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Abstract: Water splitting technology directly stores solar energy into the chemical bonds of
diatomic hydrogen to be used as a clean fuel without producing any unwanted side reactions,
byproducts or environmentally polluting compounds. Semiconductor materials are needed
for a photo-electron chemical (PEC) device to catalytically convert photons from sunlight
into chemical energy. Materials implemented in a device for sustainable hydrogen production
are required to be inexpensive, highly photo-active, chemically stable, environmentally
sustainable, and have a high solar-to-hydrogen conversion efficiency. Although many
semiconductor composites and nanostructures have been examined, thus far, no material
satisfies all criteria of an implemen-table photocatalyst and many materials do not show
necessary energy conversion efficiency. Materials that depicted a high efficiency often rely
on the ultraviolet portion of the solar spectrum, which does not contain enough energy for
the industrial utilization of PEC water splitting technologies. Focusing on the use of the
visible spectrum is promising for hydrogen production. Herein, recent advancements in the
activity of visible light semiconductors are presented, including both platinum and nonplatinum group materials. This review touches on the latest developments in various synthesis
schemes capable of achieving suitable water splitting compositions and architectures while
highlighting the challenges being faced when designing visible light-active water splitting
photocatalysts. Interesting advancements in the use of nanostructures for designing the
next generation of catalysts will be discussed. Also, for the proper comparison of catalytic
efficiencies, it is important to establish terminology that can compare data across a magnitude
of experimental conditions. A notable challenge associated with the catalysis is its stability
or photo corrosion, which lacks established protocols. Promising future directions for
designing next generation materials are discussed.
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Introduction
The energy crisis in the mid-1970s triggered a worldwide research enthusiasm for the
expansion of renewable energy resources to replace conventional fossil fuels. Recently,
increasing CO2 levels and atmospheric pollution have led to the development of several
clean energy resources, including solar, wind, geothermal, tidal, etc. With an increase
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in the population and industrialization, the global energy demand increases with each
passing day, further leading to the depletion of fossil fuels. Simultaneously the
concentration of greenhouse gases in the atmosphere is increasing daily resulting from
the burning of fossil fuels to meet ever-growing energy demands. Greenhouse-gas
emissions from the energy sector represent roughly two-thirds of all anthropogenic
greenhouse-gas emissions, which have steadily risen over the past century. Solar energy
via sunlight is one of the most promising alternative energy resources that can replace
fossil fuels and fulfill the rising global energy demand. For example, the total energy
consumption of the world projected for the entire year of 2020 is approximated to be
663.6 joules, Equivalent to all of the energy from sunlight striking the Earth for just 90
min (given that the average energy rate of sunlight striking the surface of the Earth is ca.
1,200,000 TW) [1]. Hydrogen production from sunlight and water is being considered
as a promising solution to supply sustainable energy; it is environmentally clean and
can act as a suitable buffer between energy supply and demand. Based on the solar
harvesting technology utilized, solar hydrogen production methods can be generally
categorized (Fig. 1) as: (a) solar photocatalytic water splitting: utilizes photo-active
electrodes, particles, or photovoltaic cells made of semiconductors or semiconductor
composites to split water with and without an external bias, (b) electrolysis of water:
utilizes electricity to split water with a high energy-conversion efficiency, (c)
thermochemical water splitting: utilizes concentrated solar energy to split water at very
high temperatures, and (d) photo-biological hydrogen production: utilizes solar hydrogenproducing enzymes (still in an initial laboratory-scale phase) [3].Presently,
electrochemical solar cells that convert solar energy into hydrogen have high fabrication
costs, insufficient light absorption, and/or inefficient catalytic charge transfer [4–6]. For
the focus of this work, solar photocatalytic water splitting can be divided into three
subcategories (Fig. 1): photovoltaic (PV) electrolysis, photocatalysis, and
photoelectrochemical (PEC) water splitting; these three subcategories are often
interchanged. PV electrolyzes have the photo-absorber isolated from the electrochemical
cell where non-photo-active electrodes facilitate water splitting. Photocatalyst systems
are typically photo-active particle suspensions or immobilized monoliths where each
particle facilitates both the redox and oxidation reactions. PEC water splitting is where
one or more photo-active electrodes perform reactions in an electrochemical cell. Though
these technologies each may vary, many of the material science properties of the
semiconductors and electrodes/particles are similar. In general, PEC water splitting is
promising, however the reported solar-to-hydrogen (STH) conversion efficiencies are
still considered low for practical use [7, 8]. To address these challenges, intense efforts to
design more active photocatalysts and intricate systems are underway [9–11]. A cohesive
review of recent advancements is provided herein, including photo-active composites.
In addition, recent improvements and advancements are also examined for promising
semiconductor compositions. Finally, efficiency calculation methods and meanings found
in other work are provided, so that a universal rational for material stability and
performance can be achieved for comparison of emerging water splitting catalysts.
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Classification of solar hydrogen production methods

Photocatalytic water splitting was first demonstrated by Fujishima and Honda in
1972 utilizing TiO2 electrodes under ultraviolet (UV) irradiation [14]. Later, in 1975,
Yoneyama et al. [15] experimentally established that a p-GaP/n-TiO 2 tandem
combination could generate H2 and O2 without an external bias. Bard [16] used this
concept for the design of a photocatalytic water splitting system with suspended
semiconductor particles. In the last four decade there has been an upsurge of interest in
solar hydrogen production [3, 6, 17–19]. In 1998, Khaselev and Turner [20] developed a
PEC water splitting system that combined the harvesting of solar energy and the
electrolysis of water into a single device with a solar-to-hydrogen conversion efficiency
of 12.4%. Despite a large amount of research activity over the last few decades, water
splitting is still a main focus in modern research to this day due to technical complexities
involved in the overall process to reach sufficient ST efficiencies and stability goals set
by the Department of Energy (USA).

Table1.Various semiconductor photocatalysts used in water splitting for hydrogen production.

Semiconductor materials are suited for solar water splitting due to their ability to
absorb incident photons and convert them into free electrons (i.e., electrochemical energy).
A material will absorb a photon with an energy greater than or equal to its band gap,
exciting an electron from the valance band (VB) to the conduction band (CB) forming
an excited electron-hole (e- and h+, respectively) pair. The photo-generated e- and h+
reduce protons (H+) to H2 and oxidize H2O to O2. In general, the difference between the
two redox potentials of the VB and CB of the semiconductor must be equal to the
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minimum photon energy thermodynamically required for the overall water splitting
reaction. Therefore, for a material to facilitate water splitting, its band gap must exceed
1.23 eV and the corresponding band edges must straddle the redox potentials of 0 and
1.23 eV [21]. In particular, the hydrogen evolution reaction (HER) potential must be
more negative than 0 VRHE (or NHE at pH 0, determined by the redox potential of a
platinum electrode for the hydrogen half reaction) and the oxygen evolution reaction
(OER) potential must be more positive than 1.23 VRHE (Fig. 2A) [22,23]. The photon
energy of 1.23 V or greater is equivalent to the wavelength of 1008 nm or less (from the
Planck-Einstein relation), indicating that a large portion of photons in the solar spectrum
(Fig. 2B) have sufficient energy needed to split water. However, owing to the transparent
nature of water in the UV–visible range (ca. 390–800 nm), auto photolysis of water can
only be accomplished with wavelengths shorter than 190 nm. A semiconductor that
utilizes wavelengths less than 390 nm (UV light) can only achieve a maximum solar
conversion efficiency (SCE) of 2%, whereas the SCE is raised to 16% when a
semiconductor utilizes wavelengths dŠ600 nm [22]. For this reason, solar water splitting
under visible light irradiation has been of great interest since the discovery of the HondaFujishima effect [14]. In practice, the redox potential for water splitting is commonly
greater than 1.6 V, arising from the additional energy needed to overcome the kinetic
barriers of each half reaction, mainly associated with activating the OER. The additional
potential needed for water splitting compared to the theoretical value of 1.23 V is referred
to as an “over potential.” Every element, material and phase has a specific over-potential
[24]. Morphology also plays a predominant role in light adsorption, the accessibility of
electrons/holes on the surface and diffusion of electrons/ holes to the surface.

Fig. 2.

The band gaps and band edges of semiconductor materials with respect to the vacuum level and
NHE.

Experimental description
Many semiconductor materials, such as TiO2, WO3, CdS, Ta2O5, BiVO4, etc., have been
extensively studied due to their suitable band gap, stability and effective response for H 2
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production under solar irradiation. TiO2 is the most widely explored photocatalyst due
to its global availability, low toxicity, stability and near-visible light photocatalytic activity
[26]. The redox potential criterion eliminates semiconductor materials from consideration
whose band gap structure does not match the water splitting redox potentials, unless
modified. Fig. 2 shows a number of recently examined semiconductor material band
gaps and band edge positions compared to the water splitting half reaction redox
potentials.
Photocatalytic hydrogen production studies were implemented in a Lab Solar-III
system with a top-irradiation reaction vessel in a closed gas-circulation system. The
visible light source was provided by a 300 W Xe -lamp (CEL-HXF300) with 420 nm
cutoff filter, and the light intensity was measured as 100 m W/cm2. The photocatalysts
(30 mg) were added to a mixture solution with water (90 mL) and methanol (10 mL),
among them, methanol as a sacrificial agent [158]. Prior to their radiation experiments,
the reactant solution was evacuated for several times to remove air. During the irradiation
process, the reaction temperature was maintained at 15 °C. Gas chromatography
(GC3420A) equipped with a TCD detector and 5 Å molecular sieve column was used to
analyze the evolved gas. The cycling test of photocatalytic H2-evolution followed the
above-mentioned method except that after 4 h reaction, the system was degassed and
then performed the H2genera-tion reaction again. The photocurrent measurements were
carried out on a CHI660Eelectrochemical system. The working electrode was prepared
as following: (1) dispersing 2 mg photocatalyst in 200 ìL Nafion solution (5%) to form
the coating suspension; (2) coating ITO glass with 100 ìL suspension and drying at
room temperature. A standard three-electrode system with the as-prepared electrode
as working electrode, Pt sheet as counter electrode and saturated calomel electrode
(SCE) as reference electrode. In the photocurrent testing process, a 300 W Xe lamp
(CEL-HXF300) with a 420 nm filter was used as light source to irradiate from the opposite
side of the working electrode. 0.1 mol/L Na2SO4 aqueous solution was used as the
electrolyte. To overcome cost and material supply constraints, PGM free catalysts are
highly desirable and many research groups are working on the development of nonplatinum group metal (NPGM) catalysts using elements such as Ti, Ni, Mo, Cu, Co, Zn,
Ga, In, Bi, Ge, Sn, Si, N, C and B [130]. The core limitation of NPGM catalysts is that
their activity is considerably lower than that of PGM, for which various approaches
including innovative preparation methods, co-doping, Z schemes, precise morphology
control and surface treatments are being utilized. The four most promising NPGM metals
(Ti, Ni, Cu and Zn) based on the recent volume of literature and the ascribed photoactivity are presented herein. Since photocatalysis is a surface phenomenon; therefore,
the properties of TiO2 nanoparticles including crystal size, morphology, crystalline phase,
speciûc surface area, pore size and pore volume inûuence its photocatalytic performance.
TiO2 has become most widely used photocatalyst due to its high photocatalytic eûciency,
enhanced biological and chemical stability, environmental friendliness, non-toxicity,
economical and corrosion resistance. Many semiconductor materials, such as TiO2, WO3,
CdS, Ta2O5, BiVO4, etc., have been extensively studied due to their suitable band gap,
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stability and effective response for H2 production under solar irradiation, as shown in
Table 1 [25]. In particular, the hydrogen evolution reaction (HER) potential must be
more negative than 0 VRHE (or NHE at pH 0, determined by the redox potential of a
platinum electrode for the hydrogen half reaction) and the oxygen evolution reaction
(OER) potential must be more positive than 1.23 VRHE (Fig. 3 A,B) [22,23].
The properties of a material signiûcantly depend on the experimental conditions
and their method of synthesis TiO2 is wide band gap transitional metal oxide. TiO2
crystallizes in a large number of polymorphs. Besides these, TiO2 exists in three wellknown crystalline polymorphs in order of abundance as Rutile, Anatase and Brookside
with band gaps (Eg) of 3.02, 3.2, and 2.96 eV, respectively. However, only anatase and
rutile can be synthesized at low temperature in pure form. Many signiûcant re-searches
have been done on the synthesis and photocatalytic application of both anatase and
rutile phases whereas, very few studies have been reported regarding the synthesis of
brookite phase. It has been examined that it is very diûcult to prepare brookite phase
with high purity and large surface area leading to its limited application as compared to
the anatase and rutile phases. The structure of brookite form of TiO2was found by Pauling
and Sturdivant in 1928having the highest oxidation potential (Š0.46 V) as compared to
anatase (Š0.45 V) and rutile (Š0.37 V) phases. Rutile is considered as the most stable
phase of TiO2, whereas anatase and brookite are metastable and can be transformed to
rutile phase by providing proper heat treatment. The sol–gel derived TiO2 typically
remains in the anatase phase, but brookite is often observed at low temperature in an
acidic medium as a by-product. Heat treatment in terms of calcination time and
temperature have a major contribution in the synthesis of photocatalysts by signiûcantly
inûuencing their surface area, morphology, crystallinity, porosity, surface hydroxyl
groups and phase transformations Literature review reveals that the nanomaterials give
better H 2 production compared to micro materials. However, all the nano sized
photocatalysts are not suitable for eûective hydrogen generation due to their insuûcient
redox potential required for the same.
Results and discussion
Platinum (Pt) is the most widely reported co-catalyst for H2 evolution photocathodes
due to its fast electron trapping from the semiconductor CB which improves visible light
photo-activity [147]. For example, platinized TiO2 has been used as a photocatalyst for
a variety of reactions including HER [150]. A Pt doped TiO2 photocatalyst produced
11.7 ìmol h”1 g”1 hydrogen in the presence of iodate/iodide (IO3 “/I”) under visible light
(> 420 nm) [151]. A Pt loading of 1 wt% on rutile TiO2 nanoparticles (< 10 nm) gave
hydrogen production of 932 ìmol h”1 g”1 under visible light illumination and 1954 ìmol
h”1 g”1 under the full solar spectrum [152]. This high activity is attributed to the effective
transfer of photoelectrons from TiO2 to Pt clusters where chemically dissociated H+ ions
are adsorbed to generate hydrogen. In another work, the addition of Pt on g-C 3N4
significantly enhanced the hydrogen evolution rate without using a sacrificial agent
[153]. Pt deposited C–HS–TiO2 hollow sphere exhibited a superior activity and produced
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a higher yield of hydrogen (2857 ìmol h”1) with excellent long-term stability under visible
light irradiation (22 days) [154]. Kahn et al. [155] investigated that Pt- and Ir-ionized
titanium nanotubes synthesized via an ion-exchange process are effective photocatalysts
in the production of stoichiometric H2, where Pt and Ir ionization reduced the band gap
energy correlating to a visible photo response. According to Bamwenda et al. [156], Pt
provides a better trapping site for photoelectrons than Au and showed a better activity
towards H2 generation. In another study, Hara and coworker [157] doped Ru, Rh, and
Ir on SrTiO3 loaded with Pt co-catalysts and observed a visible light response due to the
formation of an electron donor level from the Rh ions adding to the conduction band
composed of Ti 3d orbitals. Furthermore, Moriya et al. [158] reported that the layered
deposition of modified Pt on a CuGaSe2 semiconductor material exhibited a remarkable
PEC performance and stability compared to pristine CuGaSe2. A parallel study conducted
by Manikandan et al. [48], confirmed the influence of Pt co-catalyst on the catalytic
performance of Sn3O4, where the modified catalyst produced 5 ìmol h”1 hydrogen under
visible light illumination with more than 96 h stability. Further details on Pt co-catalyst
semiconductor materials and their hydrogen production rates are reported in Table 1.

Fig. 3.

(A) Schematic of a semiconductor band diagram, and (B) the solar spectrum at different ‘Air Mass
(AM)’ ratios. [23]

TiO2 is the most studied photocatalyst since the first articles published on PEC water
splitting in 1972 [14]. TiO2, an n-type semiconductor, is undoubtedly one of the most
important photocatalysts due to its high photostability, low cost, and non-toxicity. Due
to its excellent photo-chemical stability, in both acidic and basic media, TiO2 has also
been utilized as a protection or passivation layer for photo electrodes [26]. Particle size,
the degree of aggregation and the surface area determine the substrate adsorption ability
of TiO2. Due to a high surface area, fast charge transport and crystallite alignment,
mesoporous TiO 2 films and arrays with ordered structures greatly enhanced
photocatalytic activity for PEC water splitting. Kavan et al. reported the first anodic
deposition condition for TiO2 from acidic TiCl3 solutions at pH 1.5–3.1. Recently, Xu et
al. [178] reported that Au-modified branched TiO 2 nanorod arrays, synthesized via
hydrothermal and followed by a photo-reduction treatment, exhibited an enhanced
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photocurrent density of 2.5 mA/cm2 at 1.23 VRHE, due to the synergistic effect of a
branched TiO2 structure and a surface plasmon resonance (Fig. 4). Modifying TiO2 with
a lower band gap semiconductor to form a heterojunction is another promising route to
enhance photocatalytic activity, in which the second semiconductor works as a
photosensitizer, forming an internal electric field across the interface. For instance, Li et
al. developed a polycrystalline and uniformly distributed ZnO/ TiO2 films on conductive
FTO substrates for PEC water splitting. The authors claimed that, at the optimum
conditions, the current density of the ZnO photo anode under self-biased voltages are
10 times higher than the value without a self-biased voltage. In another case, ZnO was
grafted on the TiO2 nanotube arrays (ZnO/TiO2 NTs) by chemical bath deposition
followed by pyrolysis [102], where a higher photo-activity was observed due to a high
specific surface area and direct conduction path through the aligned nanotubes. Recent
experiments on similarly shaped TiO2 /BiVO4 /Co-Pi nanorod arrays fabricated by
hydrothermal treatment on a FTO substrate yielded a photocurrent of ca. 1.86 mA/
cm2 at 1.0 VRHE and produced ca. 7.31 ìmol cm ”2 h”1 hydrogen at 450 nm [113]. Woo
and Sung [83] conducted a detailed study on TiO2 and nitrogen doped TiO2 (N-TiO2)
films for different composition of rutile and anatase phases prepared by a micro-arc
oxidation method. The nitrogen-doped 81% anatase-19% rutile sample showed a
photocurrent density of 0.594 mA/cm2 at 0 VRHE and a photo conversion efficiency of
0.66% at 419 nm, which is much higher than that for pure anatase TiO2. The synthesized
N-TiO2 film narrows the band gap due to the formation of an energy level above the
valance band structure. Furthermore, Shin et al. [99] reported that sulfur doping on
TiO2 nanotube arrays, owing to the rough tube shape and atomic-level defects in the
edge region, yielded an IPCE of 2.4% at 500 nm and a photocurrent density of 2.92
mA/cm 2 at 1.0 VRHE. Shang et al. [96] developed unique SrTiO3 "x/TiO2 "x hetero
structured arrays via a hydrothermal reaction of TiO2 nanotube arrays followed by a
facile aluminum reduction (Fig. 5), which significantly enhanced the charge transfer
and reduced the recombination of charge carriers for a prolonged time. The presence of
Ti3+, enhanced the photocurrent density to 1.38 mA/cm2 at 0.84 VNHE and hydrogen
evolution rate to 21.01 ìmol h”1 under visible light. In another study, Tan et al. [97]
proposed a new Ce/Ce2O3 /CeO2/TNTs photocatalyst that can produce H2 without
any external bias or sacrificial agents, and showed an improved IPCE of 6.1% and a
photocurrent density ca. 11.2 mA/cm2 under visible light attributed to an increase in
electron hole pair separation and a decrease in electron-hole recombination.
In recent years, TiO 2 nanocomposites with carbon-based material have been
examined. Song and co-worker [84] reported H2 evolution on TiO2/Sb2S3 nanoparticles
and reduced graphene oxide (r-GO) nanocomposites synthesized by a chemical bath
deposition. An improved photocurrent density of 0.96 mA/cm2 at 0.82 VRHE was
obtained for the TiO2/r-GO/Sb2S3 electrode in visible light. Following this work, an
electro phoretical deposition method was introduced to construct well dispersed photoactive Au/graphene oxide/hydrogenated TiO2 nanotube composites (Au/RGO/HTNTs) [92], here r-GO acts as a superb mediator for transferring electrons from Au to H-
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TNTs, which enhanced the current density and hydrogen evolution rate. Another
important study carried out by Jumeri et al. [180] examined the influence of a r-GO thin
layer on a TiO2 (TiO2-rGO) surface, synthesized by dip coating, and reported that the
graphene layer provided electron transfer channels that reduced the recombination of
e-/h+, enhancing hydrogen production.

Fig. 4.

(i) Schematic diagram of PEC water splitting on Au/B-TiO2 array photoanode, and (ii) FESEM
images (a), TEM image (b), HRTEM (c), of B-TiO2; FESEM image(d), TEM image (e), and HRTEM
(f) of Au/B-TiO2.

Fig. 5.

Charge migration and separation in SrTiO3"x/TiO2"x heterostructured nanotube array [96].

Conclusion and future outlook
Photoelectrochemical water splitting using semiconductor photocatalysts is a potentially
promising technology for the production of renewable hydrogen energy via utilizing
abundant solar light. Over the last decade or so, a number of studies were conducted to
develop semiconductor photocatalysts that can efficiently use visible light for hydrogen
production. Several recent achievements demonstrated that the impact of factors such
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as preparation routes, PEC conditions and the light intensity play a vital role on the
water splitting process. Although numerous recent innovations, including elemental
doping and alloying, Z-scheme compositions, optical modifications, and surface
modifications, have enhanced hydrogen production under visible light irradiation, the
overall efficiency remains low. For this reason, we need to emphasize on visible range
photo-absorbers to increase STH conversion efficiencies. The STH conversion efficiencies
have ranged from< 1% to 14% for visible light irradiation, with only a few studies
reporting> 7%. Without consideration of visible range photo-absorbers, STH efficiencies
are low, mainly because the UV-active photocatalysts exhibit a low light harvesting
capability.
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