as a photocatalyst for
water splitting reaction has been aroused recently since its first
report as a polymer photocatalyst for water splitting reaction in
2009 [178-180]. This carbon nitride is a n-conjugated polymeric
semiconductor material that possesses a graphite-like sp>-bonded
C—N structure with tri-s-triazine (melem) as the basic building
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TABLE 8

Carbon nitride photocatalysts for hydrogen evolution under visible light illumination.

Photocatalyst Cocatalyst Reactant Light source Hydrogen QY (%) Ref. (Year)
solutions evolution
rate/umol h™’
P3HT/g-C3N,4 Pt Ascorbic acid Xe-300 W, >420 nm 3045 774 [166] (2015)
(420 nm)
g—C3N4—Pt2+ - TEOA Xe-300 W, >400 nm 60.49 - [53] (2016)
g-C3N,4 nanosheets Pt TEOA, K;HPO,  Xe-300 W, L40 cutoff filter 947 26.1 [185] (2015)
(420 nm)
g-C3N4/nitrogen-rich carbon - TEOA Xe-300 W, >420 nm 169 143 [181] (2016)
nanofibers (420 nm)
Nanospherical g-C3sN, composed Pt TEOA Xe-300 W, >420 nm 574 9.6 [186] (2014)
of nanosheets (420 nm)
ATCN modified g-C3N, Pt TEOA Xe-300 W, >420 nm 85 8.8 [186] (2014)
nanosheets (420 nm)
CdS-Au-HCNS Pt TEOA Xe-300 W, >455 nm 277 8.7 [187] (2015)
(420 nm)
g-C3N, “seaweed” Pt TEOA Xe-300 W, >420 nm 99 7.8 [53] (2015)
(420 nm)
Hollow spherical g-C3N,4 Pt TEOA Xe-300 W, >420 nm 224 7.5 [112] (2012)
(HCNS-1) (420 nm)
Phosphoric acid protonated Pt TEOA Xe-300 W, >400 nm 195.8 6.1 [80] (2016)
porous g-C3N,4 nanosheets (420 nm)
Porous P-doped g-C3N,4 Pt TEOA Xe-300 W, >400 nm 80 3.56 [188] (2015)
nanosheets (420 nm)
3 wt% poly(3-hexylthiophene)- Pt Na,S-Na,SO03 Mercury lamp-300 W, >400 nm 560 29 [189] (2011)
g-GNy (420 nm)
Self-sensitized carbon nitride Pt TEOA Xe-300 W, >420 nm 4.96 1.07 [190] (2016)
microspheres(SSCN) (420 nm)
Defect-modified g-C3N, (DCN- Pt TEOA Xe-300 W, >420 nm 100 - [65] (2016)
200)
g-C3N,4 photonic crystals Pt TEOA Xe-300 W, >420 nm 40 - [191] (2016)
Layered g-CsN, obtained at Pt TEOA Xe-300 W, >440 nm 29.9 - [192] (2016)
580 °C
Bulk g-C3N,4 Pt TEOA Xe-300 W, >420 nm 10.7 0.1 [178] (2009)
(420-460 nm)
Urea-derived g-C3N,4 Pt TEOA Xe-300 W, >395 nm 66.55 26.5 [193] (2014)
(400 nm)

unit connected by planar amino groups [177]. This polymer can
be synthesized by thermal polymerization of nitrogen-rich pre-
cursors (e.g., cyanamide, dicyandiamide, melamine, urea, or mix-
tures). Based on the electronic structure calculated by density
functional theory, the carbon and nitrogen atoms serve as the
preferred sites for proton reduction to H, and water oxidation
to Oy, respectively [178]. The band positions of carbon nitride
are located energetically favorable for water splitting, because
the bandgap of carbon nitride polymer was measured to be 2.7
eV with the CB at —1.31 V and VB at 1.49 V vs. NHE [178].
Although carbon nitride polymer has been recognized as a
promising photocatalyst for water reduction, the hydrogen evo-
lution rate of bulk carbon nitride polymer is generally low in
comparison with other inorganic photocatalysts even with the
use of noble metal co-catalysts. The major problems originate
from: (1) limited visible light absorption due to the relatively
large bandgap of melon-based carbon nitride; (2) fast recombina-
tion of photogenerated electron-hole pairs owing to the high
exciton binding energy and the low charge mobility; and (3)
low proton reduction efficiency on its surface as a result of the
covalent bonding nature in carbon nitride. To overcome these
bottlenecks, a variety of techniques have been developed to

increase the hydrogen evolution rate, including heteroatom dop-
ing, copolymerization, defect modification, loading cocatalysts,
pore structure creation, nanostructure engineering, homojunc-
tion and heterojunction design, as well as dye sensitization.
Table 8 lists the representative summary of carbon nitride
photocatalysts for hydrogen evolution under visible light irradi-
ation. Impressively, the development of metal-free composite
photocatalysts provides effective pathways for optimizing the
hydrogen evolution activity of polymeric carbon nitride semi-
conductor. Qu and coworkers demonstrated an interconnected
framework of mesoporous carbon nitride nanofibers merged
with nitrogen-rich carbon for efficient photocatalytic hydrogen
evolution without cocatalysts [181]. The composition and struc-
ture of the nanofibers as well as strong coupling between the
components was reported by the authors to lead to better light-
harvesting properties, improved charge separation, and a multi-
dimensional electron transport path that improve the hydrogen
evolution activity [181]. The as-synthesized catalyst exhibits a
QY of 14.3 % at 420 nm without any cocatalysts [181]. Addition-
ally, the creation of homojunction structures by the defect-
induced self-functionalization also constitutes a promising strat-
egy to realize precise band engineering of carbon nitride for more

912



Materials Today ® Volume 21, Number 8 ® October 2018

RESEARCH

efficient water splitting. Defect-modified carbon nitride (DCN)
photocatalysts, which was synthesized via a low-temperature
heating (<350 °C) of carbon nitride with NaBH, under an inert
atmosphere, showed much extended light absorption with band
gaps decreased from 2.75 to 2.00 eV [182]. The introduction of
cyano terminal C=N groups (acting as electron acceptors) into
the DCN sheet edge rendered the DCN with both n- and p-
type conductivities, and consequently induced the generation
of p—n homojunction [182]. This homojunction structure accel-
erated charge transfer and separation, resulting in a fivefold
improved photocatalytic H, evolution ability [182].

Polymeric carbon nitride photocatalysts have also shown a
great potential in water oxidation half-reaction. However, the
photocatalytic O, evolution reaction on carbon nitride is low
because of the poor charge separation efficiency and sluggish sur-
face kinetics due to the relatively negative LUMO position of the
carbon nitride semiconductor determined by the N 2p hybridiza-
tion. Thus, there is a great necessity to improve the water oxida-

TABLE 9

tion activity of the polymer photocatalysts by electronic
structure modulation, heterostructure construction and cocata-
lyst design. For instance, carbon nitride matrix was deposited
with layered Co(OH), for photocatalytic water oxidation with
UV-vis and visible light illumination [166]. The optimum oxy-
gen evolution rate of the Co(OH),-modified carbon nitride sam-
ple reached 27.4 and 7.1 umol h™! under UV-vis (1 >300 nm)
and visible light (4 >420 nm) irradiation, which are 5.5 and 7
times higher than those for pristine one, respectively [166]. This
cocatalyst modification protocol not only promotes the interface
transfer rate of charge carriers, but also lowers the excessive
energy barrier for O—O formation, thus leading to enhanced
reaction kinetics for photocatalytic water oxidation [166], carbon
nitride matrix was deposited with layered Co(OH), for photocat-
alytic water oxidation with UV-vis and visible light illumination.
The optimum oxygen evolution rate of the Co(OH),-modifed
carbon nitride sample reached 27.4 and 7.1 ymol h™' under
UV-vis (4 >300 nm) and visible light (1 >420 nm) irradiation,

g-C:N, based photocatalysts for overall water splitting under visible light irradiation.

Photocatalyst Light source H, evolution rate/ O, evolution rate/ QY (%) Refs. (Year)
pmol h™’ pmol h™’
Pt-g-C3Ng, Fe**/Fe®*, BiVO, Xe-300W, >395nm 6 3 - [52] (2014)
Pt-g-C3N,, 103/17, Pt-WO3 Xe-300 W, >395 nm 21.2 11.0 - [52] (2014)
Pt-g-C3N,—rGO-WO5 Iron doped metal 2.84 1.46 0.9 (420 nm) [194] (2015)
halide lamp-250 W,
>420 nm
TiO,/C3N4(Pt),103 /17, B-Ni(OH),/WOs(PtO,)  Xe-150 W, full arc 50.2 243 4.94 (365 nm) [195] (2016)
4.01 (405 nm)
2.06 (425 nm)
Carbon nanodots/g-CsN4 nanosheets Xe-300 W, >420 nm 8.4 4.1 16 (420 + 20 nm) [185] (2015)
6.2(580 £ 15 nm)
4.42(600 = 10 nm)
Pt/g-C3N4 nanowire bundles (CN NWB) Xe, >420 nm 3.6 1.78 5.2 (420 nm) [183] (2016)
Pt-PtO,~C00,/g-CsN4 nanosheets Xe-300 W, >300 nm 12.2 6.3 0.3 (405 nm) [181] (2016)
Xe-300 W, >420 nm 1.2 0.6
H,
- » Pt \
Pt reductiony. _ _ _ | e
s ~ i
7 N |
_ej\t + Redox g ‘ ' T
| mediator ¢ < " H
B /I - B ho'
S ~ - = “Qoxidation A
[re————— Urea derived g-CyN; f
! Oxygen evolution ! Hydrogen evolution photocatalyst |
) photocatalyst I e e :
!

Schematic diagram of photogenerated electron transfer in a nature-inspired water splitting system. Urea derived g-C3N, worked as the hydrogen evolution
and two different metal oxides, BiVO, and WO, served as the O, evolution photocatalyst under UV/visible light irradiation [52]. Copyright 2014, American
Chemical Society.
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which are 5.5 and 7 times higher than those for pristine one,
respectively. This cocatalyst modification protocol not only pro-
motes the interface transfer rate of charge carriers, but also lowers
the excessive energy barrier for O—O formation, thus leading to
enhanced reaction kinetics for photocatalytic water oxidation.
Apart from the utilization of carbon nitride photocatalyst in
water splitting half-reactions, it is a vital challenge to establish
photocatalytic overall water splitting system by using carbon
nitride polymers in the absence of sacrificial reagent. Table 9 lists
the reported g-carbon nitride photocatalysts for overall water
splitting under visible light irradiation. One of the feasible path-
ways to realize direct pure water splitting is by rational synthesis
of carbon nitride matrix and modification with appropriate
cocatalysts [183]. For example, Pt and Co3;04 nanoparticles were
specifically loaded onto the interior and exterior surface of hol-
low carbon nitride spheres (HCNS), respectively, to optimize
the surface redox functions of the polymer semiconductors for
overall water splitting [184]. A steady evolution of H, and O,
in a nearly stoichiometric ratio (H,/O,=2.1) was realized on
the HCNS photocatalyst with the Pt and Co304 cocatalysts
loaded on the inner and outer surfaces. Additionally, the rate
of gas evolution increased to ~10 times faster than pure HCNS
(0.3 pmol h™ ' H, and 0.2 pmol h™! O,) and to 3 times faster than
that of the random distribution of Pt and Co304 cocatalysts on
the HCNS outer surface with the same loading amount. The
improved activity was due to the spatially separated reactive sites
for the evolution of H, and O, and the unidirectional transfer of
the electron and hole on the surfaces, thus inhibiting the
unwanted reverse reaction and reducing charge recombination.
Another strategy is to develop a Z-scheme overall water splitting
system, which is composed of two semiconductor photocatalysts
and the closely related redox processes. An overall water splitting
system under visible light irradiation has been constructed
involving Pt-g-C3N4/WO3 and soluble redox mediator (I03/I"
pairs) (Fig. 9) [52]. A stable and reproducible hydrogen evolution
rate and oxygen evolution rate at 36 and 18 ymolh~ ! g™! (in a
ratio of 2:1) from water was tested over 14 h under full arc, and
average rates of 21.2 and 11.0 pmolh ! g! of H, and O, are

TABLE 10

observed under visible irradiation (4 >395 nm) [52]. A higher effi-
ciency for pure water splitting was reported for the carbon-nan-
odots/carbon-nitride nanocomposite, but it seems further works
are needed to confirm reproducibility [185].

To sum up, a large amount of carbon nitride based materials
with enhanced activity have been developed for photocatalytic
water splitting. These works will pave new pathways for the con-
struction of organic photosynthetic units for the sustainable uti-
lization of solar energy [72].

Crystalline carbon nitride photocatalysts

Highly crystalline and fully condensed carbon nitride materials
hold a great prospect for photocatalytic water splitting due to
the optimized structure and the minimized defects (acting as
recombination centers for electron-hole pairs) than the common
melon-based carbon nitride polymers. For such a highly crys-
talline carbon nitride material, it could be generally named as
graphitic carbon nitride (g-C3N4) to distinguish from melon-
based carbon nitride polymers. So far, there have been a handful
of crystalline carbon nitride photocatalysts for water splitting,
such as poly(triazine imide) (PTI), tri-s-triazine-based g-C3Ny4
and poly(heptazine imide). Table 10 lists the crystalline carbon
nitride photocatalysts reported for hydrogen evolution under
visible light illumination. These highly crystalline and suffi-
ciently condensed carbon nitride materials are usually synthe-
sized via salt melt method, because the molten salt can not
only act as a solvent for high-temperature materials synthesis
involving complex organic and inorganic reactions, but also as
a structure directing agent to manipulate texture and porosity
of the products.

PTI is one of the crystalline g-C3N, materials that shows pho-
tocatalytic activity for water splitting. A carbon nitride intercala-
tion compound was obtained by heating melamine with a low
melting point eutectic mixed salts (LiCl-H,O-KCI-NaCl) under
air and ambient pressure [196]. The as-obtained g-C3;N4 nan-
otubes exhibited a high QY of 21.2% at 420 nm for photocat-
alytic H, evolution in TEOA aqueous solution [196]. The
improvement in hydrogen generation was attributed to the

Crystalline carbon nitride photocatalysts for hydrogen evolution half-reaction under visible light illumination.

Photocatalyst Co-catalyst Reactant Light source H, evolution QY (%) Ref. (Year)
solutions rate/umol h™’
CN(Li-K) Pt TEOA Xe-300 W, >300 nm 80 - [202] (2013)
Xe-300 W, >420 nm 0.14

Carbon nitride intercalation compound Pt TEOA Xe-300 W, >420 nm 346 21.2 (420 nm) [196] (2013)
(CNIC) nanotubes

Crystalline carbon nitrides, PTI-0.13 Pt TEOA Xe-300 W, >420 nm 204 15 (400 nm) [203] (2014)

7 (420 nm)

Triazine-based PTI nanosheets Pt TEOA Xe-300 W, >420 nm 3.5 1.3 (400 nm) [204] (2014)

PTI-0.15 Pt TEOA Xe-300 W, 385-740 nm 13 - [197] (2015)

Dendritic tip-on carbon nitride PTI-0.15/ Pt TEOA Xe-300 W, 385-740 nm 33 22.1 (400 nm) [197] (2015)
KCC-1 16.9 (420 nm)

Tri-s-triazine-based g-CsN4 Pt TEOA Xe-300 W, >420 nm 73.6 - [198] (2016)

Tri-s-triazine-based g-C3N4 Pt TEOA K,HPO,  Xe-300 W, >420 nm 770 50.7 (405 nm) [198] (2016)

3-Amino-1,2,4-triazole-5-thiol (lI-LiK-CN) Pt TEOA LED-50 W, >420 nm 203 - [200] (2015)

Guanazole (I-LiK-CN) Pt TEOA LED-50 W, >420 nm 3.3 - [200] (2015)

MoS,/poly(heptazine imide) - TEOA LED-50 W, >420 nm 1.34 - [201] (2016)

MoS,/Co,05/poly(heptazine imide) - TEOA LED-50 W, >420 nm 0.67 - [201] (2016)
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Hydrogen production of the samples and stability test for g-CN-1 under visible light (4 >420 nm) irradiation using TEOA (a and b) as the sacrificial agents.
Reprinted with permission from Ref. [198], Copyright 2016, American Chemical Society.

greatly accelerated transportation and separation of photogener-
ated carriers after inserting the alkali metal salts into the inter-
layer of g-C3N4 [196]. Bhunia et al. prepared triazine-based
carbon nitride materials with different C/N ratios by a two-step
synthesis procedure: starting with the solution state dispersion
of the monomers via hydrogen-bonding supramolecular aggre-
gate of melamine and 2,4,6-triaminopyrimidine, followed by a
salt-melt thermal polycondensation [197]. Moreover, the photo-
catalytic activity was further promoted by providing a dendritic
tip-on-like shape grown on porous fibrous silica KCC-1 spheres,
and photo-depositing with highly dispersed Pt nanoparticles
(<5 nm) [197]. Consequently, the photocatalyst of Pt/PTI/KCC-
1 exhibited a QY of 22.1 + 3% at 400 nm for hydrogen evolution
[197]. This finding provides a feasible pathway for the produc-
tion of viable crystalline carbon nitride by combining salt melt
method with supramolecular pre-organization of precursor,
copolymerization, and nanostructure design.
Tri-s-triazine-based g-C3N, is also a promising photocatalyst
owing to its extended and fully condensed conjugated structure,
which stabilizes the n-electron system for a fast charge mobility
and improves the sunlight-harvesting capability [198]. A crys-
talline tri-s-triazine-based g-C3N4 (g-CN-1) was prepared using
preheated melamine as a precursor and the salt melt method
(Fig. 10) [198]. The SEM images of g-CN-1 sample exhibited a
nanosheet to nanorod structure with a porous structure, and
the high-resolution TEM images reveals a clear hexagonal lattice
structure of the crystal with two lattice fringes [198]. The lattice
fringe corresponding to 0.33 nm might be assigned as the inter-
layer distance, and the other corresponding to 0.98 nm was likely
originated from the in-plane periodicity [198]. The g-CN-1 sam-
ple exhibited a high stability and photocatalytic activity toward
hydrogen and oxygen production from water splitting [198].
Impressively, a high QY of 50.7% at 405 nm for hydrogen produc-
tion has been achieved on tri-s-triazine-based g-C3N,4 by adding
phosphate to mimic natural photosynthetic environment [198].
Poly(heptazine imide), which reveals a two-dimensional pla-
nar heptazine-based network containing isolated melamine

molecules in the trigonal voids, has been recently used as a pho-
tocatalyst for water splitting [199]. Partially negatively charged
potassium poly(heptazine imides) was prepared by the pyrolysis
of 3,5-disubstituted-1,2,4-triazole derivatives, 3,5-diamino-1,2,4-
triazole and 3-amino-1,2,4-triazole-5-thiol in LiCl/KCI salt melts
[200]. The potassium poly(heptazine imides) exhibited a high
photocatalytic activity in hydrogen evolution reaction upon vis-
ible light irradiation with a Pt cocatalyst[200]. Furthermore,
MoS,/Co,03/poly(heptazine imide) composites were also pre-
pared by ionothermal condensation of 3-amino-1,2,4-triazole-5-
thiol, using small quantities of MoCls and a reactive Co precursor
for the introduction of MoS, nanoparticles and cobalt species,
respectively [201]. The materials were active in both noble-
metal-free water reduction and water oxidation half reactions
upon visible light irradiation [201]. MoS,/Co,03/poly(heptazine
imide) exhibited 10% of the hydrogen evolution activity of a ref-
erence Pt/g-C3N4 composite, and half of the oxygen evolution
rate of the reference Co3;04/S-doped carbon nitride material
[201].

In summary, a series of crystalline carbon nitride photocata-
lysts for half reactions in water splitting, including poly(triazine
imide) (PTI), tri-s-triazine-based g-CsN, and poly(heptazine
imide) have been prepared from the salt molten synthetic pro-
cess. By tailoring the crystallinity and conjugated subunits of
the carbon nitride photocatalysis, crystalline carbon nitride com-
pounds are anticipated to show a great potential to solar energy
applications, such as water splitting, CO, photofixation, organic
photosynthesis, and pollutant degradation.

Graphene oxide (GO) and heteroatom doped graphene based
photocatalysts

Graphene, a single-atom-thick planar sheet of sp® hybridized car-
bons that are densely bound in a hexagonal lattice, has received a
considerable interest owing to its unique physical and chemical
properties [205]. However, the (half)-metallic feature and zero
bandgap nature of pristine graphene limits its direct application
as a photocatalyst [205]. In most of the studies, graphene is used
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as an electron acceptor or conductor to combine with other semi-
conductors forming composite photocatalysts for water splitting
[205].

Graphene oxide (GO) has a wider bandgap than graphene,
and may serve as a potential candidate for photocatalytic water
splitting [206]. GO semiconductor with an apparent bandgap
of 2.4-4.3 eV was synthesized by a modified Hummers' proce-
dure [206]. Under UV or visible light irradiation, GO photocat-
alyst steadily catalyzes H, production from a 20vol.%
methanol aqueous solution and pure water [206]. Nevertheless,
the p-type conductivity of GO hinders photogenerated hole
transfer for water oxidation and prohibits O, evolution. To
overcome this problem, a n-type N-containing GO semicon-
ductor was synthesized by treating GO with NH;3 gas at room
temperature to introduce amino and amide groups into its sur-
face [207]. The N-containing GO effectively accelerates the
transfer of photogenerated holes for photocatalytic oxygen
evolution and suppressed H, evolution in a methanol aqueous
solution [207]. N-containing GO exhibited the ability to simul-
taneously catalyze H, and O, evolutions from pure water
under visible light irradiation, but with a H,/O, molar ratio
below 2 [207]. Rationally controlling the degree of oxidation,
size, morphology, and composition is expected to modify the
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electronic structure, optical properties, and photocatalytic per-
formance of GO [205].

Heteroatom (e.g., B, N, P, F, Cl, Br, I)-doped graphene is a kind
of graphene-based photocatalyst for water splitting, because het-
eroatom doping in ideal graphene sheets could open up their
bandgap and transform zero bandgap graphene into a semicon-
ductor. For example, P-doped graphene (denoted as (P)G) photo-
catalyst was synthesized by pyrolysis of H,PO4 modified alginate
(an abundant and natural oligosaccharide) at 900 °C under an
inert [208]. The optical bandgap and the photocatalytic perfor-
mance of (P)G increase with the P content [208]. The hydrogen
evolution rate increased greatly with the percentage of H,POy
introduced during the preparation of (P)G, and the (P)G-4 sam-
ple prepared with the maximum percentage of H,PO; showed
the best photocatalytic activity of 12 umol g~'h~! H, evolution
rate [208]. The optimal (P)G-4 photocatalyst exhibited a much
higher hydrogen evolution rate than both GO and graphene of
below 2 umol g~ ' h™! H, evolution rate under UV/Vis illumina-
tion from water/methanol mixtures [208]. TEOA as the hole scav-
enger also largely promoted the H, evolution rate to 300 pmol
¢ 'h™! under the same experimental conditions for (P)G-4
[208]. More highly efficient photocatalysts based on heteroatom
doped graphene are envisaged via manipulation of the type of

(b) V vs. NHE, pH=7
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(a) Chemical structure of Co®*/h-BCN. (b) The determined band structure of BCN-x, where x (30, 40, 70) is the percentage weight content of glucose to boron
oxide, with respect to normal hydrogen electrode (NHE). (c) Stable hydrogen evolution from water by of h-BCN under visible light. The reaction continued for
104 h, with evacuation every 20 h (dashed line). (d) Time courses of oxygen production from water by Ni-Co LDHs/h-BCN under visible light illumination (4
>420 nm). Reprinted with permission from Ref. [166], Copyright 2015, Springer-Verlag. Reprinted with permission from Ref. [210], Copyright 2015, Nature

Publishing Group.
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dopants and their bonding configurations in the graphene
framework [205]. Benefiting from the advantages of wide avail-
ability, sustainability, and easy derivatization, the use of
graphene-like materials as photocatalysts provides new avenue
for solar energy conversion.

Boron carbide and hexagonal boron carbon nitride (h-BCN)
photocatalysts

Boron carbide and hexagonal boron carbon nitride (h-BCN) are
interesting new class of efficient metal-free photocatalysts for
water splitting reaction. Two boron carbides (B, 3C and B13Cy)
were developed as photocatalysts for H, production [209]. The
hydrogen evolution rate over B4 3C reached ca. 14.5 umol h™!
g’l, which is over 3 times larger than that over B;3C, (4.5
umol h™' g=!) without metal co-catalysts [209]. The structural
defects and distortions in boron carbide were the main factors
that affected their band structures and photocatalytic abilities
for water splitting [209].

Besides that, h-BCN, formed by carbon doping of layered
hexagonal boron nitride nanosheets, has also emerged as an
active photocatalyst for water splitting under visible light irradi-
ation (Fig. 11b and c) [210]. Based on theoretical and experimen-
tal investigations, the visible light absorption and emission with
tunable wavelength could be realized via manipulating the car-
bon content in (B, N) rich h-BCN nanostructures. hi-BCN materi-
als with different amounts of incorporated carbon were
synthesized by a pyrolysis method via heating the mixture of
glucose, boron oxide and urea in an ammonia atmosphere at
1250 °C for 5h [210]. Meanwhile, the bandgap of ternary h-
BCN could be effectively narrowed by doping aromatic carbon
into the boron nitride lattice (Fig. 11b) [210]. The most active
BCN-30 exhibited an appropriate band structure (bandgap ~
2.72eV,CB~ —1.24V, VB ~ 1.48 V vs. NHE at pH 7), straddling
potentials of both water reduction and water oxidation [210]. In
the hydrogen evolution studies, BCN-30 showed a hydrogen evo-
lution rate of 6.0 pumol h™! when loaded with 3 wt.% Pt cocata-
lyst, and 3.6 pmol h™! without a cocatalyst under visible light
(4 >420 nm) (Fig. 11c) [210]. The AQY of 1.0 wt% Pt-loaded
BCN-30 was calculated to be 0.54% at 405 nm. In the water oxi-
dation array, the Ni-Co-layered double hydroxides (Ni-Co
LDHs)/h-BCN catalyst liberated 11 umol O, in 20-h reaction with
visible light, and generated 35 pmol O, with UV light [210]. Sim-
ilarly, after intercalating cobalt ions in the h-BCN host, the syn-
ergic catalysis improved charge separation and lowered reaction
barriers, hence promoting the photocatalytic water oxidation
activity of the layered Co/h-BCN hybrid (Fig. 11a and d) [166].
The h-BCN with high specific surface area showed a strong chem-
ical affinity toward metal ions owing to the “lop-sided” densities
feature of ionic B—N bonding, enabling the generation of metal/
h-BCN composite-layered structures with unique properties
[166]. These sustainable photocatalysts composed of lightweight
elements show great potential for the innovative creation of pho-
toredox cascades for solar energy utilization and conversion
[166].

Conjugated polymer photocatalysts
Conjugated polymers, such as n-conjugated linear polymers,
heptazine-based microporous polymer networks, covalent

triazine frameworks, covalent organic frameworks (COF), and
conjugated porous polymers, represent a new generation of
organic photocatalysts for water splitting [204,211,212].

Cooper et al. developed 15 polymer networks using Pd(0)-
catalyzed Suzuki-Miyaura polycondensation of 1,4-benzene
diboronic acid (1) and/or 1,3,6,8-tetraboronic pinacol ester of
pyrene (3) and/or 1,2,4,5-tetrabromobenzene (2) and/or
1,3,6,8-tetrabromopyrene (4) [213]. The optical gap in a series
of microporous copolymers was finely manipulated over a broad
range (1.94-2.95 eV) by varying monomer composition [213].
The amorphous, microporous organic polymers with specific
monomer compositions can act as robust and effective photocat-
alysts for H, evolution in the presence of a sacrificial electron
donor, without the apparent need for an additional metal cocat-
alyst [213]. Wang and Zhang et al. developed a variety of conju-
gated polybenzothiadiazoles polymers with defined energy-band
structures and charge-transfer and charge-separation abilities by
copolymerizing the electron withdrawing benzothiadiazole units
at different positions on phenyl rings (Fig. 12) [214]. Photocat-
alytic H, evolution efficiencies up to 116 pmol h™! and an QY
of 4.01 % at 420 nm were observed by employing the linear poly-
mer based on a phenyl-benzothiadiazole alternating main chain
with TEOA as the sacrificial agent [214]. The superior activity of
its light-induced charge-transfer, charge-separation, and
electron-transfer ability were the main reasons that contributed
to the superior catalytic efficiency of the linear polybenzothiadi-
azole [214]. Additionally, a series of 2D azine-linked COFs were
also prepared using a triphenylene platform that was modified
for photocatalytic water reduction through a molecular design
(Fig. 12) [215]. The building blocks were composed of hydrazine
and triphenylarylaldehydes with different numbers (0-3) of
nitrogen atoms in the central aryl ring [215]. Although all four
COFs exhibited an optical bandgap between 2.6 and 2.7 eV and
similar optical absorption profiles, a gradual enhancement in
porosity and crystallinity from Ny—COF to N3;—COF was
observed with the increase in nitrogen content and the planarity
of the building blocks resulted [215]. A 4-fold increase in H, evo-
lution was detected under visible light irradiation with each isol-
able substitution of C—H by N in the central aryl ring of the COF
platform [215]. The average amount of H, produced by the series
No, Ny, Ny, and N3—COF was found to be 0.1, 0.4, 2.2, and 8.5
pumol h™?, respectively [215]. The integration of the salient fea-
tures, such as crystallinity, porosity, stability, and the ability of
extended visible light harvesting, contribute to the genesis of
COFs capable of photocatalytic hydrogen evolution [216]. Espe-
cially, 1,3-diyne-linked conjugated microporous polymer
nanosheets (CMPNs) prepared by 1,3,5-tris(4-ethynylpheyl)-ben
zene (TEPB) and 1,3,5-triethynylbenzene (TEB) respectively,
could act as highly efficient photocatalysts for pure water (pH
~ 7) into stoichiometric amounts of H, and O, under visible
light [217]. The apparent quantum efficiencies at 420 nm are
10.3% and 7.6% for CMPNs synthesized from TEPB and TEB,
respectively; the measured solar-to-hydrogen conversion effi-
ciency using the full solar spectrum could reach 0.6%, surpassing
photosynthetic plants in converting solar energy to biomass
(globally average ~0.10%) [217].

Taking account of the wide number of organic compounds
and the variety of structural variations which can be made
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FIGURE 12

(a) Structures of two series of polybenzothiadiazoles with different molecular designs. (b) HOMO and LUMO band position of the polymers (the standard error
of LUMO position is £0.008 eV from three measurements). Reprinted with permission from Ref. [214], Copyright 2016, Wiley-VCH Verlag.

synthetically, the development of more efficient conjugated
polymer photocatalysts for enhanced water splitting, by photo-
synthesis, is envisaged [183].

Supramolecular organic photocatalysts

Compared to the COFs, non-covalent self-assembly supramolecu-
lar system composed of purely perylene-3,4,9,10-tetracarboxylic
diimide (PDINH) organic molecules was also used as a photocata-
lyst for visible light-driven water oxidation [182]. The photocata-
lyst has a bandgap of 2.20 eV, a CB at —0.049 V, and a VB at 2.20
V vs. NHE. Upon visible light irradiation, photo-induced elec-
trons tend to migrate along the long-range transport pathway
through charge delocalization, whereas holes spread out over
self-assembled PDINH supramolecular system with nanoscale
thickness to oxidize water into oxygen, resulting in an effective
spatial charge separation. The amount of produced oxygen
reached 1.29 pmol after 10 h of reaction in the presence of AgNO3

electron acceptor with visible light (1 >420 nm) irradiation. The
photocatalytic activity of the PDINH supramolecular system
was attributed to the band-like electronic energy-level structure,
which originated from orbital overlaps between PDINH molecu-
lar units and long-range conjugated n-delocalization within the
self-assembled PDINH supramolecular system. Their findings will
pave new pathways for photocatalysis based on self-assembled
supramolecular systems.

Advancements in the semiconductor-coordination

compound systems for water splitting

Coordination compounds have regarded to play multiple func-
tions in the photocatalytic water splitting processes. They can
serve either as (i) photocatalysts (light absorbers) alone or in
combination with semiconductor particles; (ii) electron transfer
mediators facilitating the charge transfer between the photosen-
sitizer and catalytic centers or between two photoactive compo-

918



Materials Today ® Volume 21, Number 8 ® October 2018

RESEARCH

electron donor;ey

H,O
(Hz0) 5 2
) photo- , :
catalyst mediator mediator — catalyst
catalyst :
electron donory i H
(02) < » 2
hole flow electron flow
oo o
A /ﬂ_ e
— H,O / H,
5 |2 hv
[donor]ex / [donor]req /_\ /_\_
""""" y
catalyst mediator photocatalyst mediator catalyst
C B A B C
electron donor;ey H,0
(H20)
photo- ) photo-
catalyst mediator catalyst
catalyst 1 catalyst 2
electron donor,y H
(02) > 2
electron flow
©
_9 o
- 0y 9
_©9 H.0 / H,
||z — 1 o |w
ol . N
215 ) T Ny
0|8 V1 D
a [S) o
[donor]ex / [donor]req /_\_V
catalyst photocatalyst 1 mediator photocatalyst 2 catalyst
C A B A C

FIGURE 13

Possible roles of coordination compounds in classical (top) and Z-scheme (bottom) photocatalytic water splitting systems: (a) coordination compound as a
photocatalyst alone or as a photosensitizer of semiconductor particles; (b) electron shuttling mediator; (c) cocatalyst of water reduction or oxidation. In the
classical photocatalytic water splitting system, H, and O, evolution occur in a single photocatalyst, and electrons and holes flow toward to the opposite side.
On the other hand, water oxidation and reduction reactions proceed on the separate photocatalysts and electron flow from O, evolution catalyst to H,

evolution catalyst.

nents in a Z-scheme; or (iii) catalytic sites of a system facilitating
the charge collection and water reduction/oxidation. These func-
tionalities of coordination compounds have been summarized in
Fig. 13 and will be discussed in the following sections.

Coordination compounds as photosensitizers
Several examples of the application of coordination compounds
as photosensitizers of semiconductors were listed in the Sec-
tion “Oxide photocatalysts for half reactions”. Excited com-
plexes adsorbed, or better chemically bound to the
semiconductor surface, may inject electrons to the CB or holes
to the VB of the semiconductor. In particular, ruthenium com-
plexes may play a role of the photosensitizers.

Application of coordination compounds, particularly with
organic ligands, may be associated with a limited overall stability
of the photocatalytic systems. Organic ligands may be prone to

oxidation by photogenerated holes and/or reactive oxygen spe-
cies formed in the aqueous media.

Coordination compounds as electron transfer mediators

Transition metal complexes can be also considered as electron-
transfer mediators in Z-scheme systems for water splitting. They
can be used instead of ionic electron mediators, such as I03/1,
I3/1,” and Fe®*/Fe?*. Unfortunately, these redox couples are not
perfectly suited for all Z-scheme systems. Since the early 2000s,
some attempts have been made to use metal complexes as redox
shuttles in dye-sensitized solar cells (DSSC). Nusbaumer et al.
have found that the cobalt redox couple, 2,6-bis(1’-butylbenzimi
dazol-2'-yl)pyridine ([Co(dbbip),]**/**), offers similar perfor-
mance as an electron mediator as the well-known I3/I” redox
couple [218]. Also, other cobalt complexes, as well as nickel
and iron species, have been found to be active as electron medi-
ators [218-223]. Sasaki et al. were the first who investigated the
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effectiveness of cobalt complexes with 1,10-phenanthroline, [Co
(phen);]**?*, and 2,2’-bipyridine, [Co(bpy)s]**/**, ligands as
redox shuttles for visible light-driven Z-scheme photocatalytic
systems [46]. In the case of the (Ru/StTiO3:Rh)-(BiVO,) Z-
scheme, authors observed that the activity of the [Co
(bpy)s]**** electron mediator system was higher when compared
to the activity of [Co(phen);]**/**, whereas in the Ru(0.5 wt%)-
decorated (CuGa)ggZng4S;, BiVO4 photocatalytic system, the
cobalt complex with terpyridine [Co(terpy)s]>*/?* was the most
effective mediator [224]. These examples show a flexibility of
the used mediators, where a simple change of the ligand can
influence properties of the coordinated compound [225].
Although the results are promising, only a few examples were
reported and this topic has not been sufficiently explored yet.

There are some analogies between an electron mediator in the
Z-scheme photocatalytic system and that in the dye-sensitized
solar cell (DSSC). Based on the studies on the use of transition
metal complexes as electron-transfer mediators in the DSSC,
some conclusions on the possibility of applying them in the Z-
scheme systems can be made. Both applications required appro-
priate redox potentials, good reversibility and an efficient elec-
tron transfer through the solid-liquid interface. One of the
most studied redox shuttles, in the case of DSSC, is the cobalt
(III/II) redox pair. These electron transfer mediators
([CoL3]3*%*) have several advantages over the ionic redox shut-
tles based on iodine and iron species. First of all, their redox
potentials are easily tunable. Through variation of the ligands
the formal potential can be tuned by over 400 mV [226]. Another
advantage of the cobalt(IlI/II) redox shuttles is a low visible light
absorption, especially when compared to the I5/I" couple. On
the other hand, these systems have some drawbacks, including
a relatively slow mass transport compared to I3/I” and a high
reorganization energy [226]. Also, a relatively low solubility of
Co®" complexes causes some problems in charge transportation
between two semiconductors [218,221].

Coordination compounds as molecular cocatalysts

Catalysts of water reduction or oxidation may be based not only
on metallic or metal oxide nanoparticles, but also on coordina-
tion compounds. Such moieties attached to the semiconductor
surface exchange electrons (or holes) with the excited photocat-
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FIGURE 14

alyst and facilitate reduction (or oxidation) of water molecules.
Dinuclear iron complexes combined with a semiconductor
(e.g., ZnS, MOF (metal organic framework)) were good examples
of such systems [227].

The studies on bioinspired diiron catalysts with semiconduc-
tors were initiated by Wu and coworkers [228]. A substitution
of one CO with other ligands or attachment of other groups to
S-bridges were involved to tune catalytic properties of the com-
plex. For instance, a water soluble diiron species in combination
with CdTe quantum dots and ascorbate photocatalyzed H, pro-
duction in aqueous solutions at pH 4, with the TON (turnover
number) exceeding 500 (calculated for the diiron complex)
[228]. The reported TON was further increased by the factor of
ca. 100 when [Fe,(CO)g(pn-adt)CH,CgHs] (adt = azapropane-1,3-
dithiolato) was used as the catalyst together with chitosan consti-
tuting a specific surrounding of the active site. The diiron com-
plex [Fe;S2(CO)g), attached to the surface of CdSe QDs in H,O/
CH,Cl,, has shown a high TOF (turnover frequency) of 596 h™!
when irradiated with a 410-nm LED [4,10,228].

The diiron complex, [(u-SPh-4-NH,),Fe,(CO)g], was used to
functionalize ZnS as a catalyst for photocatalytic water reduction
[229]. An efficient electron transfer from excited ZnS to the
adsorbed complex enabled enhancement of the photocatalytic
H, production in the hybrid system by the factor of approxi-
mately 12, compared to ZnS alone using ascorbate as a sacrificial
electron donor. The apparent quantum yield of the hydrogen
generation reached 2.5% at 325 nm.

A similar approach was employed in the systems utilizing
cobalt complexes instead of the diiron moieties. Cobalt coordi-
nation compounds (Fig. 14) were combined with CdS, CdSe,
CdTe, ZnS, TiO, and g-C3Ny4 [227]. In CdS systems the hydrogen
evolution reached the quantum yield of 9.1% (at TON=171)
[230], while in the case of CdSe — even 25% at TON =3 x 10°
[231], when cobalt complexes from the families 2 and 3 were
involved, respectively. The photocatalytic H, evolution was also
achieved in cobaloxime-g-C;N, systems, in which TON values
reached up to 281 [232].

Beside cobalt and iron complexes also nickel-based coordina-
tion compounds can play the role of water reduction cocatalysts.
In the system presented in Fig. 15, involving a tris(bipyridine)
ruthenium(Il) derivative as the photosensitizer of TiO, and

: A

X,Y,Y =H,Cl, Me

w

Structures of cobalt(lll) complexes used as cocatalysts of proton reduction reactions in semiconductor photocatalytic systems.
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Structures of multinuclear manganese and ruthenium complexes facilitating water oxidation.

Ni(Il) complex as the cocatalyst the quantum yield efficiency of
H, production reaches 10% at 460 nm. The main drawback of
the system is its low photostability, as photocatalytic degrada-
tion of organic ligands takes place in the system.

Water splitting also requires an efficient water oxidation pro-
cess, which is even more demanding than water reduction [27].
In this half reaction, four holes are involved to produce one O,
molecule. Coordination compounds can be involved also to cat-
alyze this reaction. Due to the high number of involved electrons
(or holes), multinuclear complexes are often considered. They
mimic the so-called Oxygen Evolving Complex (OEC) involved
in the photosystem II that is based on the [Mn,CaOs] core. Possi-
ble artificial OECs involve di- and multinuclear complexes with
oxygen bridges, like [(terpy)(H,O)Mn(u-O),Mn(terpy)(H,0)]**,
Mn,O4 and other multinuclear complexes of manganese [233],
ruthenium (Ru™(u-O)Ru™) [234], Fe,O3 (hematite) [235], cobalt
complexes [236,237], mono- and dinuclear Ru(II) complexes with
bipyridyl ligands [227,238,239]. Selected structures of OECs are

presented in Fig. 16 [240]. Moreover, the multinuclear complexes
could realize water oxidation by combining with good stability,
durability, and accessibility of heterogeneous metal oxide cata-
lysts. For example, K;[Co™Co"(H,0)W;,030]-15H,0, a Keggin
POM composing of only earth-abundant elements (cobalt, tung-
sten, and oxygen) and a unique mixed-valence Co(III) and Co(II)
structural feature, works efficiently and stably for water oxidation
under the visible light irradiation [111]. Another typical example
to immobilize homogeneous catalysts on the surfaces of hetero-
geneous materials without losing their reactivity and stability is
confining ruthenium molecular catalysts, [Ru"(bda)(pic),] (bda:
2,2'-bipyridine-6,6'-dicarboxylate), in the nanocage of SBA-16,
which exhibits a significantly higher activity and stability than
the corresponding homogeneous catalyst for water oxidation
[112]. Above all, the multinuclear complexes somehow combine
the advantageous merits of both heterogeneous and homoge-
neous catalysis, capable to keep the general high efficiency and
enhance the stability from the heterogeneous system.
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Summary and outlook

Photocatalytic hydrogen and oxygen production based on solar-
driven water splitting in a suspension system is one of the most
environmental and economic ways to utilize solar energy. Inor-
ganic semiconductors, organic carbon-based photocatalysts and
semiconductor-coordination compounds applied in the visible
light-driven water splitting systems have a great potential to
boost the photocatalyst efficiency to approach the industrial
application at large scale.

Oxide materials have the longest history in the studies for the
photocatalytic water redox into H, and O, [3,241], hence they
have widely been explored. Essentially, visible light-active pho-
tocatalysts, especially native visible light-active photocatalysts,
such as BiVO4-, and ABOs-type photocatalysts, have narrow
bandgaps less than 3.0 eV. Non-oxide materials, such as (oxy)ni-
tride and (oxy)sulfide photocatalysts, have the potential to appli-
cation in overall water splitting as the nitrogen or sulfur atoms
replacing oxygen atoms in the crystals could narrow the band
gap and increase the light absorption. Typically, the overall water
splitting into H, and O, by solar light is a promising way to gen-
erate renewable hydrogen fuel. Among them polyoxometalate
(Ag3PW;,040) decorated by carbon quantum dots and silver
nanoparticles was efficiently applied for water splitting into H,
and O, under visible light [157], resulting into the high quantum
efficiency of 4.9% at the wavelength of 480 nm. In a Z-scheme
system, SrTiO3:Rh and BiVO, mixed with the aqueous Fe**/Fe**
solution split water into hydrogen and oxygen under visible light
illumination as well [46], with the quantum efficiency of 4% at
420 nm. The highly efficient StTiO3:Rh photocatalysts synthe-
sized by hydrothermal and polymerizable complex methods
greatly improved the efficiency for overall water splitting in a
Z-scheme system. The so far most efficient Z-scheme is the solid
Z-scheme system composed of SrTiO3:La,Rh/C/BiVO4:Mo sheets,
which achieved unassisted pure-water splitting with a STH about
1.0% at ambient pressure [175]. Simultaneously, the StTiOs:La,
Rh/Au/BiVO4:Mo sheets are also competitive candidates for real-
izing the overall water splitting under visible light irradiation,
which exhibited an AQY of 33% at 419 nm and an STH of
1.1% in overall pure water splitting [174].

Whereas, most of these inorganic semiconductors are highly
stable and robust, they are often barely tunable [215]. Although
inorganic photocatalysts dominated the field of photocatalytic
water splitting in the past decades, organic semiconductors are
emerging as effective photocatalysts with increasing fascinating
opportunities because the structures and properties of organic
photocatalysts can be easily tailored. Many metal-free or organic
photocatalysts, including carbon nitride, GO, heteroatom-doped
graphene, boron carbide, h-BCN, conjugated polymer, and
supramolecular organic system, have been designed and prelim-
inarily tested in water splitting with visible light irradiation. The
photocatalytic water splitting activity of these organic photocat-
alysts will be significantly improved by taking advantage of the
protocols of molecular design and band structure engineering.

Coordination compounds in Z-scheme water splitting systems
could work alone as a photocatalyst, or a photosensitizer, an
electron shuttling mediator, or a cocatalyst of water reduction/
oxidation. For example, ruthenium complexes [118] are

particularly applied as the photosensitizers to be excited by the
visible light, leading to electron transfer to the adherent semi-
conductors. Transition metal complexes, cobalt complexes, and
nickel and iron species have been found to be active as electron
mediators in a Z-scheme overall water splitting system.

The target of solar energy conversion efficiency by photocat-
alytic and photoelectrochemical water splitting was predicted
at 10% for approximately 10,000 “solar plants” (5 km * 5 km in
area per plant) to satisfy one-third of the projected energy needs
of human society in 2050 [176]. Correspondingly, it is necessary
to achieve 30% quantum yield at 600 nm of water splitting into
H, and O, [26], then the efficiency gives about 5% of solar energy
to hydrogen fuel. The current benchmark quantum yield is far
away from this target although tremendous progress has been
achieved in the field of the photocatalytic water splitting into
hydrogen and oxygen under visible light irradiation in a suspen-
sion system. The SrTiO;:La, Rh/Au/BiVO4sMo and SrTiOs: La,
Rh/C/BiVO4:Mo sheets are approaching this target but the quan-
tum yield is still low. Therefore, there is more work to be fulfilled
in the future. Firstly, the exploration of simple, inexpensive,
large-scale and reproducible photocatalysts and subtle control
of their composition, crystallinity and microstructure are vital
for increasing the light absorption, charge transfer, and active
sites, simultaneously preventing the charge carriers’ recombina-
tion. Secondly, it is anticipated to explore and broaden the appli-
cations of these photocatalysts in the solar energy conversion,
including water splitting (even for overall water splitting without
any sacrificial agent), CO, reduction, environmental remedia-
tion, and ammonia synthesis. Third, device fabrication, equiva-
lent to material discovery, should be paid attention as it has
hardly been investigated. Finally, the investigation of charge-
carrier dynamics, the nature of the catalytically active sites and
reaction intermediates will be required to fully understand the
photocatalytic process at molecular level, which can further
boost the efficiency of these photocatalysts and make them prac-
tically viable. In total, photocatalytic water splitting is still at
early stage. Substantial efforts are required to push it forward
and coordination between material science, photochemistry,
photophysics, and engineering is crucial to achieve the mini-
mum threshold of 10% solar to fuel conversion efficiency.
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