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Abstract

The direct conversion of solar energy using a photocatalyst in a water splitting reaction is a source of a sustainable and clean
hydrogen supply. In general, photocatalysts are semiconductors that possess valence and conduction bands. These energy bands
permit the absorption of photon energy to excite electrons in the outer orbitals of the photocatalysts. Photoexcited electron and hole
pairs can subsequently induce a water splitting reaction to produce hydrogen and oxygen. Photocatalytic water splitting is affected by
the band level and crystallinity of the photocatalyst. Therefore, band engineering using chemical modifications such as cationic and
anionic modification could createa photocatalyst suitable for the large-scale production of hydrogen. In this paper, cationic and
anionic modifications of photocatalysts and the effects of these modifications onphotocatalytic water splitting are reviewed.
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1. INTRODUCTION

The growth of energy consumption worldwide has ltedun
an intensified use of fossil fuels. The resultingllygants

conduction band is more negative than 0 V at NH& iathat
of the valence band is more positive than 1.23WHEE, as
illustrated in Fig. 1. For an overall water spfitii reaction,
(i.e., hydrogen and oxygen evolve at a stoichioimeatio),the

produced during fossil fuel combustion and the eiémh of
fossil fuels has encouraged a search for altermatind
renewable energy sources that will enhance bothrggne
security and environmental protection. The diremiversion
of solar energy into usable energy has been a phogni

solution to the problem. Among various solar energy

technologies, photocatalytic water splitting hagretudied
rigorously, especially after the discovery of Hondad
Fujishimain  1972[1].The photocatalytic water spiigt
reaction evolves hydrogen, which is a form of clesrergy
that produces no pollutants during combustion.dnjenction
with the development of fuel cell technology, tfamsation
into a hydrogen-based economy could be realizétiemear
term, if an inexpensive and carbon-neutral soufdgydrogen
is developed. A photocatalyst that could inducetptatalytic
water splitting has properties similar to a semigtor. A
photocatalyst can a form conduction band and valdrand
when the electrons located in the outer orbitaésexcited by
photons from light irradiation. These excited alewas will

move into the conduction band while the valencedbail

contain holes where the electrons were originatigated.

These electron-hole pairs can subsequently readh wi

surrounding substrates, such as with a water migeicua
redox reaction. A photo excited electron will redw water
molecule into hydrogen whereas a hole will oxidize water
molecule to produce oxygen. In reality, not allctlen-hole
pairs can induce water splitting because of electme
recombination. Hydrogen or oxygen
thermodynamically possible only if the potential tie

evolution is

band gap of the photocatalyst must be at leastVl.2®ich
corresponds to light irradiation of 1100nm and ¢adiés the
possibility of using visible and UV light irradiath to induce
photocatalytic water splitting. Most photocatalygisssess a
large band gap and are therefore only responsivéJ\fo
irradiation. Solar irradiation consists of only #%5energy in
the UV region but 45% in the visible region. Thudyile the
idea of developing a visible light sensitive phatiatyst to
perform water splitting is reasonable, a photogatalith a
band structure that can absorb visible light iratidn and
thermodynamically induce an overall water splittirggction
is not yet readily available. Therefore, band dtre
engineering has been applied to narrow the band afap
photocatalysts to construct a band structure thatdcinduce
the water splitting reaction.

Energy Level

A
Conduction Ban
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Fig.1.Energy structure of an effective photocatalyst
for the overall water splitting reaction
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Band engineering of semiconductors has been peefbriny
adding a cocatalyst and dopants using various sgighroute.
In general, band engineering distorts the crygtaicsire and
modifies the band level of photocatalysts. A dopat was
initially a center of recombination for electronlagairs can
act as an active site for water splitting reactiaith
appropriate modification. Currently, cationic anahicaic
modifications are the most popular methods to predu
photocatalysts for overall water splitting purpos€stionic
additives are predominantly transition and noblgam&®ns
with d’or d° electronic configurations, while an ionic
additives typically consist of nitrogen, sulfur amtilorine
compounds. The combination of both modificationetyps
also applicable to improve photocatalytic perfore®&nThis
paper discusses cationic and anionic modificaticofs
photocatalysts and their effects on band structarsl
photocatalytic water splitting.

2. CATIONICMODIFICATION

Transition metals are predominantly used to mottiy band
structure of a semiconductor. Examples of cati@dditives
include Bi, Mo, Au, Rh, Zr, Pt, Ru, Cr, Ni, V, Fea, In and
Ce. TiQis the most popular photocatalyst and has beenlyide
modified by various cautions. A cocatalyst and dpaare
incorporated into Ti@rutile and anatase phase to narrow the
TiO, band gap, extending the absorption edge from tiedJ
visible light region. The Bi-dopedTiStudied by Naik et al. is
one example of a'fi cationic dopants for Tig]. This nano
composite was synthesized using a soft chemicgblmfree
homogeneous co-precipitation method. A mesoporous
compound formed with a significant red shift in ddesorption
edge was formed, indicating its capability of absng more
lights with a longer wavelength. After calcinatiah 400°C,
4.3% of the apparent quantum efficiency was achie&98.4
umol/h of H. TiO, films doped with Mo were prepared by Li
et al. using the layer-by-layer method [3]. Optimuvio
doping enhanced the transformation from the anaiadee
rutile phase and reduced the surface oxygen vaesrbat
could promote recombination of the photo inducedrgés.
The doped Ti@ exhibited photocatalytic activity 3.3 times
higher than the bare TiCbecause the introduction of Rfo
resulted in a red shift of the absorption edgeh® Yisible
region.

In addition, the function of Au as a cocatalyst Hzeen
investigated by many researchers. Lin et al. déepdsjold
nanoparticles on KTiNb§using the deposition precipitation
method [4]. Due to effective photo excited chargpasation,
the photo activity of 0.63wt% Au/KTiNbOwith uniformly
dispersed gold nanoparticles was 47 times higher that of
bare KTiNbQ. Lunawat et al. studied a Au-doped CdS/SBA-
15 photocatalyst[5]. In their study, Pt and Au dupga
produced entirely different activity in CdS/SBA-1bhe Au-
doped CdS/SBA-15 exhibited decreased photo activibjile
the Pt-doped CdS/SBA-15 exhibited a substantialeise

compared with the undoped CdS/SBA-15. The reseesche
explained that the surface properties, rather tharelectronic
structure, of their photocatalysts played an imguartrole.
Anoptimum crystallite size is crucial in avoidingtiae site
blockage by metal particles. Feil et al. used a ifeat
classical citrate method in synthesizing a gold regpated
TiOyphotocatalyst[6]. In their study, anodic oxidatioh Ti
metal in fluoride electrolytes containing gold npadicles
was used to grow TiOnano tube arrays. Using methanol as a
sacrificial reagent, the Au doped Tianotubes exhibited
higher photocatalytic hydrogen production than fefree
TiO, nanotubes. Chiarello et al. prepared AukTi€ample
using flame spray pyrolysis [7]. At 1% Au dopingn a
additional absorption band was observed in thdhesiegion.
The absorption band was named the plasmonic almorpt
band and led to the purple color of the preparemtqaatalyst.
The resulting hydrogen evolution rate from photalyic
water splitting was observed to be one order of nitade
higher than that of the undoped TGiORosseler et al.
synthesized a Au/Tigphotocatalystusing the sol-gel and
subsequent direct anionic exchange process wiibusatypes
of TiO, and porogens[8]. Their study revealed that
photocatalytic water splitting is affected by thgpd of
metallic doping, surface properties, anatase/rudit®, metal-
support interaction and amount of methanol. In,fagh H
production efficiency (120mol/min) was achieved over days
without deactivation and with a low amount of meibla
Chen et al. prepared Au/TjQia the sodium citrate reduction
method to study the effect of surface plasmon rasoa (SPR)
on photocatalytic water splitting using simulatedlas
irradiation [9]. The effect of the Au addition oniGp is
illustrated in Fig.2. The Au patrticles act as dlecttraps and
active sites to improve the hydrogen evolution \atgti In
addition, the intensified electric field at thedrface between
the Au particle and Ti@ contributes to enhanced water
splitting activity when both UV and visible lightradiation
were used. Nevertheless, ng élolution was observed when
AU/TiO, in pure water was irradiated with only visiblehtg
which implies that the SPR effect from the goldtices is
insufficient to produce the water splitting reanti€omparing
discussed research works, Au/tiPossess greater hydrogen
evolution rate if sacrificial reagents like methbwas used.
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Fig. 2.Plasmonic absorption band derived from gold
modification [9].

The delectronic structure of rhodium (Rh) has also been
studied intensively [10-17]. Detailed studies have
demonstrated that (G#&n,)(N.,O,) is a promising visible
light active photocatalyst[10, 14-17]. When dopiiGa.-
2Ny (N1, O,) with Rh, its photocatalytic activity was observed
to increase. Nevertheless, because hydrogen andeoxy
recombination occurred as they were catalyzed byMRteda

et al. coated rhodium particled with chromium oxitie
Cr,0Osvia photo deposition from aqueous metal precursdrs.
impregnation of chromium oxide successfully suppeesthe
recombination of hydrogen and oxygen. The resulting
photocatalyst was able to produce hydrogen updblgitight
irradiation. In addition to the work of Maeda et, &h doping
has also been studied by Ma et al. [13] and Kumeigal. [12].
Ma et al. studied potassium niobate nano scrolfgedowith

Rh nanoparticles [13]. These researchers used utmodi
hydroxide as a precursor and prepared potassiubat@mano
scrolls using solid calcinations. Their resultsidaded that
0.1wt% Rh vyielded optimum water splitting activityith
134Qumol/h per gram of photocatalyst. In addition, proeto
exchange using 1M HCI and subsequent hydrationaltes
been performed for the Rh doped photocatalyst. This
procedure enhances the hydrogen evolution rate to
148Qumol/h per gram of photocatalyst. Kumagai et al.
prepared RH doped ZnGgD, using a hydrothermal method

[12]. All the metal precursors were firstly mixed & nitric
acid solution, and the resulting mixture was themlined
with ammonia to reach pH 9. After stirring for twours, the
mixture was autoclaved at 80°C for 24 hours. After
centrifugation and filtration, the resulting yellsh
precipitates were washed with distilled water salvéimes.
Upon drying, RbOswas added using Rh{BH,O as the
precursor via the impregnation method. Finallycicealtion at
500°C for 1 hour was performed to obtain the phatalgst.
Rh doping shifted the absorption edge of Zy@ainto the
visible light region. H evolution in the presence of a
sacrificial reagent under visible light irradiatigg500nm)
confirmed the function of R; as the active site for H
evolution.

The use of Zr@doping to enhance the photocatalytic activity
of TaON has also been investigated [18-21]. TaOl ha
suitable band potential and is stable under photoosion to
act as a promising visible light driven photocagalyn these
studies, TaON was prepared via nitridation ofCzaunder a
NH; flow at 1123K for 15 hours. Nevertheless, a higngity

of surface defects on TaON resulted in low activifythe
photocatalyst. The surface defects acted as recatidin
centers for the photo generated electron-hole pdig
incorporating Zr@nto the nitridation of Tg0s, a highly
crystalline ZrQ-TaON resulted and surface defect formation
was suppressed. In addition, Zs0ppressesthe aggregation of
particulate during nitridation, and aggregation s=I a
reduction in photocatalytic activity. Under the uwethg
atmosphere of Nk reduced tantalum species formation¥Ya
can be restrained by ZgOthereby causing it to become more
cationic, and increasing the visible light absamptiof the
photocatalyst.

Pt has been applied to many types of catalytictima and
appears to be a noble metal dopant that alwaysneeha
photocatalytic activity. Lin et al. employed theapwration
induced self assembly (EISA) method to prepare pasws
Nb,Os[22]. Pt was then photo deposited as a cocatatyet i
the framework of NEOs. The Pt/NbOswas reported to produce
a high hydrogen evolution rate of 46dwol/g.h in UV light
irradiated water splitting with methanol as the riiial
reagent; this rate is much higher than that othetahdoped
Nb,Os. Well-dispersed Pt nanoparticles contributed te th
efficient charge separation in the photocatalystddping on
TiO,wasalso intensively studied [23-27].Ikuma et abduced
Pt on TiQ via hydrogen reduction, photocatalytic and
formaldehyde reduction methods to decompose theupser
H,PtCkinto Pt particles[24]. Different levels of photoaltic
water splitting activity were observed for diffetedeposition
methods. The formaldehyde reduction method wheféCa
powder and KPtClk mixture was placed in a formaldehyde
atmosphere at 400°C, was observed to yield theekighb
evolution rate. Pt particles were not detected tan$mission
Electron Microscopy (TEM) for the formaldehyde redd
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Pt/TiO,, indicating that a fine or thin layer of Pt paldie was
deposited. The Pt particles could be detected Htdk at
800°C because agglomeration occurs. A¥(@=" shuttle
charge UV-irradiated photocatalytic water splittisgstem
using Pt/TiQwas studied by Kozlova et al.[26]. A
Pt/TiOphotocatalystwas prepared using a soft chemical
method with sodium borohydride reducing,PClk. In a
shuttle charge system, the hydrogen and oxygenugonl
reactions occur at different photocatalyst parsiclienplying
that hydrogen evolution and &eoxidation occur at same
particle and oxygen evolution and ‘Ceeduction occur at
another particle. This process reduces hydrogencamyden
recombination and is capable of producing hydrogkhigh
purity, if the half reactions are performed sepalyain batches.
Photocatalytic water splitting from visible lightradiation
using Pt/TiQwas also studied using TiOhanotube[23]and
thin films[25].Pt was incorporated into the TGiGanotube
matrix using an ion exchange method, and the highly
dispersed Pt particles reduced the band gap ofra D&,
nanotube from 3.1 to 2.48 eV. If the Pt was aggeiga
impregnated, the band gap reduction was not obdeiMee
Pt/TiO, nanotube was visible light active and Yyielded
hydrogen evolution rates of 2.3 and 14u®ol/h using pure
water and methanol as sacrificial reagents, resmdgt The
Pt/TiO, thin film was however, prepared using the radio-
frequency magnetron sputtering deposition (RF-M$}thod
and its absorption band was shifted into the wsikdnge.
Pt/TiO, thin films are applicable for photocatalytic water
splitting with sacrificial reagent such as methaant AgNQ
solution using visible light with wavelengths lomgéan
550nm.

RuGO, doped photocatalysts have been studied by Inoue et

al.[28-34]. In their report, Ru@nd divalent ion (Zfi, Mg®")
doped GaN were observed to be highly reactive dalles
photocatalyst for overall water splitting under UV
irradiation[28]. These photocatalysts were prepareyd
nitridation of sulfide precursors and impregnatioh the
resulting compounds with a Ru precursor, followed b
calcinations. The undoped GaN produced little hgdrowith
no oxygen; however, the doped GaN increased theobgd
and oxygen evolution in a stoichiometric ratio. §'ktudy also
revealed that RuPwith tetravalent ion ($f, G€") doped
GaN is not active for photocatalytic water spligtibecause
tetravalent ions distort the crystal structure afiéhtly than
divalent ions. The use of RyQlopedp-GeN, for overall
water splitting has also been demonstrated[3].hia study,
sulfuric acid was observed to enhance the photlytiata
activity because the basic condition tends to hydeo the
photocatalyst. Hydrolysis of the photocatalyst whserved to
collapse the catalyst surface and loosen the attiif contact
betweenp-GesNand Ru@, thus reducing the rate of,Hnd
O, evolution as the reaction progressed. This stuldp a
demonstrated that regeneration of the photocatalgst be
achieved through calcinations and Ru@oading to obtain 80%

of the initial activity. Subsequent studies of Iroet al. have
also been reported [31-32]. From Kadowaki et all],[3
inactive CeQ® with an Pd° electronic configuration has been
successful activated by doping Ru@ith SF*. The formation
of Ce”, which was the main reason for Gei@activity, was
suppressed by the dopants by promotion of the fioomanf
Ce". This study is the first example of lanthanide ahet
oxides as photocatalysts for an overall watertamdjtreaction.
Another photocatalyst, Ry@PbWQ, was studied by
Kadowaki et al. [32]. PbWpwas prepared via a solid state
reaction from oxide precursors and subsequentlyegmmated
with a Ru precursor, followed by calcinations. This
photocatalyst with a combination 2% (PEF"-d (W)
electronic configuration was more active towards UV
irradiation compared with inactive WOThe enhancement of
the orbital dispersion by Plwas determined to be a crucial
reason for the photo activity of this photocatalysteview of
RuO, doped metal oxides and nitrides witlf dnd d°
electronic configuration by Inoue et al. [30] hasrther
clarified the role of dopants in Photocatalysis. vias
concluded that distortion and unsymmetrical meigigen
octahedral/tetrahedral coordination increase traquatalytic
activity of  and d° metal oxides. Further enhancement of
photocatalytic activity can be achieved if divalené¢tal ions
are incorporated in the electronic structure ofghetocatalyst.
This phenomenon occurs because divalent metal vahs
contribute to a largely dispersed band and enhahee
mobility of the photo excited electrons. In additim the work
by Inoue et al., the use of Ru as a cocatalysbkas reported
by Navarro et al. [35]. A CdS—-CdO-ZnO photocatalysis
prepared from sequential precipitation and Ru plagi were
photo deposited under visible light irradiation.eTdddition of
Ru significantly increased the photo activity of SS€€CdO—
ZnO. The interaction between RwpCand CdS reduces
electron-hole recombination and subsequently erdsanater
splitting activity.

Maeda et al. have studied photocatalytic watetttsmi from
solid solution (GaxZn)(N1xOx) using Rh/CsOscore/shell
nanoparticles as cocatalyst[14-15, 17, 36].Rh dapedGa.
ZN) (N1, O,)did not promote photocatalytic water splitting
because of the recombination of hydrogen and oxygethe
Rh particles. Coating Rh with &;suppressed the HD,
recombination, subsequently enhancing the overatemw
splitting activity Rh and GOswerephotodeposited in
sequence on (GgZn)(N1xO,) solid solutions using
NaRhCk.2H,O and KCrO, as precursors. This study also
revealed that the core/shell structure of Rh/CrHiglser water
splitting activity than Rh-Cr mixed oxides usedcasatalyst.
Maeda et al. suggested that the core/shell strigietds more
efficient electron transfer from the conduction asf (Ga.
ZNY(N1,O,) to the Rh particle. This photocatalyst was
observed to be stable at pH 4.5. A reactant pHyshdicated
that this photocatalyst would be corroded and hyden at
pH 3.0 and 6.2. IN addition to Maeda et al., the asCr in
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photocatalyst preparation has also been demordtfaife39].
Liu et al. [39] prepared Cr/SrTiQusing a solvothermal
method. Compared with bare SrEjCQCr/SrTiO; has greater
UV irradiated photocatalytic activity. Cr/SrTi@as also
observed to be visible light responsive, which a#tsibuted
to the band transition from the Cr 3d to the CrBd3d hybrid
orbital. In addition, Cr-doping is also the mairasen for the
visible light sensitive Cr-doped HiisOy,prepared via the sol-
gel route, as described in the work of Zhang et[28].
Cr,0shas also been used in the work of Zhang et alofed
TiO, nanotubes[37]. The absorption spectrum is obsetwed
extend into the visible light region, making theopdtatalyst
visible light active. Ct'predominantly contributed to visible
light water splitting activity by forming anothealence band
to reduce the band gap from 3.3 (Ji@anotube) to 2.3 eV
(Cr,O4/TiO, nanotube).

Nickel oxide is extensively doped with a perovskitee oxide

to improve its photocatalytic water splitting adywby visible
light irradiation. Jeong et al. synthesized R8@Ti,O, from a
solid state reaction method (SSRM) and a polymdrize
complex method (PCM) [40]. Impregnation of NiO has
increased the photocatalytic activity o HpO; significantly.

By comparison, PCM appears to be a better methpdouce
NiO/SrTi,O/because of the resulting higher photo activity
and stability towards prolonged irradiation. Visblight
irradiation using NiO/KNbsO;,prepared by Lin et al.via a two
step solid state reaction was observed to exhighdn
photocatalytic water splitting compared with theloadled
K4NbsO;; catalyst and the NiO/NbsO,; prepared using a
conventional impregnation method [41]. The resesrzh
reported that NiO is well dispersed in the bulkusture
ofK4NbgO,7instead of the surface. Therefore, the shadowing
effect caused by NiO is minimized, allowing morghl
absorption by the KNbsO;;. In addition, photo generated
electron transfer to NiO becomes more efficienDMas also
doped into InTa® by Chiou et al. [42]. In their study,
InTaOQ;was prepared from a sol-gel method, instead ofitjiio

a conventional solid state reaction method, suet #thin
film of InTaOwas formed. InTaQis a visible light sensitive
material capable of splitting water under irradiati
Impregnating NiO increases the initial hydrogenletion rate

of InTaQ, because Ni/NiO core/shell nanoparticles efficigntl
increase charge transfer and enhance the reduatitfi to
hydrogen. Deactivation of NiO/InTa€an occur when
Ni(OH), is formed. A similar indium photocatalyst, InyO
doped with NiO, was also synthesized by Lin et [4B].
Highly crystallized InVQwas active in producing jffom
visible light irradiation Subsequent impregnatiotthwNiO
followed by reduction in K and oxidation in gproduced
NiO/InVO,with an ultra thin NiO layer and a metallic Ni core
Distribution of the photo generated electrons ley diftra thin

NiO,/SminTaG;[44]. This pyrochlore-type photocatalyst
could produce K from pure water under visible light
irradiation. NiO loading distorted the lattice afmrmed a
highly dispersed conduction band from a hybridibedbs5p
orbital. Band structure changes caused by the Mi&lihg
were determined to be responsible for the high mebtting
activity. Anon noble metal photocatalyst doped Wii©® was
presented by Wang et al. [45].NiO4E&Ossynthesized via
the sol-gel and impregnation method was observedeto
active in producing hydrogen from pure water, etleough
CaFe0Os is not an active photocatalyst. By adding ,G{d
NaHCGO; in the water splitting reaction, the hydrogen
evolution rate further increased because hole scpng was
promoted and reduced charge recombination.

V doped KLa,TisOgwas synthesized by Yang et al. via the
sol gel method [46]. At an optimum V doping of 1.5%
increased photocatalytic hydrogen production wasiexed
under both UV and visible light radiation. Vanadiwoping
was observed to change the lattice parameter,b&fKi;O,
but the crystal structure remained unchanged. Iditiad,
DRS demonstrated that visible light absorptive prips are
improved and favorable for photocatalytic activity.
Hybridization of the V3d electron orbit with the @2lectron
orbit forms a new localized energy level that alldie
photocatalyst to be excited at lower energy.

The performance of iron-doped Pt-Ti@anotubes prepared
via the sol gel method was analyzed by Eder et[4Al].
Improved photocatalytic activity by up to two orgeof
magnitude was observed for the prepared photocatalyen
compared with commercial Tikhe authors claimed that the
absorption edge of the photocatalyst shifted caralaly into
the visible light region and that this red shifsulted from the
excitation of F& 3d electrons into the conduction band of
TiO,.Sasaki et al. loaded f&; onto SrTiQ:Rh in a Z-scheme
Photocatalysis system via the impregnation methd8l. [
However, in their work, the F©; doped photocatalyst did not
gain significant attention because the Ru dopedqaatalyst
exhibited superior activity.

Li et al. synthesized La-doped ,BiNbO-via a solid state
reaction [49]. Their study revealed that lanthandoping
increased the band gap of,BiNbO,. The conduction band
defined by La 5d, Bi 6p and Nb 4d is observed tontme
positive than that of undoped BiNbO,. The water splitting
activity of Biyglag,AINbO;was observed to be two times
higher, which was attributed to the change in tlendb
structure and La on the photocatalyst surface. However, Yan
et al. studied the photocatalytic water splittirogivdty of La-
doped NaTa@ prepared via microwave heating [50]. At 2%
doping, LagNayegTaO; with good crystallinity and a high

structure contributed to a 40% increase in the qataitlytic surface area was formed and possessed improved
activity. NiO impregnation via a reduction-oxidatigprocess photocatalytic water splitting activity.

was also performed by Tang et al. to synthesize
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Hu et al. demonstrated *fhincorporation into GaON via a
hydrothermal and nitridation reaction [51]. GaONvisible
light sensitive photocatalyst; however the intraduc of
In**further dispersed the hybridized orbitals, causinged
shift of the DRS absorption edge, in which the phatalytic
activity is improved. Wei et al. studied the phattadytic
activity of In-doped HLaNb,O; prepared via a solid state
reaction [52]. Their study indicated that an optimamount
of In doping exists such that the thickness ofgpace charge
layer is equal to the light penetration depth. Tgtistocatalyst
was sensitive to visible light and capable of pdg
hydrogen with sacrificial reagent.

Cerium doped zeolites were studied by Krishna et5d].
Zeolites alone are not active photocatalyst. Byimgppghem
with low amount of cerium, the interaction betwe®@e* and
the support is responsive to irradiation to gemerat
photoelectrons and water molecules could be splgroduce
hydrogen.

3. ANIONIC MODIFICATION

In general, oxide photocatalysts possess a largd bap that

is unresponsive to visible light irradiation. (Omifjide
photocatalysts, however, have a narrower band gapase
responsive to visible light irradiation. The valerizand of an
(oxy)nitride photocatalyst consists of a N2p orbiteat has a
lower potential than the valence band of the oxide
photocatalyst that is normally formed by the O2bitat [54].

An (oxy) nitride photocatalyst, therefore has a dader
absorption band in the visible region. Neverthelessnpared
with an oxide photocatalyst, an (oxy)nitride phatiatyst is
typically not thermally stable and undergoes plaggosion.
Several types of (oxy)nitride photocatalyst thawvehdeen
under extensive research recently include GaN, GeN,
perovskiteoxynitride, N-Ti@ and TaON, and these are
discussed in the following section.

Arai et al. demonstrated the preparation of GaNnfi@aS,
using nitridation in a NEflow at 1273K for 15 hours [55].
The GaN formed was only active in the UV regionwdwer,
doping divalent ions such as Zn Mg® and
Be*"couldtransformGaNinto a visible light responsivetenial
with high photocatalytic water splitting activitgnd further
enhancement could be achieved if Rw@s present as a co-
catalyst. Doping with a divalent ion was observedncrease
the concentration and mobility of the holes. An dpdd GaO
and ZnO solid solution was also studied by Paridal .€56].
Prepared from a solid state reaction, the GaO-Z@® added
to different nitrogen precursors such as urea, iggc
hexamine and pyridine. N-doping reduced the bammfgam
4.1 to 2.6 eV and extended the absorption bantduihto the
visible light region. An apparent quantum efficigraf 5.1%
by visible light irradiation was achieved using dhe as the
N-precursor. Kamata et al. added Into the oxyrstrid
photocatalyst to form Ga-Zn-In oxynitride[57]. Thbsorption

edge of the photocatalyst reached 600 nm and therwa
molecules were photo catalytically split with sbitelectron
donors and acceptors. Although the photocatalysts wa
observed to be unstable in water oxidation reaction
modification with cobalt oxide stabilizes the systeas an
oxygen evolution promoter

Similarly to GaN, Ge has also used in the formatibrioxy)
nitride photo catalyst. The synthesis of a photgat from a
solid solution of ZnO and GeN was performed by Tele et
al., Wang et al. and Lee et al.[58-60]. They shasadilar
findings indicating that the absorption band in Wble light
region was attributed to the valence band that istets of
hybridized Zn3d and N2p orbitals. The overall watplitting
activity could be enhanced by doping metal ionshsas Cu
and Rh-CyO;. The enhancement in activity was largely
contributed to the high crystallinity because medaping
suppresses defect formation. A low defect concgatra
which is also achievable through post calcinatiafter the
nitridation process, is important in reducing thbamge
recombination. Nitridation of perovskite type mabs has
also been performed to synthesize visible lightpoesive
photocatalysts. Hagiwara et al. synthesize N-doped
Pt/KTay 92210 0d0zvia NHznitridation[61]. The visible light
inactive Pt/KTgeZroodOswasobserved to split water
molecules under visible light irradiation afterrogen doping
The absorption edge of the photocatalyst extended 850 to
600 nm upon nitrogen doping, which was attributedthe
formation of TaNs. Perovskite niobium (oxy)nitrides were
produced by Siritanaratkul et al. [62]. The photabaic
water splitting of different types of perovskitgpgy niobium
oxynitrides such as CaNBbR, SrNbQN, BaNbQN and
LaNbON,were examined. Prepared via a polymerized
complex method and ammonia nitridation, these
photocatalysts exhibited a wide absorption bandhigh
wavelengths (600-750 nm). The nitridation tempeamtu
appeared to be the dominant factor in producing
photocatalysts with high water splitting activitjt lower
temperature, the oxynitride phase was not propfenisned,
whereas at high temperature, reduced niobium spébig*,
Nb*") that can act as charge recombination sites forameti
caused lower activity.

TiO, is only sensitive to UV irradiation. However, seale
studies have demonstrated that through nitrogenndophe
absorption band of N-TiQis extended deep into the visible
light region. Yuan et al. prepared N-TLi@sing urea as the
nitrogen precursor [63].They observed that the gitiem
edge was shifted up to 600 nm in the visible lighgion.
Through XPS analysis, nitrogen was observed toepteas
chemisorbed N and substituted N. The substituted N was
responsible for the visible light photocatalyticterasplitting.
Transformation from the anatase to the rutile phaae also
observed to contribute to the activity. Sreethawatgal.
studied the effect of the mesoporous structure-3i®Lon the
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visible light water splitting activity [64]. Theseesearchers
determined that the photocatalyst prepared fromopw®us
TiO,had higher activity compared with non-mesoporou3,Ti
Subsequently, Pt/N-Tifvas prepared to obtain higher
photocatalytic activity[27]. Platinum doping remabhbiy
increased the photo activity with an optimum logdof 1.3
wt%. In this photocatalytic system, good dispersioh
platinum particles was significant to enhancing tiater
splitting activity. A ¢-d*° complex photocatalyst, ZRiO,N,
was synthesized by Hisatomi et al. via the polymesti
complex method [65]. The absorption band edge @ th
spinel-type oxynitride photo catalyst was extentte850 nm,
and water splitting occurred under visible lightdiation in a
sacrificial reagent such as methanol and silveatst

TaON has been studied considerably as a visiblat lig
photocatalyst. TaON can be produced from the mitidch of
Ta,0s. However, due to its band position, TaON is only
capable of producing hydrogen instead of the olevater
splitting reaction, with low hydrogen evolution idiy.
Defects in the bulk and on the surface of TaON(cedu
tantalum species) can act as electron-hole recatibm
centers that decrease photo activity. Post calcimatafter
nitridation is one approach to reduce the defebts, this
approach is less appropriate because TaON is momtily
stable. Maeda et al. added 4r@® reduce the defects in the
TaON structure via a solid state reaction [19-20je addition
of monoclinic ZrQ suppressed the reduction of the Ta species
during nitridation at high temperature. Thereforthe
hydrogen evolution reaction under visible lightattiation
with sacrificial reagent was enhanced. Although Na&one
cannot perform overall water splitting, it can lmeipled with a
Z-scheme water splitting system with a shuttle reahediator
to perform the overall water splitting reaction.geishi et al.
utilized Pt-TaON (hydrogen evolution photocatalysthd
RuO,-TaON (oxygen evolution photocatalyst) to produlce t
overall water splitting reaction with ar/lD3'shuttle redox
mediator [66]. Although the activity was low with100.2%
apparent quantum efficiency, the photo catalyst thasfirst
example of a %Wxynitridephotocatalyst. Another type of
oxygen evolution photocatalyst, Pt-W@as used with Pt-
TaON by Abe et al. in a similar system [67]. Betelectivity
of water oxidation to @ and reduction of 103to lI'was
achieved even if the solution contained a high arho@I’. In
addition, the photocatalytic system vyielded a stemdter
splitting reaction under weak acid or neutral ctinds even
under prolonged irradiation.

In addition to nitride photocatalyst, sulfide phcatalysts such

as CdS and ZnSare another type of anionic doped
photocatalysts that have gained significant atbenin this
research area. As demonstrated by Sathish et8].Q8lS can

be prepared by precipitation from ja and Cd(NG),,
followed by calcination. An activity of 45@umol/g.h was
reported for the CdS prepared. Mesoporous CdS Wwss a

prepared via ultrasonic mediated precipitation abmm
temperature to form a particle size 4-6 nm usingiteeas the
template for precipitation [69]. These three methtatm CdS
particles with different particle sizes and surfageas. CdS
prepared via the ultrasonic method yielded the ésgHJV
irradiated water splitting activity. This resultdicates that the
water splitting activity can be correlated with fpae size and
surface area. CdS supported on MgO andOAlas also
synthesized to study the effect of the support otgidatalytic
water splitting. Depending on the CdS loading ammglate
that formed the CdS, the hydrogen evolution wafdrighan
for the unsupported CdS. In general, the MgO suppo€dS
exhibited higher photoactivity compared with the.,@y
supported CdS because of the basic nature of MgO. |
addition, noble metal doping such as with Pt furttighances
the hydrogen evolution rate to 14.15 mmol/g.h. CdS
undergoes photocorrosion and therefore is not establder
prolonged light irradiation. By loading CdS on gpeopriate
support, the photocatalytic water splitting iniéidtby CdS can
be enhanced without eluting”Snto the reaction medium.
Loading CdS on ZTP (zirconium titanium phosphatgsw
performed by Parida et al. to synthesize a visilijt
photocatalyst[70]. CdS-ZTP was synthesized viaerchange
and subsequent sulfurization with sodium sulfide] 45wt%
CdS-ZTP was observed to yield the highest hydrogen
evolution rate with an apparent quantum efficien€y.84%
using a sulfide solution as the sacrificial reagestioi et al.
synthesize a Ni/NiO/KNbgCdS nanocomposite for visible
light hydrogen evolution in the presence of isoprog [71].

At an appropriate amount of CdS and other companent
enhanced hydrogen evolution was observed becaumgech
recombination was suppressed in the reaction. CdS
nanoparticles dispersed in SBA-15 observed by Laaval.
enhanced the photoactivity compared with bulk CHSSBA-

15 was added to cadmium acetate isSHlow to form a
CdS/SBA-15 photocatalyst. A subsequent study indicéhat

by doping CdS/SBA-15 with noble metals such as th,
hydrogen evolution reaction rate could be greatlyaaced to
800 umol/g.h. Shemesh et al. synthesize CdS-PdO and CdS-
Pd,S via the aqueous condensation of'Ruto CdS nanorods
and high-temperature organic-phase synthesis, ctgply
[72]. Due to efficient charge separation, the hgedm
evolution rate of these photo catalysts was highan that of
bulk CdS with 3.25% apparent quantum efficiencynbei
achieved. In addition, CdS has also been dispemed
hydrophobic polymer sheet, as described in the wofk
Lunawat et al. [73]. Good adhesion of CdS nanoglagion
the polymer enabled the photocatalyst to performyldife
photocatalytic water splitting. Separation of tHeofocatalyst
and the reaction medium was much easier compartgdthe
use of a powder photocatalyst. A polymer supported
nanocomposite of CdS-ZnS was also studied by Deslepat

al. [74]. Good dispersion of nano-sized CdS pasidn the
range of 1-3 nm was achieved when ZnS was presagdist
coating on polymer strip. Therefore, the water t8pt
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activity was increased because the hydrogen evwolutate
was observed to be inversely proportional to th& @drticle
size. CdS was also synthesized with ZnO and Znféra a
hetero structure photocatalyst that was highlyvacitn visible
light driven hydrogen evolution. The photocatalystQ),-
(ZnS)-(CdS), as reported by Wang et al. [75], yields a
hydrogen evolution rate up to 279@nol/g.husingSg" and
S” ions as sacrificial reagents. Photoexcited elestio this
photocatalyst were also observed to have longrifet(>225
ns), which contribute to the production of hydrog@nother
study reported by Navarro et al. using a CdS-Zn@Cd
photocatalyst developed from sequential precigitatand
thermal annealing investigated the photocatalytydrbgen
evolution [35]. Thermal treatment significantly edfed the
crystallinity and visible light absorption of théqgtocatalyst.
Appropriate thermal treatment improved the physid@rge
separation and allowed more visible light of differ
wavelengthsto be absorbed. The addition of cocstlguch
as Ru and Pt enhanced the hydrogen evolution. Besaed to
be a better candidate for the cocatalyst becaus® Particles
have better interaction with CdS particles, whidduces
charge recombination.

In addition to the combination with CdS to form a
photocatalyst, ZnS with a band gap of 3.6 eVis aldgpe of
sulfide photocatalyst. Jang et al. synthesize masos ZnS
nano plates via a solvo thermal method using etlegd@amine
and calcination [76]. In their study, the calcioati
temperature affected the hydrogen production buat mibt
appear to be correlated with surface area. Theofdtgdrogen
evolution was observed to be highest for the mesaszZnS
calcined at 500°C. Using ultrasonic spray pyrolyQisSP),
Bang et al. developed ZnS: ANihollow microspheres and
nanoparticles [77]. Nf formed a new energy level in the ZnS
band structure that was capable of absorbing edight to
550 nm. Nanoparticle ZnS: Nhad higher hydrogen evolution
activity than hollow microspheres regardless of tamger
surface area, most likely due to charge recomlunadi their
surface defects. Nevertheless, the researcherestegigthat a
balance between optimal crystallinity and surfaceaais
necessary for photo excited electrons to induce tgho
oxidation at the photocatalyst surface. In addjtidfu et al.
prepared(AginZn,; S, solid solutions via a complete
aqueous route [78]. A band gap between 2.11-2.45md¥/a
broad absorption band in the visible region wengorted.
Hydrogen evolution in sacrificial reagents yieldedate of680
umol/g.h and the photoactivity was sustained foleast 100
hours. Highly visible light active porous ZnS;8%-
CuSnanosphereswere produced by Li et al. via &faoie-pot
solvothermal method[79]. Without adding a cocatalys
ZnIng »:Cly 0,5, 309vas prepared at180°C for 18 hto achieve a
360 mmol/g.h hydrogen evolution rate and a 22.6%asmnt
quantum yield at 420nm. Such excellent hydrogenutiom
performance was attributed to the high surface dratacould
accommodate more active sites at the surface, aupor

structure that enhanced photo oxidation and phedoiation,
and efficient charge separation. Cu also plays napoitant
role because of its higher light absorption rate.

4. FUTURE RESEARCH DIRECTION

Significant research has been performed to improve
photocatalytic water splitting to produce hydrogelowever,
the water splitting efficiency is not high enougbr fthe
emergence of a hydrogen economy via clean hydrogen
production. The research concentrated on findisglé light
responsive photocatalyst should be continued becafithe
higher solar energy content in the visible lighgiom. The
synthesis of inexpensive and efficient photocataliscrucial,
and the photocatalyst must be produced in abundaémce
produce enough hydrogen to replace fossil fuel$icdsi
appears to be the most abundant material with ptiepeof a
semiconductor and could provide direction in tharske for
usable photo catalysts. Limited research has beaducted
on silicon based photocatalysts [80-82]. Never®lereat
potential in silicon-based photocatalysts is foesst harvest
solar energy, and more research should be perforimed
addition, anionic modification appears to be a psimy band
engineering technology to harvest visible lightnfrasolar
energy. Sulfide and oxy(nitride) photocatalysts udtiobe
further improved to achieve higher quantum efficies.
Furthermore, various strategies such as the coridimaf
anionic—cationic modification in photocatalyst dyesis and
the application of a Z-scheme system for water ttaui
reactions could be used in creating the ultimatgqdatalyst.

CONCLUSIONS

Cationic and anionic modification of semiconductois
successfully employed in band engineering usindedint
types of preparation methods such as hydrothesohd] state
reactions and polymerized complex methods for thepgse
of improving the photocatalytic water splitting ctian.
Enhanced hydrogen evolution has been achieved by
broadening absorption of the light wavelength, cgdfit
charge separation and the formation of a new bewmdl lto
facilitate the mechanism of the water splittingatean. This
review also indicates the trend of utilizing vigblight
irradiation in the water splitting reaction. Althglu the
hydrogen rate is not yet comparable to that of Uyhtl
irradiation, visible light sensitive photocatalystave greater
potential because solar irradiation mostly consiststhe
visible spectrum. Further research should be peedd
concerning various strategies to enable a hydregemomy
to be realized as soon as possible before irrélersiamage
done onto environment by a fossil fuel based ecgnom
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