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utilization and conversion methods with the aid of various heterogeneous catalysts. Special emphasis has
been placed on TiO, photoanode catalysts, band-gap engineering, TiO,-coupled light-harvesting
molecules, and photon-coupled electron transfer via electron transport mediator systems. Furthermore,
the coverage of this review extends to the topics of oxygen evolution catalysts, water reduction catalysts,

gﬁﬁﬁiﬁzlysis and a system assembly capable of completing the four-electron water-oxidation reaction for efficient
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Introduction light (anodic corrosion free), inexpensive, and non-toxic [9]. The

Although fossil fuels have been the main source of global
energy, arguably due to their low cost, their significance is
expected to diminish gradually and consistently for several
reasons, including environmental concerns, perennial price
fluctuations, and dwindling hydrocarbon reserves [1]. In contrast,
the demand for renewable energy has been growing rapidly [2]. In
the quest to meet global energy demand and secure environmen-
tally benign energy sources, the development of renewable energy
has become imperative.

Among various renewable sources, solar energy seems to be the
most preferable option because of its abundance, low cost, and low
carbon footprint. A quick analysis indicates that global energy
demand could be met by harvesting 90 min of incident solar
radiation [3]. Such a system could supply power at a rate of
1.2 x10° TW (1TW=10"]/s), which exceeds the current global
power demand of 17 TW [3]. The primary challenge in harnessing
solar energy lies in the high degree of uncertainty with regard to its
availability, quality, and quantity. Incident solar energy is diffuse
and sensitive to atmospheric and geographical conditions. One
effective solution to this problem could be converting the solar
energy into a form that can be used in the absence of natural
sunlight.

A primary contender for solar energy storage is chemical up-
conversion (H, production) through water splitting using artificial
photosynthesis or the reduction of carbon compounds [4]. Another
global problem that can be solved by harnessing solar energy is the
mitigation of air and water pollution, which can be accomplished
through photo-induced catalysis of pollutants. Photocatalysis can
be defined as the mechanism through which a chemical
transformation is accelerated by a catalyst with the aid of solar
irradiation/light [5]. In theory, any semiconducting material able to
harvest solar radiation and generate free radicals has photo-
catalytic potential. However, photocatalysis agents are generally
large band-gap semiconductors, such as titanium dioxide (TiO;),
zinc oxide (ZnO), and cerium oxide (CeO,). Low band-gap
photocatalysts (e.g., cadmium sulfide (CdS) and iron oxide
(Fe;03)) do exist, but they have limitations (e.g., photo anodic
corrosion) that limit their applications in many profitable fields
(e.g., photocatalysts for water purification, water splitting, or oil
spill remediation) [6]. Fig. 1 shows potential applications of
photocatalysis. This review considers water splitting and environ-
mental remediation, with particular focus on photocatalyzed
water splitting. Figs. 2 and 3 show a simple flowchart for both
processes.

TiO,, or Titania, is one of the most studied large band gap
semiconductors. It has long been regarded as the gold-standard
against which to evaluate the performance of newer materials.
Many reviews and published articles have detailed the benefits of
using TiO, as the core photocatalyst in many applications [7,8].
Therefore, only a brief description will be provided here. Note that
TiO, exists mainly in three phases of crystal structures (e.g.,
anatase, rutile, and brookite). Among those three, anatase and
rutile are identified as the most common phases. The anatase
phase of titania is preferred because of its excellent characteristics:
it is photoactive, biologically and chemically inert, stable toward

anatase phase is thus used as the most effective photocatalyst
[7,10]. However, it absorbs selectively in the ultraviolet (UV)
spectrum because of its high band gap (3.0-3.2eV) [10,11]. The UV
region constitutes only a minor fraction (3-5%) of the total solar
energy relative to visible light (45%) and therefore cannot be used
effectively for practical applications. In the early 1970s, the
photocatalytic splitting of water on TiO, electrodes was first
introduced by Fujishima and Honda [12]. Since then, researchers
have shown great interest in TiO,-based photocatalysts for
renewable energy and environmental applications (organic
pollutant degradation, disinfection of water, and production of
hydrogen from water). Compared to standard chemical
approaches, photocatalysis has the key advantage of using sunlight
to activate and drive the degradation processes, making it more
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Fig. 1. Applications of photocatalysis.
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Fig. 2. Simple flowchart of water splitting.



H. Agbe et al./Journal of Industrial and Engineering Chemistry 72 (2019) 31-49 33

UV-Vis Irradiation

v
Polluted Water

Fig. 3. Flowchart of mineralization of polluted water into carbon dioxide and water.

energetically sustainable and eco-compatible than other options.
Nonetheless, several major challenges hinder the commercializa-
tion of photocatalytic technology, primarily the rapid recombina-
tion kinetics of photo-generated charge carriers and light
absorption restricted to the UV region. To address those issues,
a photocatalyst must be able to harness the visible spectrum (e.g.,
through metallic or non-metallic doping, a co-catalyst, or dye
sensitization) and integrate various redox couples (akin to the
proton-coupled electron transfer (PCET) process in natural
photosynthesis).

In a typical photosynthesis process, light absorption by
chlorophyll and other accessory pigments (chlorophyll b and
beta-carotene) excites electrons to initiate a series of redox
reactions similar to the electron transfer chain reaction in
mitochondria. Photo-excited electrons are transferred from water
at the reaction center (photosystem II, specifically at the
manganese-containing oxygen evolving complex (OEC)) to a
higher energetic state (oxidized primary electron-donor chloro-
phyll (P680*)). The P680* subsequently decays as electrons transfer
to the primary and secondary quinone cofactors Qa (primary
plastoquinone electron acceptor) and Qg (secondary plastoquinone
electron acceptor) and eventually to photosystem I [13]. The
abstraction of electrons from water by P680 breaks the water into
its ionic components (H* ions and O~2 ions). The O~2 ions combine
to form diatomic O,, which is released when the protons are
pumped from the tyrosine phenolic group to a nearby histidine
group using electron potential gradients. Thus, this charge
separation process prevents recombination. For successful water
oxidation, however, the redox potential of the tyrosine must be
located between that of P680* and that of the OEC [13]. At
photosystem 1 (P700), photo absorption excites electrons to a
higher energy state to begin another series of redox reactions that
form the energy carrier molecule (NADPH) needed for the
subsequent light-independent carbon fixing process.

An analysis of recent literature on photocatalytic water spitting
approaches indicates that most efforts have been directed
intensively toward the design of optimal photoanode material
[14,15]. However, the design of metal-free photocatalysts (e.g.,
carbon nitride, boron carbon nitride, covalent organic frameworks,
and black phosphorus) for water splitting and environmental
applications (details in subsequent section) is also gaining
interests of scientific community in recent times [16-22].

Although some excellent reviews on artificial photosynthesis
have been made over the last 30 years [23-30], compact system
assembly (with an emphasis on photoanode material coordinated
with a photosensitizer and catalyst) has been scantily reported. A

detailed review on complete designs for compact system assembly
is very desirable because the complete system could transfer four
oxidizing equivalents to generate oxygen gas and hydrogen gas.
Furthermore, the charge separation processes of photosystems I
and Il are known to provide 100% quantum efficiency under
optimal conditions [31]. Consequently, it is desirable to apply bio-
mimicking of the PCET processes to design an artificial water
splitting system with improved quantum efficiency.

This review discusses the basic features and mechanisms of
TiO, photo anode catalysts, along with advances in band-gap
engineering and light-harvesting molecules coupled to semicon-
ductor surfaces. It also provides a detailed report of PCET via an
electron transport mediator system akin to the electron transfer
process in all photosynthetic organisms (plants, cyanobacteria,
etc.). Shortcomings in the current literature are also briefly
discussed, along with the provision of future directions for water
splitting technology. Finally, OECs and a complete system assembly
that can complete the four-electron water-oxidation reaction are
discussed to help develop an efficient photocatalytic water
splitting system.

Photoanode materials

Many semiconductors are used as anode materials for photo-
catalysis and photo-electrochemical applications. These generally
include metal oxides, metal nitrides, metal sulfides, and metal-free
catalysts.

Metal oxides

Materials for photo anodes, particularly metal oxides, generally
suffer from both surface and bulk electron-hole recombination.
However, this shortcoming can be largely resolved through the
adoption of nanoscale phases [32]. Different nanostructures have
been synthesized with various 1D (nanotubes, nanorods, nano-
wires, nanobelts, and nanoneedles) [33], 2D (nanowells) [34], and
0D (nanodots) [35] morphologies to achieve excellent conductive
scaffolds for photo-electrochemical water splitting, along with the
overall photocatalytic degradation of pollutants. Metal oxide photo
anodes are the most widely used photocatalysts for both photo-
catalysis and photo-electrochemical applications [36]. Metal
oxides commonly selected by researchers include TiO,, Fe,Os,
WO3, ZnO, CUzO, A1203, G3203, Tazos, COO, and ZI'OZ [36,37] An
ideal metal oxide photocatalyst must be stable (no anodic photo
corrosion at the semiconductor-electrolyte interface), non-toxic,
inexpensive, and readily available, while offering reasonably high
quantum efficiency [38]. To date, various metal oxides have been
researched extensively, and TiO, seems to be the material that best
fulfills these conditions [9]. Consequently, it is the main photo
anode considered in this review (Fig. 4).

Charge carrier interface dynamics

Charge carrier interface dynamics take different forms, as
shown in Fig. 5. For example, the semiconductor can donate
electrons to acceptors to reduce the acceptor (pathway (1)), while
holes migrate onto the surface to oxidize the donor species
(pathway 2). Additionally, if the recombination of the generated
electron-hole pairs takes place, the input energy can be dissipated
in the form of heat (surface recombination) or emitted light
(pathway (3)). The carriers can also recombine within the bulk of
the photocatalyst through a volume recombination pathway (4).
Because these recombination processes can reduce the overall
efficiency of a photocatalytic process, it is ideal to adopt a
nanostructured photocatalyst that increases efficiency by sup-
pressing volume recombination.
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Fig. 4. Lattice structures of (a) rutile and (b) anatase TiO, [269].

For photocatalytic degradation of pollutants, the reaction
mechanism generally follows the following schemes [39]:

TiO; + hydrocarbon(hv) — CO, + H,0 (1.1)
TiO; — TiOy(e™ +h™) (1.2)
O2(ads)re- — 02~ (1.3)
-0y~ + H,0 — HO, - +OH™ (1.4)
2HO,. — H,0, + 0, (1.5)
H;0, + hv — 2-OH (1.6)
OH™ +h" — .OH (1.7)

Water splitting electron-hole dynamics follow similar schemes.
Consider that the absorption of an incident photon that has energy
greater than the band gap of the photocatalyst (A <390 nm) takes
place. Then, electrons in the valence band (VB) edge are excited
into the base of the conduction band (CB) to leave a hole in the VB.
Accordingly, water molecules are reduced by the electrons to form
H, and are oxidized by the holes to form O, for overall water
splitting, as displayed in Fig. 6. Details are given in “Complete
system assembly” [14].

To achieve a desirable electron transfer, the negative potential
of the electron acceptor species should be below the CB of the
semiconductor (more positive than the semiconductor). Similarly,
the positive potential of the electron donor species should be
above the VB of the semiconductor (more negative than the
semiconductor). The photocatalyst must be able to oxidize the
donor species. Two reference energy levels that acquire particular
relevance with respect to most photocatalytic processes can be
considered references: the reduction of protons (E NHE (H
+/H3)=0.0eV) and the oxidation of water (potential of normal
hydrogen electrode E, NHE (O,/H,0)=1.23eV) [40].

In general, metal oxide semiconductors have a VB with a main
contribution from oxygen 2p orbitals located 1 to 3 eV below the
0,/H;0 redox couple [40]. Their CBs constitute transition metal
cations of d° and d'° orbital configurations. The CB position is close

to, or lower than, the H,0 reduction potential (Fig. 7). Note that
wide band gap materials are effective photo oxidation catalysts,
although they absorb mostly in the UV region of the electromag-
netic spectrum [40]. In contrast, the VBs of metal sulfide and metal
nitride photocatalysts are usually composed of (S) 3p and (N) 2p
orbitals, respectively [ 14]. The band edges of the metal sulfides are
usually situated within or close to both the reduction and oxidation
potential of H,0. In other words, both the oxidizing (VB holes) and
reducing power (CB electrons) are lower than those of non-
transition metals [40]. Therefore, they have narrower band gaps for
visible light absorption (500-600nm) than metal oxides [14].
However, they are unsuitable for splitting water into H, and O,
without proton donors/sacrificial reagents [14]. Recently, metal
sulfides and nitride have been applied in photo-electrochemical
cells, although metal sulfides such as CdS cannot produce O,
because of photo corrosion [15,41,42]. Photo corrosion occurs
when the S?~ in cadmium sulfide becomes oxidized by a hole
instead of water molecules through the following reaction:

CdS+h™ —Cd™ +S (1.9)

Band gap engineering

As noted above, a major problem in the practical application of
photocatalysts is rapid electron-hole carrier recombination and
UV absorption. To overcome this challenge, several strategies have
been adopted to either modify the band gap of the photocatalysts
or extend the absorption spectrum of the photocatalysts into the
visible region of the electromagnetic spectrum, including non-
metal [43-45] and metal [42,46-50] doping, dye sensitization [51-
54], and semiconductor coupling [51,55].

Non-metal doping

Non-metal doping of metal oxides is a recent strategy that has
generated interest in visible-light-active photocatalysis because it
is more efficient than most metallic doping through a decrease in
recombination centers. A variety of non-metal anions (N, S, C, F,
etc.) have been implemented to enhance the visible-light photo-
catalytic activities of metal oxides, particularly TiO,. Among these
anions, nitrogen-doped TiO, has received a lot of attention because
its atomic size is similar to that of oxygen, and its high stability
achieves a low ionization potential [56-60] and enhanced visible
light absorption. Note that substitutional doping of C, N, F, P, and S
for O in anatase TiO, was first introduced by Asahi and co-workers
[43]. Since then, various research groups have designed visible-
light-active N-doped TiO, photocatalysts [61-63]. As the 2p states
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Fig. 5. Schematic showing charge carrier dynamics upon irradiation of a semiconductor: 1 electron transport to the surface, 2 hole transport to the surface, 3 surface
recombination, 4 bulk recombination, 5 electron transference to an acceptor molecule, and 6 hole trapping by a donor molecule (adapted from [40]).

of N are mixed with those of O, it could shift the VB edge upward to
narrow the band gap of TiO, [43].

The band gap narrowing of the energy levels of the VB and CB
was controlled by several variables, including the dopant
concentration level and strong interactions among the impurity
energy states, VB, and CB [56]. However, predictions based on the
density functional theory indicate that doped N atoms can occupy
substitutional or interstitial sites in the TiO, lattice to generate
localized energy levels in the band gap [64]. For dopants occupying
substitutional positions, a continuum of slightly higher energy
levels essentially extends the VB, whereas an interstitial dopant
results in discrete energy levels above the VB, often called a mid-
gap state (Fig. 8) [65]. The visible light response in the doped

photocatalyst arises from the electron transition from localized N
orbitals to the CB or surface-adsorbed O, [64].

For visible-light-active photocatalysis, sulfur can be used as a
non-metal dopant instead of nitrogen. Sulfur doping has been
performed in the forms of hexavalent (S%%), tetravalent (5**), and
sulfide (527), depending on the synthetic method adopted for S-
doping of TiO, [66,67]. S-doping results in band gap narrowing
similar to that with nitrogen, but it is difficult to incorporate S into
the TiO, crystal structure because of its large ionic radius relative to
oxygen. C and P, on the other hand, are less effective because their
mid-gap states penetrate deep into the TiO, crystal, which traps
the photo-generated charge carriers and renders them unable to
migrate to the active sites to undergo a redox reaction with the
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adsorbates [68]. Non-metal doped photocatalysts are synthesized
mainly by physical and chemical methods, such as reactive DC
magnetron sputtering, sol-gel, hydrothermal, and solvothermal
methods.

Noble metal loading

The use of noble metals (e.g., Pt, Au, Pd, Rh, Ni, Cu, and Ag) can
effectively improve the efficiency of photocatalysis [69-74].
Primarily, as the noble metals act as an electron sink, the photo-
generated electrons can be suppressed to recombine with the hole.
Other benefits include Schottky junction formation and localized
surface plasmon resonance. Because their fermi levels are lower
than that of TiO,, photo-generated electrons can be transferred
from the CB to metal particles coupled to the surface of the
photocatalyst for enhanced electron-hole charge separation.

To investigate the electron transfer dynamics between the CB
and metal particles, electron spin resonance spectroscopy is a

20
[ SiC .
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- >|  |znoTiO
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useful tool. Electron transfer between Pt nanoparticles and TiO,
was assessed by electron paramagnetic resonance spectroscopy
[69]. Accordingly, as irradiation time increased, Ti** signals
increased proportionately. Again, Pt loading reduced the amount
of Ti**, indicating the occurrence of electron transfer. The
accumulation of electrons on the metal particles lowers their
fermi levels and shifts them more toward the CB of the TiO,,
thereby making the CB more negative [75]. This is beneficial for
both water splitting and environmental applications. In the former,
the transferred electrons can reduce the protons and enhance
hydrogen production. In the latter, molecular oxygen can be
reduced to superoxide radicals and their concomitant radicals for
efficient photodegradation of pollutants.

Various studies have investigated methods for the synthesis of
doped titania and the effects of noble metal-modified TiO, on
hydrogen production [47]. Bamwenda et al. investigated the effects
of Au and Pt nanoparticles on the photocatalytic activity of TiO,
materials through the photocatalytic splitting of a water—ethanol

NHE
2-
] E’ vs. NHE at pH=0
] * 03 (aq)/O:
-1 HCOOH/H;COs;4
] / ,HCHO/H,CO;
h /- HO2(aq)/O:
0- —T/ Hy/H,0
1  \\CH;0H/H,CO;
’ CH,/CO}3eV)
1]
) 0:,/H,0 (1.23 eV)
2
" JOH =-OH+e; E°=-28¢eV

Fig. 7. Relationship between band structure of a semiconductor and its redox potential for water splitting [40].
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Fig. 8. Schematic of B-C-N and F doping of TiO, [64].

mixture [76]. They found that Pt loading worked better than Au
loading, and that Pt-loaded TiO, was less sensitive to that method
of synthesis than Au-loaded TiO,. Therefore, they concluded that
optimal loading was important because loading above the optimal
level resulted in a reduction in photo absorption by TiO,, probably
because of electron-hole recombination centers [47]. Again, Pt and
Au loadings were more effective than Pd loading because of their
suitable electron affinity and work functions [47]. One drawback of
metal doping, particularly transition metals, is their tendency for
electron-hole recombination.

Metals have also been used to increase absorption in the visible
region through plasmon resonance of the photocatalyst. The
collective oscillation of conducting electrons in the metal nano-
particles can sensitize TiO, nanoparticles. Plasmonic resonance in
the visible spectral range has been observed in Ag [77,78] and Au
[47,79]. Ag nanoparticles act as efficient antennae for capturing solar
energy (Fig. 9). Modifying semiconductor nanostructures with
plasmonic metal-nanoparticles improved their efficiency in various
applications, including water splitting, decomposition of organic
compounds, and photovoltaic devices (by 10-15%) [80-84].

Semiconductor coupling

Coupling semiconductors for visible-light-active photocatalysis
has been investigated by several research groups [51,85-87]. Large
band gap semiconductors such as TiO,, ZnO, and SnO, can be
coupled to low band gap semiconductors (CdS) to improve
photocatalysis efficiency. Specifically, TiO, has been coupled with
CdS for improved efficiency relative to either TiO, or CdS alone
[86,87]. To do that, one of the semiconductors must have a more
negative CB level than the other. Thus, the CB level of the smaller
band gap material must be more negative than that of the wide
band gap material. Consequently, CB electrons can be injected from

. A
Sunlight <Z Z>
0, v
SPR Effect

' Reaction
i Substrate
(BZ or NBZ)

CO, +H,0

Metal = Au, Ag or Cu

Fig. 9. Surface plasmon resonance effect of metal-doped TiO, [270].

Fig. 10. Semiconductor coupling (adapted from [271]).

the small band gap semiconductor to the large band gap
semiconductor (Fig. 10). Thus, wide electron hole separation can
be achieved. However, if the hole is not scavenged, S~2 from the
CdS can be attacked, which results in photo corrosion. In the
presence of sacrificial agents (such as ethylene diamine tetra-
acetic acid (EDTA) or tri ethanol amine), photo corrosion can be
prevented. Thus, a synergetic effect between the visible-light-
active property of CdS and the photostability of TiO, improves
photocatalysis efficiency.

Coupling heterogeneous semiconductors for visible-light-in-
duced water splitting and environmental remediation has also
been investigated [88,89]. Specifically, when TiO, (band gap 3.2 eV)
was coupled with CdS (band gap 2.4eV) and SnO, (band gap
3.5eV), the small band gap CdS (CB=—-0.76 eV) caused visible-light
sensitization to transfer electrons from the TiO, into the CB of the
Sn0, (CB=-0.34eV) [51,90], which resulted in efficient electron-
hole separation and enhanced water splitting photocatalytic
activity. Similar work (photoexciting both semiconductors) was
done by Doong et al. to investigate semiconductor coupling for
environmental applications [85]. Specifically, CdS was coupled
with TiO, for 2-chlorophenol degradation under UV irradiation
[85]. The synergic effect of the two semiconductors produced
better photocatalytic activity through better charge separation.
Thus, CB electrons for CdS were injected into the CB of TiO, while
corresponding VB holes for TiO, impinged on the VB of CdS.

Dye sensitization

Similar to heterogeneous semiconductor coupling, chemical
chromophores can be used as an antenna for harvesting light-like
pigments in algae and higher green plants. Dye sensitization is one
of the most effective ways of extending the photo response of TiO,
into the visible region [51-54,91-94]. Dye sensitization is
advantageous because it enables absorption in the visible and
near infrared regions and accelerates the injection of electrons to
the semiconductor; it can also be grafted onto a host surface by
surface links and anchoring molecules. These types of reactions are
exploited in dye sensitized solar cells [95].

In dye sensitization, the CB of the semiconductor acts as a
mediator for electron transfer rather than as a conventional
photocatalyst. Some dyes, such as safranine O/EDTA and T/EDTA,
absorb visible light and produce electrons as reducing agents for
hydrogen production [96]. However, without an appropriate
mechanism to efficiently separate the photo-generated excitons,
the rate of hydrogen production by the dyes is rather low because
of electron-hole recombination [68]. A typical mechanism for dye-
sensitized semiconductor photocatalyst water-splitting involves
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Fig. 11. Proposed mechanism of dye-sensitized photocatalysis under visible light irradiation including forward electron transfer and possible recombination pathways [40].

visible light illumination followed by electron injection from the
excited dyes into the CB of the semiconductors to initiate the
catalytic reactions, as illustrated in Fig. 11.

For efficient visible-light absorption and electron transfer, the
forward electron transfer rate must be faster than the sum of all the
reverse rates in the same system [40]. It has been reported that the
forward reaction occurs on a femtosecond scale, whereas the rate of
recombination occurs on a nanosecond to millisecond scale
[97-100]. One major disadvantage of using dye-sensitization with
semiconductors is their tendency to self-degradation under
prolonged solar irradiation. Using appropriate sacrificial agents or
redox systems, such as EDTA and Is7/I™ pairs, to regenerate the dye
can address that issue [101]. Applying photocatalysis for water
splitting, water purification, and environmental remediation has
been investigated intensively using different dyes (Table 1).
Regardless of the practical application, dye sensitizers have to meet
several common requirements (details in Section “Photoanode
materials”) [40]. In addition, an efficient light harvesting chromo-
phore must fulfil other conditions, such as the ability to bind to
anchoring groups, an optimal number of anchoring groups, stable
linkages, and the polarity of the suspending solvent [40]. Details are
given in Section “Anchoring groups for photosensitizers and
catalysts”. All these factors need to be considered to design a highly
efficient light harvesting chromophore system able to absorb a wide
spectral bandwidth of sunlight for photocatalysis applications.

The design of metal-free photocatalysts

Recently, a new class of metal-free photocatalysts (B, S, P)
including binary carbon nitride, boron carbide, polymeric g-carbon

Table 1

nitride (g-C3N4), hexagonal-ternary boron-carbon-nitride (BCN
-integrated with Cobalt), and black phosphorous nanosheets
[16-22] have emerged. Many of them have actually become
important as efficient photocatalysts for both water splitting and
environmental remediation. Metal-free photocatalysts are less
costly alternative to conventional metal-based photocatalyst with
the minimal negative environmental impact; this is at least
partially because they do not leach out metal ion as metal-based
photocatalysts do [102]. Polymeric g-CsN, photocatalyst, in
particular, has several advantages as water splitting medium,
photocatalyst, and CO, convertor. For example, this metal-free
photocatalyst is a visible-light-response material (2.7 eV bandgap)
[103]. Therefore, it is highly ideal for practical application, as g-
C3N4 has effective charge/electron pathway, better stability, and
larger active specific surface areas [104,105]. Additionally, the
photocatalyst can easily be synthesized using cheap N-rich
precursors (dicyanamide, cyanamide, melamine, and urea) and
sol-gel methods [103,106,107]. Consequently, g-C3N4 photocata-
lysts have become highly preferable option in recent time. For
example, Wang et al. prepared a novel g-C3N4 by thiocyanuric acid
self-polymerization in N, atmosphere [108]. The obtained g-CsN4
had excellent water oxidation ability compared to commonly used
photocatalysts (TiO) [102]. Again, a modified metal-free photo-
catalyst (WS;/g-C3Ny), synthesized via ultrasound-assisted hydro-
thermal method, was recently demonstrated to exhibit high
excellent photoactivity [19]. The photocatalyst had the ability to
regenerate NAD+ to NADH. Furthermore, the photocatalyst was
able to convert CO, to methanol under visible light irradiation. This
multifunctional photocatalyst was highly useful for CO, conversion
along with enhanced photodegradation capability against

A list of sensitized photocatalysts used in (A) water splitting and (B) photocatalytic degradation reactions under visible light irradiation.

Order Sensitizer Catalyst Hydrogen evolution (pwmol/h) Apparent quantum efficiency (%) Refs.
A: Water splitting
1 Eosin Y Pt/TiO, 65 10 [10]
2 Eosin Y Rh/TiO, 14.63 7.10 [214]
3 Eosin Y CuO/TiO, 10.56 5.1 [215]
4 Eosin Y Pt/MWCNT 54.20 12.14 [216]
5 Eosin Y Pt/Ti-MCM-41 10 12.01 [217]
6 Eosin Y-Fe3* Pt/TiO, 275 19.1 [218]
7 Ru complex Pt/TiO, Max. 132 224 [219]
B: Photocatalytic degradation

Target contaminant Degradation efficiency
8 Ru complex TiO, Herbicide terbutryn 100% (4 h) [220]
9 Ru complex TiO, CCly 0.4461M min ‘g ! [221]
10 Ru complex TiO, CCly 0.5851M min~'g™! [222]
11 Polyaniline TiO2 Methylene blue 80% (1.5h) [223]
12 Poly(fluorene-co-thiophene) TiO, Phenol 74.3% (10h) [224]
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Rhodamin B dye. 100% RhB degradation was achieved less than 1 h
of UV-vis irradiation. Futher, the photocatalysts was still stable
even after five runs of photocatalysis.

The enhanced potential of hexagonal boron carbon nitride (h-
BCN) semiconductor has also been noted in recent times as
efficient metal-free photocatalysts. Note that both graphene and h-
BN have undesirable band gaps of 0.0eV and 5.5 eV, respectively.
However, it has been reported that the intermediate layered
materials (called the ternary boron carbon nitride (B-C-N)
compounds) can constitute the desired medium-bandgap semi-
conductors where bandgap and absolute energy levels can be
adjusted by chemical variations [109,110]. For instance, Lu et al.
[110] synthesized a ternary B-C-N semiconductor that could be
used for catalysis of hydrogen or oxygen evolution from water as
well as carbon dioxide reduction under visible light illumination.
The ternary B-C-N alloy featured a delocalized two-dimensional
electron system with sp, carbon that was incorporated into the h-
BN lattice. The bandgap could be adjusted by the amount of
incorporated carbon to produce unique functions. Again, in a
related work, Zhang et al. [ 111] integrated hexagonal boron carbon
nitride (h-BCN) semiconductor cobalt ions to catalyze oxygen
evolution reaction (OER) with light illumination, without using
noble metals. Again, in this study, the high efficiency of the oxygen
evolution was also attributed to the synergistic effect between the
cobalt ions and the large specific surface area of the h-BCN.

Another emerging metal-free photocatalyst worthy of men-
tioning is two-dimensional material, black phosphorus (BP)
nanosheet. BP nanosheet is important because it has unique
chemical and physical properties such as: high carrier mobility,
tuneable optical absorption, and novel electronic band structure
[112]. Wang et al. [21] demonstrated the influence of many-body
effects of BP nanosheet on photocatalytic efficiency and proved
that the ultrathin BP nanosheets were excitation-energy depen-
dent with optical switch ability effect on photocatalytic generation
of reactive oxygen species (ROS). Such photocatalysts with both
photo-excitation and ROS dependence can be beneficial for solving
practically for wastewater and environmental problems.

Overall, new emerging metal-free photocatalysts can help in
providing solutions to current challenge (e.g., light absorption
limitations) associated with both metal oxides and metals photo-
catalysts. The inability to absorb in the visible region of the
electromagnetic radiation has hindered the use of photocatalyst to
solve global water and energy crises. It is desired that the use of
metal-free photocatalysts alone or coupled with existing metal and
metal oxide based photocatalysts could hopefully help solve the
global energy and environmental problems. Table 2 below shows

timeline for key developments in overall water splitting photo-
catalysis since 1972.

Light-harvesting photosensitizers

As noted above, a photosensitizer acts as an antenna for
absorbing photons in the visible and near infrared regions of the
solar spectrum. An ideal photosensitizer meets a list of require-
ments, such as the potential to absorb across a wide range of
wavelengths in the visible and near infrared regions, the ability to
convert all absorbed photons into electron-hole pairs, being both
photo and redox stable, having a suitable anchoring group bound
to the photo anode surface, and having the appropriate redox
potential to drive the catalytic oxidation of water in a water
oxidation catalyst (WOC) [3,113]. Obviously, most dyes cannot
meet these stringent requirements. Common dyes that have
gained interest for sensitizing photocatalysts, particularly TiO-,
include metal complexes [114,115], porphyrins [116], and organic
dyes [117].

Ruthenium-polypyridyl sensitizers

Ruthenium (II) tris bipyridine has been extensively applied as
an efficient photo anode sensitizer for the production of hydrogen
and oxygen [3,118-122] because of its unique characteristics, such
as broad coverage and high molar absorptivity in the visible region.
It exhibits strong absorptivity below 500nm (molar extinction
coefficient at 450 nm=14400M~'cm™!), good redox potential, a
long excited-state lifetime (600ns), and good electrochemical
stability, and its spectroscopic and electrochemical properties can
be tuned to optimize performance [3]. In coordination compounds
such as [Ru(bpy)s]?* derivatives, major visible absorption occurs in
the metal-to-ligand charge transfer (MLCT) band, with an
absorbance maximum of 450-470nm (454nm=2.7eV) [113]. As
light is absorbed, electrons are promoted from the metal d-orbitals
of the Ru®* to the conjugated bipyridine ligands, d(p) — ps
[123,124], to form a singlet state with a life period of 100-
300fs. Transient absorption spectroscopy shows that, within a
period of 100-300 fs, the singlet undergoes intersystem crossing to
form triplet MLCT states [125]. In contrast, the lifetime of the
triplet state is relatively long (600 ns) because relaxation to the
ground state is spin-forbidden, particularly for [Ru(bpy)s;]** and
many of its derivatives (Fig. 12) [115]. Because [Ru (bpy) 3]*" is a
dn® coordination compound, its optical properties (such as color)
can be tuned by synthetic chemistry. For example, the MLCT
absorption bands can be tuned in energy by altering the

Table 2
Timeline of key developments in overall water splitting photocatalysis technique.
Time line Discovery Type
1972 Discovery of photochemistry water splitting [12] Other
1979 Proposal of Z scheme Model [225] OWS’ via two-step Photoexcitation
1980 OWS on Particulate Photocatalysts [226,227] OWS via one-step Photoexcitation
1982 New Oxide Photocatalysts with layered and tunnelled structures [228,229] OWS via one-step Photoexcitation
1998 New Oxide Photocatalysts via control of valence Band maximum [230,231] Other
2001 D'? as new photocatalyst group e.g. ZnGa,0,4 [232-234]/Z-Scheme OWS with aqueous redox OWS via one-step Photoexcitation/OWS via one-step
mediator [234-236] Photoexcitation
2002 Non-Oxide as new Photocatalysts (oxy-sulphide and oxy-nitrides) [237-240] Other
2005 OWS on d'° oxy-nitrides (GesN4 and GaN:ZnO) [240,241] OWS via one-step Photoexcitation
2009 Z-Scheme OWS via solid state charge transfer (SrTiOs: Rh+BiVO3) [242] OWS via two-step Photoexcitation
2013 OWS on d'® Oxy-nitrides (ZrO,/TaON:<520 nm) [243] OWS via one-step Photoexcitation
2014 Natural-Artificial Hybrid Z-Scheme OWS system [244]/OWS on Metal-doped Oxide (SrTiO3: Rh, = OWS via two-step Photoexcitation/OWS via one-step
Sb; <520 nm) [245] Photoexcitation
2015 OWS on 600 nm class d'° oxy-nitrides OWS via one-step Photoexcitation
(LaMgyxTax-101+3x N2-3x) [246,247]
2016 OWS on Metal free-semiconductor of C3N4 (<442 nm) [248] OWS via one-step Photoexcitation

OWS’ =Over all water splitting.
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Fig. 12. Lennard-Jones potential energy wells illustrating the relative electronic and vibrational energies and lifetimes of Ru (bpy)s>* (1). Both internal-conversion thermal
relaxation (2) and intersystem crossing (3) occur on the sub-picosecond timescale, whereas the lifetime of the their state (4) is up to a microsecond (left) [115]. Ruthenium-
polypyridyl complex reported by Gratzel and co-workers, where X=Cl, Br, I, CN, or SCN (right).

substituents on the polypyridyl complex (bpy) ligands or control-
ling the extent of d(p)-p* back-bonding donation to non-
chromophoric ligands [115]. This enables a red shift and absorption
in the visible and infrared regions. Grdtzel et al. reported that
ruthenium complexes in the form of [Ru(4,4-(COOH),bpy)(X)-]**,
where X =Cl, Br, I, CN, or SCN, were excellent photosensitizers for
TiO,.[3] In particular, the thiocyanato complex (NBuy),|Ru(4,4-
(COOH)(COO0)bpy), (NCS);], also called N719 or red dye, exhibited
an extinction coefficient of ~14,000M~"'cm™! at 534nm and an
incident photon-to-current conversion efficiency exceeding 80%
between 480 and 600 nm [126].

Porphyrin sensitizers

Porphyrin and macrocyclic chromophores have been studied as
sensitizers for water splitting reactions [127-129] and dye
sensitized solar cells (DSSCs) [130-132]. Porphyrins exhibit
long-lived (>1ns) 7* singlet excited states with only weak
singlet/triplet mixing [116]. Their lowest and highest unoccupied
molecular orbitals are located above the CB of TiO, and below the
redox couple in the electrolyte solution, respectively. Thus, they
meet the requirement for charge separation at the semiconductor/
dye/electrolyte surface [127]. Porphyrins have a wide range of
absorption that generally extends from the visible to near infrared
region. They absorb strongly, with intense Soret bands (molar
extinction coefficient=10>M~'cm™!) in the blue visible spectrum
and Q-bands (molar extinction coefficient=10%) in the green to red
visible spectrum [113]. However, they have the disadvantage of an
inherent tendency to aggregate, which reduces their efficiency as a
sensitizer due to probable interaction between the excited and
ground states.

To improve their efficiency, co-adsorbates such as poly(4-vinyl-
pyridine) and chenodeoxycholic acid have been introduced
[133,134]. Among various porphyrins used for the photosensitiza-
tion of TiO,, zinc derivatives are most common, including zinc 5-
(4-carbomethoxyphenyl)-15-(4-carboxyphenyl)-10,20-bis-(pen-
tafluorophenyl)-porphyrin (Fig. 13) and diphenylamine-substitut-
ed porphyrin dye. The latter has particularly been reported to
hinder charge recombination [135]. To reduce charge recombina-
tion and enhance photocatalysis, the presence of electron donor
groups can contribute to increasing the spatial separation between

(0]

Fig. 13. Zinc 5-(4-carbomethoxyphenyl)-15-(4-carboxyphenyl)-10,20-bis-(penta-
fluorophenyl) porphyrin (ZnBPFP) [113].

the positive charge density created on the dye and the injected
electrons in the photocatalyst [135].

Organic dyes

Organic dyes are the most widely studied sensitizers [117,136-
139] because of their low cost relative to ruthenium-based
sensitizers. Metal-free organic dyes are capable of highly efficient
light harvesting over a wide spectral region of sunlight, with a
molar extinction coefficient of 100,000M~'cm™! [140,141].
Organic dyes exhibit a variety of chemical structures, such as
porphyrins, coumarines, catechol, polyenes, cyanines, hemicya-
nines, phthalocyanines, indolines, thiophenes, and polymeric dyes
[40]. They have a characteristic D-r-A structure (Fig. 14) wherein
the electron donating groups and electron accepting groups are
connected through a 7 conjugate link. The link (thiophene units or
phenylene vinylene units) can mediate the charge transport
through the molecules. The acceptor group (cyanoacrylic acid) is
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Dye Anchoring on TiO;

Fig. 14. Schematic of the D-m-A structure: an electron donating group and an
electron accepting group are connected through a 7 conjugate link.

anchored to the metal oxide CB (the LUMO must be above CB of
TiO,) to facilitate electron injection.

Commonly used donor groups include indoline, N, N-dialkylani-
line, and aminocoumarins. They have been incorporated into
organic dyes for DSSCs and have shown efficiencies between 8 and
9.5% [142,143]. Although metal-free organic dyes have a higher
molar extinction coefficient than porphyrins, they possess a similar
tendency to aggregate. Strong intermolecular interactions cause
-1 stacking of organic dye molecules. Co-adsorption of dye with
additives [144,145] and structural modification of dye molecules
[146] effectively prevent dye aggregation and improve efficiency.

Anchoring groups for photosensitizers and catalysts

Photosensitizes and catalysts have been coupled either directly
to photoanodes or through the addition of anchoring groups.
However, the latter can result in stronger bonding than the former
[114]. Moreover, anchor groups coupled between a sensitizer and a
photo anode can produce high surface coverage and strong
electronic coupling between the occupied orbitals on the dye
and the CB of the semiconductor, improving stability and
performance [3,147]. Depending on the molecular dye, the
anchoring can take place through various interactions, including
covalent bonding, hydrogen bonding, electrostatic forces, hydro-
phobic interactions, van der Waals forces, and physical entrapment
[40,114]. Different anchoring groups (catecholates, carboxylates,
phosphonates, acetylacetonates, and hydroxamates, as shown in
Fig. 15) have been used to bind photoactive and redox-active
molecules to metal oxide surfaces [3].

The reaction variables (e.g., the pH, redox potential, and polarity
of the solvent) can also affect the nature and number of anchoring
groups coupled in the photo anode/sensitizer/catalyst system,
which can affect the efficiency of the photosensitizer [99,135,148].
Consequently, an ideal anchoring group provides strong adsorp-
tion between various molecular species, and the photo anode can

A B
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Fig. 15. Anchoring groups to bind molecular species to titanium dioxide: (A)
carboxylic acid, (B) phosphonic acid, (C) hydroxamic acid, (D) 3-substituted-2,4-
pentanedione (acetylacetonate), and (E) catechol [3].

facilitate fast electron transfer between the LUMO and the CB of the
semiconductor while resisting aqueous and oxidation conditions.

The structures and optoelectronic performance of DSSC dyes
with carboxylic and cyanoacrylic acid anchors have been reviewed
extensively; for detailed information, see the work of Hagfeldt el al.
[138]. Carboxylic anchoring is an effective coordinating compound
for transition metal complexes in which MLCT dominates [149].
Because carboxylic anchoring compounds are bifunctional (that is,
they have adsorption and electron withdrawal capabilities), photo-
excited electrons from the CB of the semiconductor can be
conducted more effectively than with a phosphonate anchoring
group. Nonetheless, the latter offers stronger bonding to TiO, [3].
For example, when the surface desorption of ruthenium sensitizers
was examined in aqueous solutions at pH 5.7, carboxylate and
phosphonate anchors showed 90 and 30% desorption, respectively,
under the same conditions [150,151]. Thus, phosphonates can act
as more efficient anchoring groups than carboxylates. The low
charge transfer rate of phosphonate groups has been attributed to
the tetrahedral geometry of the phosphorus center and the loss of
conjugation [152]. In addition to carboxylate and phosphonate
anchoring groups, other groups (e.g., hydroxamic acid, acetyla-
cetonate, and catechol) have also been explored [153-155]. A
hydroxamic anchor group, for example, is highly stable and resists
oxidative, neutral, and basic aqueous conditions; therefore, it
offers favorable electron transfer [156].

Similarly, acetylacetonate derivatives have been cited for their
outstanding coordination properties toward transition metals and
their stability over a wide pH range; thus, they can be considered as
alternative aqueous- and oxidative-stable anchor groups for photo
anode/dye/catalyst systems [149]. Catechol has two charge
transfer pathways, one through a transfer from the dye’s excited
state to the TiO, layer and the other from the dye’s ground state to
the CB of the TiO, [149]. However, in DSSC applications, the
incident photon-to-current efficiency is relatively low (20%)
because of strong parasitic recombination [157].

Electron transfer mediators

Clearly, current photovoltaic systems are more efficient than
natural photosynthesis. Nonetheless, natural photosynthesis
provides the inspiration for the design of efficient biomimetic
systems. The overall efficiency of photosynthesis is less than 10% at
low light levels and 1-3% in full sunlight [158,159]. In contrast,
efficient crystalline silicon cells have an efficiency of about 24%
[113]. However, it is important to mimic nature to understand the
limitations of biological systems and to apply that knowledge to
artificial systems to improve the efficiency associated with current
commodity fuel sources (photovoltaics and DSSCs).

The reaction center for the water oxidation process in natural
photosynthesis is the protein complex called photosystem II (PSII),
which uses a form of chlorophyll known as P680. In photosynthe-
sis, electron transfer is mediated through a redox-active tyrosine
(tyrosine Z (TyrZ)-tyrosine D (TyrD))-histidine pair (TyrZ-
D;His190). Thus, direct electron transfer between the photo
excited state of P680 (P680*) and the OEC does not exist in PSII
[113]. The OEC is made up of an inorganic complex of one calcium
and four manganese ions [160,161]. In a typical process, the
photoexcitation of P680 to P680* produces an oxidizing equivalent.
The highly oxidized and unstable P680* decays through electron
transfer via an electron transport chain to the primary and
secondary quinone cofactors Q4 and Qg via a pheophytin primary
electron acceptor at photosystem 1 (PS1) [13]. Electrons are then
re-energized for their final purpose of either CO, fixation through
the Calvin cycle or hydrogen production at the hydrogenase [162].
P680* is reduced by the tyrosine and loses its phenolic protons to a
histidine group [13], and the tyrosine becomes a neutral tyrosine
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Fig. 16. Schematic of the photosynthetic chain in oxygenic photosynthesis, reproduced from [162].

radical in the process [13]. These tyrosyl radicals (TyrZ" and TyrD*)
oxidize the OEC within microseconds [163], which offers the
thermodynamic potential needed for the OEC to oxidize two water
molecules from four photons and thereby induce charge separa-
tion events. Oxygen is produced in that process (Fig. 16), and the
oxidized OEC relaxes back into its original oxidation state [13].

The use of mediators in artificial photosynthesis has received a lot
of interest because biomimicry of the electron transfer mediator
improves the PCET process [ 164-166]. For example, Johansson et al.
prepared triads containing a [Ru(bpy );]?* core, a tyrosine ethyl ester,
and a variety of electron acceptors [165]. They observed a charge
separation yield of ~10%, with a fraction of the charge-separated
states persisting for microseconds. Similarly, a molecular triad of a
high-potential porphyrin, a tetracyanoporphyrin electron acceptor,
and a benzimidazole-phenol secondary electron-donor was
designed to mimic the tyrosine-histidine mediator architecture of
PSII[13]. That system effectively induced charge separation that was
thermodynamically able to oxidize water [13]. Thus, in principle,
artificial photosynthesis can be designed to model PSII and thereby
improve electron transfer in water splitting photocatalysis (details in
Section “Water oxidation catalysts”).

Water oxidation catalysts

An ideal WOC must be robust and stable near the thermody-
namic potential for water, so it can facilitate the formation of
dioxygen that remains active after approximately 10° cycles
[3,113,167,168]. No catalyst has yet been reported to meet those
criteria, although enormous research efforts have been made to
design catalysts with improved performance. The importance of
catalyst in water splitting cannot be overemphasized. The slow rate
of water oxidation caused by a four-electron, four-proton process
could be increased by the use of a catalyst that could facilitate the
multiple-proton-coupled electron-transfer processes with low
activation barriers [169,170].

Measuring the efficiency of a WOC is premised on three
parameters: the turnover number (TON), turnover frequency
(TOF), and over potential. The number of cycles that a catalyst goes
through before becoming inactive is known as the TON [113]. The
TON per unit time is called the TOF, and the additional energy
(external bias) per unit charge needed to drive the process is
described as the over potential [113]. A detailed discussion of
WOCs is beyond the scope of this review, but interested readers can

refer to several detailed reviews [113,167,171,172]. Generally, four
WOCs have been integrated into dye-sensitized photo anodes:
molecular catalysts, polyoxometalates, cubanes, and heteroge-
neous catalysts [113]. The most efficient molecular WOC is the
naturally occurring complex of PSII. Inspired by nature, molecular
catalysts have been produced from transition metals (Ru, Mn, and
Ir) coordinated by organic ligands [173,174].

Molecular water oxidation catalysts

Molecular catalysts are interesting because of their ease of
synthesis from abundant and cheap materials, high activity and
tunability, and potential to be integrated into sophisticated
molecular assemblies [174,175]. As homogeneous catalysts, they
can be readily characterized structurally and are amenable to
detailed kinetic/mechanistic studies [113]. However, molecular
catalysts suffer from instability and complexity in their synthetic
approaches because their organic ligands are thermodynamically
unstable in the presence of O,/air as they degrade into CO, and H,0
[167,172,173]. In addition to oxidation instability, molecular
catalysts also suffer from both thermal and hydrolytic instability.
A few notable examples of molecular WOCs are highlighted in
Table 1. To date, the most widely studied transition metal in water
oxidation molecular catalysts is ruthenium (Ru). Ru complex
molecular catalysts have reasonable TOF (0.004-0.00675s'), TON
(13-1690), and over potential (47-4280mV vs NHE) and are
considered ideal transitional metals (Table 3). Moreover, through
the formation of stable metal-ligand bonds, Ru complexes can
increase the stability of the reactive intermediates involved in
water oxidation [176].

The first example of a molecular oxidation catalyst was the Ru
dimer, [(bipy) »(H.0) Ru"-ORu"™ (H,0) (bipy) »]**, where bipy =2,
2~-bipyridine (Table 3, Fig. 16). This complex generates oxygen at
rates of 0.004 molecules O, s, for an average of 13 turnovers
when Ce™) is the sacrificial oxidant [177]. The TOF, TON, and over
potential of the Ru complex (Table 3) are 0.004-0.00675s', 13-
1690, and 280 mV vs NHE, respectively. Compared to ruthenium,
iridium"P-centered molecular catalysts appear more promising,
with improved values for TOF (0.04s') and TON (2490) and a low
over potential (185 mV vs NHE) (Table 3, Fig. 17). They consist of a
single Ir'"" center supported by two phenyl pyridines and two water
ligands, [Ir (R{Ryphenylpyridine),(H,0),]*, with Ce** as the
sacrificial oxidant [178].

11
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Table 3
Comparison of selected molecular water oxidation catalysts [113].

Order Catalyst Oxidant TOF (s 1) TON Over potential (mV vs. NHE) Refs.
A: Molecular water oxidation catalysts

1 cis,cis-[Ru(bpy )o(H20)]*(-0)** ce™ 0.004 13 474 [177]
2 in, in-[(Ru(tpy)(H20)]?(j.-bpp)** ce™) 0.86 512 [249]
3 trans, trans-[Ru,(L, )(4-CH30-py)4Cl]1>* ce™) 3.8x107° 689 [250]
4 [Ruy(L,)(4-CHs-py)s]'* ce™ 0.24 1690 424 [251]
5 [Ruy(Ls)(4-CHs-py)4Cl]** ce™ 1.2 10 400 330 [252]
6 [Ru(tpy-POsH,)(H,0),],0%* 1.25-1.5V vs. Ag/AgCl 1.8 414 [253]
7 [Ruy(OH)(3,6-t Bu,qui),(btpyan)]?* 1.7V vs. Ag/AgCl 0.232 33500 405 [254]
8 trans-[Ru(L4)(4-CHs-py),(H,0)]%* ce™ 0.0028 260 [255]
9 [Ru(tpy)(bpm)(OH,)J** ce™) 0.019 75 377 [256]
10 [Ru(Mebimpy)(bpy)(OH,)]** ce™) 0.0067 7.5 280 [257]
1 [Ir(ppy)2(OH,),]* ce™ 0.004 2490 185 [178]
B: Polyoxometalates

12 [Rug(-0)4(-OH)2(H20)4(ySiW10036)2] 10~ ce™) 0.131 500 246 [188]
13 [Ruy(p-0)4( pu-OH )2(H20)a(y-SiW10036)2] [Ru(bpy)s]**/S,05> 0.08 350 [258]
14 [Ruy(u-0)s( p-OH)(H20)4(y-PW10036)2]°~ [Ru(bpy)s]**/S208°~ 0.13 120 248 [259]
15 [Co4(H20)2(PWgOs34)2]'0~ [Ru(bpy)s]?*/S,08%~ 0.0013 224 441 [173]
16 [Coa(-OH)(H0)3(SiW19070)°]" [Ru(bpy)s]**/S,05* 0.1 80 [183]
17 [(IrCl4)KP;Wo0055)] 4~ [Ru(bpy)s]** 0.0292 5.25 215 [260]
18 [Ru(H,0)SiW;;039]°~ ce™) 0.003 20 188 [261]
19 [Co,M010035H,]%~ [Ru(bpy)s]?*/S,08%~ 0.171 154 350 [262]
20 [CoMo60,4Hs)*- [Ru(bpy)3]?*/S,082 0.119 107 420 [262]
C: Cubane catalysts

21 [Mn,04L6]* 1V vs. Ag/AgCl 0.075-0.005 >1000 380 [263]
22 C0"404(0AC)4(py)s [Ru(bpy)s]**/S,08]? 0.02 40 332 [192]
D: Heterogeneous catalysts

23 RuO, [Ru(bpy)s]?*/[Co(NH5)sCI]** 0.052 68 310 [264]
24 RuO, (5nm) [Ru(bpy)s]?*/S2082~ 0.0045 19.2 310 [202]
25 RuO, (10 nm) [Ru(bpy)s]?*/S,08%~ 0.089 2.7 310 [202]
26 Rutile RuO, (6 +2nm) 1.48V vs. RHE >0.000069 280 [201]
27 IrOx.nH,0 [Ru(bpy)s]?*/S205%~ 0.0004 3 310 [199]
28 Citrate-IrOx.nH,0 (20 nm) [Ru(bpy)s]**/S,08%~ 0.05 80 330 [265]
29 Succinate-IrOx.nH,0 [Ru(bpy)s](PFg)2/S208%~ 0.049 28 330 [266]
30 IrOx.nH,0 1.4V vs. Ag/AgCl 4.71 220 [267]
31 C0304 [Ru(bpy)s]?*/S;08%~ 0.035 325 [268]

Bpy: bipyridine; tpy: terpyridine; bpp: bis (2-pyridyl)-3, 5-pyrazolate; L1: 6-bis [6=(1; 8-napthyrid-2-yl) pyrid-2-yl] - pyridazine; 4-CH30-py: 4-methoxypyridine; L2: 3, 6-
bis-(6-carboxypyrid-2-yl)-pyridazine; 4-CH3-py: 4-methylpyridine; L3: 1, 4-bis (6~-COOH-pyrid-2-yl) phthalazine; tpy-PO3H2: 4-phosphonato-2,2:6;2-terpyridine; 3,6-t
Bu2qui: 3,6-di-tert-butyl-1,2-semiquinone; btpyan: 1,8-bis(2,2:6,2-terpyridyl) anthracene; L4: 4-tert-butyl-2, 6-di ([1; 8]-naphthyrid-2-yl) pyridine; bpm: 2, 2

-bipyrimidine; Mebimpy: 2, 6-bis (1-methylbenimidazol); 11L: di-(p-methyoxyphenyl)-phosphine; OAc: acetate; py: pyridine.

Polyoxometalate water oxidation catalysts

Molecular WOCs suffer from limitations such as oxidative,
thermal, and hydrolytic instability. Therefore, many research
groups have investigated polyoxometalate (POM)-based WOCs
[167,172,179-183]. POMs are early transition metal oxygen anion
clusters that form spontaneously in water when the contents of
soluble transition metals, molecular monomeric transition metal
precursors (W0O427), and insoluble metal hydroxides or hydrated
oxides (WOs hydrate and V,0s) are adjusted to the appropriate pH

[184-186]. POMs are entirely inorganic WOC catalysts devoid of
carbon-containing bonds. Therefore, they are stable against heat,
aqueous medium, and corrosive environments. The most abundant
and efficient POMs are polytungstates, WVP> polymolybdates,
Mo™“P> polyvanadates, V(V)> polyniobates, Nb)> polytantalates,
Ta®) [172]. Those metal frameworks form either acid- or base-
stable polyanions. Specifically, polytungstates, W?; polymolyb-
dates, Mo™?; and polyvanadates, V) form acid-stabilized poly-
anions, whereas polyniobates, Nb") and polytantalates, Ta") are
basic-stabilized polyanions [167,172]. The POMs readily facilitate

(®)

Fig. 17. Examples of ruthenium and iridium molecular catalysts: (a) [(bipy), (H,0) Ru™0 Ru™ (H,0)(bipy),]** and (b) [Ir(R;R,phenylpyridine),(H,0),]* [176].
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the water splitting redox reaction by reducing protons to produce
hydrogen gas and oxidizing water to produce oxygen. Thus, POMs
can meet most of the conditions required for an ideal WOC.

Table 3 shows a comparison of POMs that have been studied
recently for water oxidation. The polyoxometalate structure,
consisting of a tetra ruthenium core stabilized by a metal
framework complex ([Rug(pe—0)4(1-OH)(H20)4(y—
SiW10036)2]' (Ru,SiPOM)), has been studied for water splitting
[187,188]. Different groups of chemical oxidants were studied,
particularly cerium (IV) oxide, tris(bipyridine) ruthenium (II)
chloride, and peroxodisulphate (VI) ions (Ce™?, [Ru (bpy) 5]?*, and
S,0527). The catalytic activity of Ce"? had a TON of 500 without
apparent loss of catalytic activity and an O, yield of 90% [113].
However, when [Ru (bpy);]** and S,05 were used, TONs up to 350
and a TOF of 0.08 were observed (Table 1). A related work
investigated the catalytic activity of the phosphorous-containing
analogue [Ruy(u-0)s(u—OH) (H0)*" (y-PW1g036)2]°" (RugP-
POM) [113]. Although Ru,PPOM could oxidize water, its rate of
photo-driven water oxidation was approximately 70% (Table 1)
[113]. Therefore, cerium (IV) oxide appears to be a more effective
oxidant than tris(bipyridine) ruthenium (II) chloride or perox-
odisulphate (VI) ions.

Cubane water oxidation catalysts

Most homogenous and heterogeneous WOCs use noble metals
(ruthenium, iridium, or rhodium) as their metal framework.
Cubane catalysts instead use cheap and earth-abundant elements.
Cubane is a homogeneous catalyst based on the cuboidal structure
of the active manganese calcium oxide cluster (CaMny) core found
in PSII [113,189-192]. Cubane has the general core structure of
[M404]8* °F 4* with six to eight bidentate ligands for coordination
[113]. Table 3 compares cubane ([Co™40, (Ac)s (pyr)s]) with a
Nafion-polymer-immobilized Mn40,4 cubane. The Nafion-polymer-
supported Mn404 ((p-OMe-CgH,4) PO;)s cubane showed a sus-
tained water oxidation photocurrent over a period of 10 h under UV
illumination. A TON greater than 1000 turnovers was reported,
whereas the TON for the ([Co™40, (Ac)4 (pyr) 4]) cubane was only
40.

Heterogeneous water oxidation catalysts

Heterogeneous WOCs are either colloidal suspensions of
nanoparticles or electrochemically deposited films. They are

mainly made of noble metal oxides (RuO,, NiC0,0,4, iridium
oxides, and IrO;). Compared to homogeneous WOCs, heteroge-
neous nanoparticle-based catalysts are chemically stable and easy
to prepare [113]. Research has demonstrated that these catalysts
have low oxidation over potential and excellent faradaic efficiency
and effectiveness as WOCs [193-197]. Mononuclear iridium
complexes able to oxidize water into dioxygen were first reported
in 2008 [178]. The catalytic cycle was driven using Ce™ as a
chemical oxidant, and the work explored the role of ligand
modification in the activities and lifetimes of catalysts (Fig. 18)
[174]. It is interesting to note that the TOFs varied from less than 4
to 16 h~!, with a high TON of 2760. Since then, crystalline IrO, and
amorphous colloidal IrOx.nH,0 (Table 1), which have a low over
potential (200-300 mV), have been investigated as highly active
WOCs over a wide pH range [198-200].

The potential of colloidal RuO, as a WOC, driven by a chemical
oxidant such as Ce(yy) or [Ru(bpy);]** or photochemically with [Ru
(bpy)3]**/S20g%~ or [Co(NH3)sCl]?*, has also been studied (Table 3)
[201-203]. Although RuO, exhibited enhanced performance (e.g.,
in terms of over potential (310mV vs. NHE), TOF (0.05s'), and
chemical stability under catalyst cathodic conditions), it corroded
under oxidizing conditions [113,204]. Consequently, it is non-ideal
as a WOC.

Complete system assembly

So far, we have discussed the unit components of the artificial
photosynthetic water splitting process. The challenge is to
construct a device for solar fuel production that optimizes the
processes of light harvesting, electron injection, and charge
transport while ensuring that improvements in one process do
not significantly interfere with the performance of the other two
[3,205]. In this regard, Gust et al. designed a photo-electrochemical
cell for water splitting to meet the basic requirements [23]. This
cell (Fig. 19) uses TiO, (photo anode) coupled with a phosphonate
anchoring group and a ruthenium-based chromophore that can
absorb visible light. When the ruthenium complex is irradiated,
electrons from the LUMO hop into the CB of the TiO, to activate
charge separation. The injected electrons are conducted through
the wire to the cathode, where protons are reduced to hydrogen.
The other side of the ruthenium polypyridyl dye is anchored to a
heterogeneous WOC (IrO,nH,0) via a malonate moiety. The
oxidized ruthenium dye is reduced by iridium oxide nanoparticles,
regenerating the sensitizer and accumulating the oxidation
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Fig. 18. Ligand substitution in the [Ir(ppy).(OH;),] MOF framework (left). Mononuclear iridium complexes produce a distinct structure-activity relationship with the rate of

oxygen production (right) [174].
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Fig. 19. Schematic of an artificial photosynthetic water splitting cell to generate
hydrogen [23].

potential on the nanoparticle for water oxidation to O, [205]. Thus,
the complete system mimics the ruthenium functions of the
natural photosynthetic antenna (light absorption) and reaction
center (photo-induced electron transfer) for electron-hole sepa-
ration [23].

For photo-induced water splitting to be effective, the basic
functions of the catalyst (e.g., reaction center function, proton
reduction catalyst, and water oxidation capacity) need to be
optimized because the quantum yield of water splitting is low
(0.9%). In addition, the solar spectrum of interest for water splitting
involves photons with a wavelength range of 1000 nm because the
energy barrier for the thermodynamic conversion of water to
oxygen and hydrogen is 1.23 eV [31]. However, the chlorophyll and
other chromophores (ruthenium complexes and porphyrins) used
as light harvesters in both natural and artificial photosynthesis
absorb in the range of 500-680 nm. Thus, only about 45% of the
spectrum is useful, and the rest remains elusive [23]. Again,
kinetics impose restrictive limits on the process because the
forward reaction (injection of electrons into the semiconductor)
competes with the backward reaction (electron hole recombina-
tion) (see Section “Band gap engineering”) [40]. For the forward
reaction to compete favorably with the backward reaction, the
process requires a significant thermodynamic driving force.
Additionally, catalysts for both water oxidation and proton
reduction require over potential (activation energy 1.23eV vs.
NHE or AG=475Kk]/mol) or an external bias to function [23].

An ideal strategy for designing an efficient water splitting
system is to have an antenna that absorbs photons at wavelengths
>1000 nm. Again, such a system must be similar to the tandem
systems in the reaction centers of photosystems I and II (PS700 and
PS680, respectively) in natural photosynthesis [23]. Such a tandem
arrangement (also known as the Z scheme, Fig. 20) has been
implemented in systems based on inorganic semiconductors for
water splitting and DSSCs [23,31,206]. Unfortunately, the absorp-
tion spectra of photosystems I and Il do not complement each
other. The potentials generated by the two photosystems do not
add linearly, and only photons with wavelengths < 680 nm actually
contribute to the light absorption process [23]. In an artificial
photosynthetic device, it would be better to engineer the two
photosystems such that one reaction center absorbs from 400 to
700 nm to generate the redox potential necessary to oxidize water,
and the second photosystem absorbs from 700-1000nm to
generate the potential needed to drive the catalytic reduction of
hydrogen ions into hydrogen gas [23]. Again, to ensure effective
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Fig. 20. Two-step (Z-scheme) reactions, P1: the first chromophore in a two-step
reaction system; P1*: excited state of P1; P2: second chromophore in a two-step
reaction system; P2*: excited state of P2 [31].

electron transfer from the OEC to the oxidized primary electron-
donor chlorophyll (P680%*), the electron transfer must be mediated
by a redox-active tyrosine-histidine pair between the dye and
WOC. PCET is effective for coupling the oxidizing and reducing
equivalents formed by the reaction centers of the catalysts for
water oxidation or hydrogen gas production [207,208].

Finally, both WOCs and WRCs must fulfil the requirements for a
good catalyst (see Section “Water oxidation catalysts”). WRCs that
have been investigated so far include iridium, rhodium, ruthenium,
and platinum [54,171,209]. Although these catalysts are effective
and function with relatively low over potential, they are expensive
when deployed in bulk artificial photosynthetic systems for
hydrogen production [23,171]. Earth abundant metals (Co, Fe, Ni,
etc.) can be used as substitute photocathodes instead of expensive
platinum in water splitting proton reduction [210]. Living
organisms produce hydrogen using some of the catalysts contained
in the enzyme hydrogenase. In fact, hydrogenases have been used
directly as catalysts in artificial photosynthesis to produce
hydrogen gas [211,212]. However, because hydrogenases are large,
complex enzymes, they are sensitive to deactivation by oxygen.
Thus, they are not ideal catalysts for artificial photosynthetic
hydrogen production [23]. In contrast, cobalt hangman porphyrins
have recently been identified as effective catalysts for the hydrogen
evolution reaction (HER) [213]. The hangman porphyrins facilitate
HER by directly mediating PCET reactions to generate H, gas.

Current shortcomings and outlook

After a thorough review of the recently published literature in
the field of solar photocatalysis, we recognized that, despite
significant advances, current materials remain far from an ideal or
practical solution. The three main shortcomings of existing
materials are low quantum efficiency, a high rate of charge carrier
recombination, and long-term chemical/physical instability.

Low quantum efficiency in this context applies to most
traditional materials with large band gaps (>3.0eV). Although
that enables them to generate highly energetic charge carriers,
they can use only UV radiation; which is a meager 5% of the
available terrestrial energy. On the other hand, visible light
accounts for approximately 40% of the incoming solar energy
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that could be tapped. Most materials with an appropriate band gap
are derived from transition metal compounds, which have stability
issues. A possible solution to that problem lies in the effective use
of a synergistic effect between high and low band gap semi-
conductors. If materials with dissimilar energy levels are joined
through a heterojunction, one material acts as a sensitizer (low
band gap) for the other (high band gap). Thus, charge carriers can
be generated using visible light. Furthermore, a suitable structural
arrangement (core-shell or Janus) imparts a higher stability to the
composite as a whole. In that way, both problems could be
addressed within a single material. Another promising way to
address those problems could be through plasmonic photo-
catalysis. However, until the problems of high fabrication and
material costs are solved, practical applications in that field will be
limited.

Similarly, possessing a higher quantum efficiency would
contribute little if the generated charge carriers are lost to bulk
or surface recombination, depending on the morphology of the
material. Bulk recombination can be largely suppressed by
reducing the particle size of the catalyst, which also imparts the
additional benefit of increasing its effective surface area. However,
because small particles are prone to a high rate of back reactions
(against the forward reaction), they are difficult to recover and
pose a nanoparticle hazard. A suitable mechanism allowing easy
recovery of the particles post reaction, such as a suitable
membrane for the immobilization of the catalyst (embedded
structure), could greatly alleviate that problem. Another interest-
ing method would be the incorporation of magnetic materials that
impart the dual benefit of acting as a suitable co-catalyst and
providing easy magnetic separation. Surprisingly, only a few
studies have reported such approaches. However, they can serve as
a proof of concept to indicate the immense potential for
improvement.

The third and most significant problem lies in catalyst stability
against photo-corrosion, galvanic corrosion, and poisoning. The
problem can be further aggravated by the reusability of the catalyst
over many cycles. Although a number of papers are published
every year in the field of photocatalysis, only a few ever report the
long-term stability of the catalyst. This deficiency could partially
result from the lack of testing standards in this field, which is also
responsible for the lack of comparative data in the literature. It
would be highly beneficial for the scientific community to attain a
consensus regarding the testing and reporting parameters for
catalysts, with stability studies being a major part. That would
make it easy to root out superficial and impractical approaches in
favor of promising novel candidates. The nature of the existing
limitations makes it highly improbable that a single-component
material will satisfy all of the required criteria. Therefore, multi-
component heterogeneous systems probably hold the key to the
development of a practical and scalable catalytic material.

Conclusions

Optimizing a complete water splitting system to maximize
efficiency for commercial purposes remains a scientific challenge.
However, with much effort and many advances in the field, the
challenges of the light-harvesting process and charge separation in
PSI and II, PCET, and the redox reactions at both the OEC and WRC
will hopefully be resolved sooner than later.

In this work, we offered a comprehensive review of recent
advances in photo anode semiconductors, light harvesting
sensitizers, WOCs, PCET via electron transport mediators, and a
complete system assembly able to complete the four-electron
water-oxidation reaction for efficient photocatalytic water split-
ting. Overall, the conversion efficiency of light energy in storable
form (chemical bonds) and photo-induced water purification

cannot be over emphasized. The challenge for future work lies in
the ability to design compact system assemblies, particularly
systems that coordinate a photosensitizer and catalyst to transfer
four oxidizing equivalents and generate the dioxygen and
hydrogen gas required for commercial applications.
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