























Catalysts 2019, 9, 494

Figure 5. Linear sweep voltammetry curves (voltage range: +0.2~1.0 V) in N,- (A) and CO,-purged
(B) 0.1 M NaHCO;j electrolyte at a scan rate of 10 mV/sec under dark (in the corresponding inset
Figure) and the visible light exposure condition for (a) MoOx/Si, (b) MoS,/Si and (c) MoSe,/Si samples.
The inset (B) shows the light ON-and-OFF LSV curves.

3. Discussion

The photo-electrochemical deposition method was first successfully employed to fabricate MoOx
on a Si support. Upadhyay et al. reported MoOy nanoparticles on a stainless steel support prepared
by electrodeposition at -1.0 V in a mixed solution of 0.1 M Na,MoO, and 0.1 M NH;NO; [46].
They reported oxidation states of Mo®* and Mo®* for MoOy and the corresponding O 1s peak at 530.6
eV. This is in good agreement with our present results. Liu et al. performed electrodeposition of MoOy
films on a Ti (130 nm)/Si substrate in a mixed solution of 0.1 M Na,MoQOy, 0.1 M Na,EDTA and 0.1 M
CH3COONHy [47]. They concluded that the as-electrodeposited MoOy film (with oxidation states of
Mo** and Mo®*) was amorphous. This is also in good agreement with the present result, as discussed
above (Raman spectra in Figure 2). Based on the SEM image, the photoelectrochemical deposition
of MoOy on a Si support appeared to be occurred through Volmer-Weber island growth process [48].
Small islands were initially formed on the entire surface and then larger islands subsequently were
grown. For the SEM images of MoS; and MoSe; by the RTA process, the morphology of MoS, was more
similar to that of MoOy, compared with that of MoSe;. This indicates that less energy was required
for the formation of MoS,, compared with that for MoSe,. Overall, the RTA process was found to be
efficient for the formation of MoS, and MoSe, without much impacting the original morphology of
electrodeposited MoOx.

For HER in 0.1 M H,SO,, MoSe,/Si showed a much higher electrochemical activity (or current
density) than MoS,/Si. For HER mechanism in the acidic condition, adsorbed hydrogen is known to be
formed via H30" + e™— H,q + HO. Then, hydrogen is generated via Hyq + H;0" + e~ — H; + H,O
or Hag + Hag — Hj [23]. In the mechanism, hydrogen adsorption Gibbs free energy, AGx (X =S or Se)
is known to play a major role in determining the activity [10]. The optimal condition is AGyx = 0 eV
and AGpx of MoSe; is closer to the optimal condition than that of MoS,. The HER activity of MoSe,
has commonly been reported to be higher than that of MoS; [49]. This is in good consistent with the
present result. For HER of nanoflowers-like MoS, and MoSe; materials on GC electrodes in 0.5 M
H,S04, Ravikumar et al. reported that the activity (11 mA/cm? at 0.3 V vs RHE) of MoSe, showed
a higher than that (7 mA/cm? at 0.3 V vs RHE) of MoS,, attributed to higher electrical properties
and defects [50], in good consistent with the present result. Evidently, based on the DOS near the
Fermi level as discussed in Figure 3, the enhanced electronic conductivity could play an important
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role in HER and CO, reduction performances [22]. Because the Gibbs free energy is also known to be
dependent on morphology (e.g., defects and edge sites) the catalyst fabrication methods is important
for improving a catalyst activity. Upon visible light exposure on the catalyst surface during the LSV, an
increased CD was commonly been observed. The enhancement factors (light ON/OFF CD ratio) for
HER at —1.0 V upon visible light irradiation were observed to be 8.0, 4.7 and 5.0 for MoO,/Si, M0S,/Si
and MoSe,/Si, respectively (Figure 6). The photocatalytic HER activity under visible light was due to
photo-generated electron by absorption of light in the visible region [22,42]. As mentioned above, in
HER mechanism electron plays a crucial role in generation of hydrogen. Overall, the photocatalytic
activity is all dependent on material nature (e.g., electrical conductivity), morphology, surface natures
(e.g., defects) and light absorption efficiency. For the splitting of water, the molar stoichiometric ratio
of Hy/O; is ideally 2.0 [51] assuming that no other side electrochemical reactions are involved for MoS,
and MoSe; [1]. Before further discussion, it should be here mentioned that our conclusion was based
only on the CD. The H,/O, production ratios and CO, reduction products are needed to be further
examined by gas chromatography [51].

For electrochemical CO, reduction, the current density was commonly been increased in
CO,-purged 0.1 M NaHCOj electrolyte, compared with that in Np-purged 0.1 M NaHCOj electrolyte.
This indicates that CO, reduction was occurred for all the samples. For CO, reduction (Figure 6), under
the dark condition, the enhancement factors before (only N, bubbling) and after CO, bubbling were
observed to be 1.6, 2.2, 1.2 for MoOy/Si, M0S,/Si and MoSe;/Si, respectively. Under the visible light-on
condition, the enhancement factors before (only N, bubbling) and after CO, bubbling were observed
tobe 1.1, 2.1 and 7.2 for MoO,/Si, M0S,/Si and MoSe,/Si, respectively. The CDs upon light exposure
were increased by 6.0, 2.6 and 9.4x for MoO,/Si, M0S,/Si and MoSe,/Si, respectively. Overall, MoSe,
showed the most dramatic photo-electrochemical CO, reduction efficiency. For MoSe,, photogenerated
electrons are created by light absorption in the visible region and electron-hole recombination is
suppressed by good electron transport [1]. Consequently, the CD by photoelectrochemical CO,

reduction is enhanced.

cement factors®

@ Enhan

Figure 6. Enhancement factors for HER CDjight oN/ HER CDyight oFF, CDco2 bubbling/CDN2 bubbling
under light ON condition and CDco2 bubbling/CDN2 bubbling tnder the light OFF condition for (a)
MoOy/Si, (b) MoS,/Si and (c) MoSe;/Si samples.
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4. Materials and Methods

For photoelectrochemical Mo deposition (MoO,/Si), a three-electrode (Ag/AgCl reference, Pt wire
counter and Si working electrode) electrochemical cell was used using a VersaSTAT3 (Princeton Applied
Research, Oak Ridge, TN, USA) potentiostat galvanostat. For the preparation of a Si working support
electrode before electrodeposition, a single-side polished Si (100) wafer (B-doped p-type, thickness
of 525 + 20 um, resistivity of 1-10 (3-cm, 2 cm X 0.5 cm) was used as the support, cleaned in 2% HF
solution to remove oxide layer and washed with deionized water by sonication. The electrolyte was a
mix of 15 mM Nay;MoOQOj (99.0% extra pure, Samchun Chem. Co., Seoul, Republic of Korea), 1.0 M
NaCl and 1.0 M NH3Cl, where pH was adjusted to 9.2 using NH30H (28~30%, Samchun Chem. Co.,
Seoul, Republic of Korea). The photoelectrochemical deposition was performed at an applied potential
of —1.5V (versus Ag/AgCl electrode) for 10 sec under visible light exposure onto the working electrode.
In the present study, we only showed the samples prepared at fixed parameters among different
applied potentials and deposition times. No efficient (or less uniform) Mo deposition occurred under
the dark condition although the applied voltages and deposition times were varied. CDs of —0.10
and —0.92 mA/cm? were measured at —1.5 V under dark and visible light, respectively. The CD was
enhanced by 9-10x in the potential ranges from —1.0 to —2.0 V. For the preparation of MoS, and MoSe,
on Si support, a rapid-thermal annealing (RTA) method was employed using a LABSYS RTP-1200
(Nextron Co., Ltd., Busan, Republic of Korea). For this, a MoO/Si substrate was placed on a quartz
plate (15 mm x 20 mm) in the RTA chamber. Sulfur (S.P.C. GR reagent, Shinyo Pure Chem. Co., Ltd.,
Hyogo, Japan) or Selenium (99.5+%, 100mesh, Sigma-Aldrich, St. Louis, MO, USA) powder (~0.02 g)
was placed below the substrate. The chamber was maintained in 5% H, in He balance. The temperature
heating rate was 12 °C/sec and the time was 6 sec at the maximum temperature of 700 °C. The surface
morphology of the prepared samples was examined using a Hitachi S-4800 (Tokyo, Japan) scanning
electron microscope at an electron acceleration voltage of 10.0 kV. Raman spectra with 514 nm laser
line were obtained using a LabRAM HR-800 microRaman spectrometer (HORIBA Jobin Yvon, Kyoto,
Japan). X-ray photoelectron spectra were taken using a Thermo Scientific K-Alpha* X-ray photoelectron
spectrometer with micro-focused monochromatic Al Kt X-ray source and a hemispherical energy
analyzer. XPS spectra curve fitting was performed using a XPSPEAK ver. 4.1 software. For XPS
element quantification, XPS sensitivity factors of 2.75, 0.66, 0.54, and 0.67 were used for Mo 3d, O 1s, S
2p and Se 3d, respectively [52]. For photoelectrochemical HER and CO; reduction, a three-electrode
electrochemical cell was also used using a VersaSTAT3 potentiostat/galvanostat. For HER, nitrogen gas
was fully purged into the electrolyte (0.1 M HySOj4 solution) to minimize an effect of dissolved oxygen.
Linear sweep voltammetry (LSV) was carried out at a scan rate of 10 mV s™! from +0.2 V to 1.0 V
under dark and visible light exposure conditions. A white LED USB Flashlight (A-10, Teckmedia) was
used for visible light (400~700 nm) [53]. For CO, reduction experiment in 0.1 M NaHCOj solution,
LSV was conducted after N, gas purging at a scan rate of 10 mV s~! from +0.2 V to —=1.0 V under dark
and visible light irradiation conditions. The same LSV experiment was also conducted after CO, gas
purging into the electrolyte to examine the CO, effect.

5. Conclusions

In this work, a combined photoelectrochemical deposition and rapid-thermal annealing method
was first been employed to fabricate MoS; and MoSe; thin films on Si substrates. Photoelectrochemical
HER and CO; reduction were demonstrated for the newly developed catalytic systems. The main
results are as follows:

1. Mo oxides were successfully electrodeposited on a Si support under visible light exposure.
Under the dark condition, the electrochemical deposition was less efficient.

2. Arapid-thermal annealing method was successfully introduced for the electrodeposited MoOy/Si
to fabricate MoS,/Si and MoSe;,/Si catalyst systems. Other impurity phases were not detected
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mainly based on the Raman and XPS results. The maximum temperature was achieved by rapid
heating to 700 °C of S or Se powers on the MoO,/Si and maintained for 6 sec.

HER tests in 0.1 M H,SO4 electrolyte showed a catalytic activity order of MoOy/Si < MoS,/Si <<
MoSe;,/Si under dark and visible light-on conditions. The HER activity (4.5 mA/cm? at —1.0 V vs
Ag/AgCl) of MoSe,/Si was increased by 4.8x compared with that under the dark condition.
CO; reduction tests in 0.1 M NaHCOj3 electrolyte showed a catalytic activity order of MoO,/Si,
MoS,/Si << MoSe;/Si and MoS,/Si < MoOy/Si << MoSe,/Si under dark and visible light-on
conditions, respectively. The reduction activity (0.127 mA/cm?) of MoSe,/Si was increased by
9.3x compared with that under the dark condition.

The newly developed catalyst preparation method could be very useful for developing thin film

catalyst systems for diverse application areas.
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Abstract: Band gap magnitudes and valence band energies of Ta>* containing simple perovskites
(BaTaO,N, SrTaO,;N, CaTaO;N, KTaO3, NaTaO3, and TaO,F) were studied by diffuse reflection
absorbance measurements, density-functional theoretical calculations, and X-ray photoelectron
spectroscopy. As a universal trend, the oxynitrides have wider valence bands and narrower band
gaps than isostructural oxides, owing to the N 2p contribution to the electronic structure. Visible
light-driven water splitting was achieved by using Pt-loaded CaTaO;N, together with a sacrificial
agent CH3OH.

Keywords: perovskite oxynitride; band gap; density-functional theory; water splitting

1. Introduction

Transition metal oxynitrides are of interest due to their potential as photocatalysts [1-6],
pigments [7,8], battery electrodes [9], high-permittivity dielectrics [10], etc. Such a diverse functionality
of oxynitrides is derived largely from the coexistence of O~ /N3~ in the anion lattice. As is well
established, the conduction and valence bands of simple perovskites AMX3 are based mostly on the
frontier orbitals of M and X, respectively. In the case of oxide perovskites, O 2p orbitals participate in
the valence band formation near the Fermi level. However, the inclusion of nitrogen, which brings
a higher 2p orbital energy level than that of oxygen 2p, can effectively shift the top of the valence
band upward resulting in the decreased band gap. It is interesting to note that if the energy difference
between O 2p (—14.1 eV) and N 2p (—11.4 eV) orbitals [11] is reflected onto the valence band edge
positions, many of the complex oxynitrides containing Ta%*, Nb°*, or Ti** would have band gaps falling
in the visible light range (3.1~1.8 eV). Such a prospect in optical properties has motivated a number of
studies on oxynitride perovskites and related phases, with views to semiconductor developments for
visible light-harvesting photocatalysts or non-toxic inorganic pigments [1-8,12-18].

In 2001, Asahi et al. reported the visible light-driven photocatalytic activity of TiO,_,Ny [1], which
was followed by a number of studies on oxynitride-type photocatalysts. Promising photocatalysts
were identified in various structure types such as simple perovskite (CaTaO,N, SrTaO,N, BaTaO;N,
LaTiO;N, LaTaON,, CaNbO;N, StNbO,N, BaNbO,N), complex perovskites (LaMg,Ta;_xO1.3,:N2_3y),
spinel (ZnGap;OxNy), wurtzite (Gay —ZnyN;,Oy), baddeleyite (TaON), and anosovite (TazNs) [3-6].
Among notable examples, Gaj _,Zn,Nj_,Oy has an absorption edge at ~500 nm and showed a quantum
yield of 5.2% for 410 nm light [19]. BaTaO,N-BaZrOj3 solid solution could catalyze H, evolution from
water without sacrificial agents [20]. TaON showed overall water splitting activity with surface
modification and appropriate co-catalysts [21]. LaMgyTa;_,O1.43:N>_3, and CaTaO,N could achieve
overall water splitting with a Rh-Cr mixed oxide co-catalyst [22,23]. However, it was apparent that
the photocatalytic behavior of a particular catalyst depended not merely on the composition but the
morphology, defects, co-catalysts, and the type of photocatalytic reaction.

Catalysts 2019, 9, 161; doi:10.3390/ catal9020161 97 www.mdpi.com/journal/catalysts
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In this study, we compare the electronic structures of several Ta>* perovskites having different
anion matrices of pure oxide, oxynitride, and oxyfluoride types. The diffuse reflection absorbance
spectra for ATaO;N (A = Ba, Sr, and Ca) are presented along with those of KTaO3, NaTaO3, and
TaO,F revealing a clear dependence of the semiconductor band gap on the electronegativity of anion
components. The density-functional theory (DFT) based computations, combined with the valence
level X-ray photoelectron spectroscopy (XPS), confirm that the N 2p component plays a critical role in
extending the valence band edge in oxynitride compounds. We also present the photocatalytic activity
of oxynitride samples tested by examining the water splitting under visible light irradiation.

2. Results and Discussion

Figure 1 displays the diffuse reflection absorbance spectra for simple Ta®" perovskites where the
oxynitride phases are found with markedly smaller band gap energies than the others. The optical
band gaps were estimated by Shapiro’s method [24]. The linear region of the absorption edge was
extrapolated to the wavelength axis, where the intersection (zero absorption) was taken as the band
gap value. The estimated band gap energies are in the following order: BaTaO,N (1.8 eV) < SrTaO,N
(2.1eV) < CaTaO;N (2.4 eV) < KTaOj3 (3.6 eV) < NaTaOs (4.0 eV) < TaO,F (4.1 eV).

absorbance (arb.units)

300 400 500 600 700 800

wavelength (nm)

Figure 1. Diffuse reflection absorption spectra for (i) BaTaO,N, (ii) SrTaO,N, (iii) CaTaO,N, (iv) KTaO3,
(v) NaTaOj3, and (vi) TaO,F.

For the d° perovskites AMX3, it has been well elucidated that the band gap magnitude depends
on (i) electronegativity difference between M cation and X anion, (ii) deviation of M—X—M bond
angles away from 180°, (iii) M—X bond distance, and (iv) electronegativity of A cation [25,26]. The
band gap variation among BaTaO,N (cubic), SrTaO;N (tetragonal), and CaTaO,N (orthorhombic) can
be explained by the structural distortion factor (ii), in which the more distorted Ta—(O,N)—Ta linkage
leads to the narrower band width and the wider band gap. However, the same reasoning cannot be
used across distinct anion systems as the cubic KTaOj3 has a greater band gap than that of CaTaO,N.
In this regard, it can be judged that the control of anion components among N, O, and F, which have
well-separated electronegativity values, makes a dominant effect on the resulting electronic structure.
The absorbance spectra were also examined by using Tauc plots [27] from which the above oxynitride
perovskites were found to be indirect-gap semiconductors.

A detailed aspect of the electronic structural evolution depending on the anion components was
studied by band calculations at the DFT level and the XPS measurements. Structural parameters for
DFT calculations were taken from the Rietveld refinements for BaTaO,N, SrTaO,N, and CaTaO,N [10],
or from the literature data for KTaO3 [28], NaTaOj3 [29], and TaO,F [30]. Since the computation codes
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cannot handle mixed occupation of any crystallographic site, ordered O/N (or O/F) distributions were
assumed for mixed anion phases.

The density of states (DOS) in BaTaO;N, SrTaO,N, CaTaO,;N, KTaO3, and TaO,F resulted from
the calculations using CAmbridge Serial Total Energy Package (CASTEP) and are compared in Figure 2.
As previously observed for similar compounds, the computation tends to underestimate the band gap
magnitude. Still, it can be well recognized that the width and position of valence bands vary depending
on the anion components. Both of the mixed anion systems have widened valence bands due to the
2p orbital mixings between O/N or O/F: extended toward a higher energy side for oxynitrides and
toward a lower energy side for oxyfluoride. However, the conduction bands of those five compounds
were found at fairly similar energy ranges (not shown) since they have the same octahedral cation,
Ta. The net result is the effective band gap reduction in oxynitrides, as compared with oxides. On
the other hand, for the oxyfluoride derivative, the band gap itself would not change very much to a

first approximation.
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Figure 2. Valence band density of states (DOS) structures for BaTaO,N, SrTaO;N, CaTaO,N, KTaO3,
and TaO,F as calculated using the CAmbridge Serial Total Energy Package (CASTEP) code.

The N 2p contribution to band structures of oxynitride compounds can be better viewed by
extracting the partial DOS of the component atoms. Figure 3 shows the DOS plots for BaTaO;N as an
example, which was obtained by employing linear muffin-tin orbital (LMTO) calculation. Both O p
and N p orbitals were found as the major constituents of the valence band but notably the N character
resides primarily at the upper region of the valence band, in agreement with the design concept of
these oxynitride perovskites.

Along with the theoretical calculation, an experimental probe was also used to study the valence
band structures of ATaO,;N (A = Ba, Sr, Ca), KTaO3, NaTaO3, and TaO,F. The XPS spectra presented in
Figure 4 were collected at near the Fermi level and, therefore, depict the DOS of valence bands. After
the energy calibration using the C 1s peak energy and background subtraction, the tops of the valence
bands were determined as indicated on the plots (Figure 4). The valence band edges of oxynitrides were
found to be higher in energy by significant margins (=1 eV) than the oxides’ or oxyfluoride’s, which is
consistent with the electronic structure calculations. It is, therefore, corroborated both experimentally
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and theoretically that the hybridization of O 2p and N 2p orbitals are energetically feasible in the
extended solid lattice, and that the partial N/O replacement can be a useful means to reduce the band
gap size of oxide semiconductors. Based on the measured band gap magnitudes and the valence band
widths, simplified band structures can be proposed for the Ta®* perovskites studied here (Figure 5).

total

o S
one N

DOS (arb. units)

E(eV)vsE,

Figure 3. Total and partial DOS for BaTaO,N as calculated using linear muffin-tin orbital (LMTO) code.

intensity (arb. units)

20 15 10 5
binding energy (eV)

Figure 4. Valence level XPS spectra for (i) BaTaO;N, (ii) SrTaO;N, (iii) CaTaO;N, (iv) KTaOs3, (v)
NaTaOs3, and (vi) TaO,F. Vertical bar on each data indicates the top edge of the valence band.
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Figure 5. Conduction (unfilled) and valence (shaded) band positions for several simple perovskites
with octahedral Ta%*, as deduced from diffuse reflection absorbance and XPS measurements.

The reduced band gaps of oxynitride phases have immediate relevance to the photocatalytic
reactivity. In this respect, we tested the water splitting by Pt-loaded oxynitride samples under
visible light irradiation. Figure 6 presents the time-dependent H; evolution from the Pt-CaTaO,N
in HyO/CH3O0H, along with the result from Pt-TiO, (P25). Since CH30H contains carbon with a
formal oxidation number of —2, it can act as a reducing agent that removes O, and expedite water
decomposition as follows:

2H,0 + hv — 2H, + Oy (1)

2CH3OH + O, — 2CO, + 2H, (2)

The sacrificial agent CH30H should boost the generation of Hy according to the Le Chatelier principle,
and also help suppress the H, —O, recombination.
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Figure 6. Photocatalytic H, evolutions over Pt-loaded powders of CaTaO,N (filled circles) and P25
TiO; (open circles). At the beginning and after 30 h had elapsed, the reactor vessel was purged with Ar.

As displayed in Figure 6, Pt-CaTaO,N possesses the photocatalytic activity that can be triggered
by visible light photons. Using the irradiation source of A > 395 nm here, the photocatalytic efficiency
of Pt-CaTaO;N is significantly higher than that of Pt-TiO, (P25), a well-established photocatalyst
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system. Certainly, the superior performance of Pt-CaTaO;N is attributed to its narrower band gap. As
can be found from Figure 1, CaTaO;N can utilize the photons with A as long as ~500 nm, whereas
the absorption by TiO, (P25) is limited to A < 400 nm. The other oxynitride samples Pt-BaTaO,N
and Pt-SrTaO,N and an oxide sample Pt-KTaO3; were also examined under the same experimental
condition, but none of them produced discernible amounts of H,. The lack of photocatalytic ability in
Pt-KTaOj3 is simply ascribable to its wide band gap. However, in the cases of BaTaO,N and SrTaO;N,
which possess even smaller band gap energies than CaTaO;N, the inferior photocatalytic property
can be due to other factors. As one possibility, the valence band edges of BaTaO,N and SrTaO,N
might be higher than the O?~ /O, oxidation level, or the H,—O, recombination might occur so fast
as to disallow the observation of water decomposition. Yet, BaTaO,N and SrTaO,N are regarded
as promising candidates for visible light photocatalysts that could be well exploited in deliberately
designed reaction systems. In the studies by Domen et al., it was demonstrated that the combination
of Pt-ATaO;N (A = Ba, Sr, Ca) and Pt-WOj achieves overall water splitting under visible light in the
presence of IO3~ /I~ as a shuttle redox mediator [2,12].

3. Materials and Methods

3.1. Sample Syntheses and Crystal Structure

Polycrystalline oxynitride samples ATaO,;N (A = Ba, Sr, Ca) were prepared by ammonolysis
reaction using BaCOj (J. T. Baker, 99.8%, Phillipsburg, NJ, USA), SrCOj3 (Aldrich, 99.9+%, St. Louis,
MO, USA), CaCO3 (Mallinckrodt, 99.95%, Phillipsburg, NJ, USA), and TayOs (Cerac, 99.5%, Milwaukee,
WI, USA), as described previously [10]. Quantitative mixture of reagents was heated in anhydrous
ammonia (99.99%) at a flow rate of ~50 cm®/min. Each ammonolytic heating cycle consisted of
heating/cooling ramps of 10 °C/min and a dwell step of 20 h at 1000 °C. The heat treatment cycle
was repeated 2-5 times to obtain phase pure products. For preparing TaO,F, Ta powder (Alfa Aesar,
99.9%, Karlsruhe, Germany) was dissolved in HF solution (47%) in a Teflon beaker. After evaporating
the solvent at 125 °C, white precipitate was washed with distilled water, dried at 150 °C, and finally
heated at 500 °C in air for 1 h. Reference compounds KTaO3 (Cerac, 99.9%) and NaTaOj3 (Cerac, 99.9%)
were used as purchased.

Crystal structure analyses of ATaO,N samples used the synchrotron X-ray powder diffraction
patterns collected at the beamline X7A of National Synchrotron Light Source, Brookhaven National
Laboratory (Upton, NY, USA). Lattice parameters and atomic coordinates for ATaO,N phases were
refined using the Rietveld method as incorporated in the GSAS-GUI software suite [31,32].

3.2. Electronic Structure and Photocatalytic Property

Diffuse reflectance data were recorded and converted to absorbance using a spectrophotometer
(Perkin Elmer, Lambda 20, Waltham, MA, USA) equipped with a 50-mm Labsphere integrating
sphere over the spectral range 200-900 nm. The band gap energies were determined from Shapiro’s
method [24] of extrapolating the onset of absorption to the wavelength axis.

DFT-based computations were performed using the CASTEP program as embodied in Accelrys
Materials Studio [33]. Norm-conserving nonlocal pseudo-potentials were generated using the Kerker
scheme with a kinetic energy cutoff of 400 eV. A convergence criterion of 0.02 meV was applied for the
energy change per atom. Electron exchange and correlation were described using the Perdew-Wang
generalized gradient approximation (PW91-GGA) [34]. For BaTaO;N, the total and partial densities
of states were also calculated using a computation code, Stuttgart LMTO version 47, developed by
Anderson and co-workers [35,36]. The program employs a TB-LMTO-ASA (tight binding linear
muffin-tin orbital atomic sphere approximation) algorithm. Integrations over k space were performed
using the tetrahedron method with a total of 40 irreducible k points from a 6 x 6 x 6 grid of reducible
k points.
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Valence band structures of ATaO,N (A = Ba, Sr, Ca), KTaO3, NaTaO3, and TaO,F were
experimentally studied by XPS at near Fermi energy level, using a V. G. Scientific spectrometer
equipped with a Mg K source (1253.6 eV) and operated at 9 kV and 20 mA with a base pressure of
~2 x 107 Torr. Shirley method [37] was used for the data smoothening and background removal
from the raw XPS spectra.

Photocatalytic activity of CaTaO;N, in comparison with that of TiO, (Degussa P25) [38], was
examined for the water decomposition using visible light irradiation. To focus on the photocatalytic H,
evolution, Pt was employed as a co-catalyst [39]. For preparing the Pt-impregnated catalyst, sample
powder was stirred in an aqueous solution of HyPtCls-6H,O ([Pt**] ~ 0.4 mM) under ultraviolet (UV)
irradiation for 24 h, rinsed, and dried at room temperature. Thus, the obtained Pt-loaded catalyst
(=50 mg) was suspended in a mixture of 35 mL H,O and 0.6 mL MeOH contained in a 43.5 mL quartz
vessel, which was sealed with a latex septum and filled with ~1 atm of Ar. The photocatalytic reaction
was induced by external illumination with an Oriel Xe lamp (24 V, 7 A) through a liquid filter and a
long-pass filter (Aoytoff = 395 nm), and was monitored using a gas chromatograph (Shimadzu, GC-14A,
Tokyo, Japan) with Ar (99.998%) carrier gas. By using the liquid filter with a circulating water cooler,
the reaction vessel was kept from the heating effect of infrared light component.

4. Conclusions

It was shown, using six simple perovskites with octahedral Ta®*, that the semiconductor band
gap can be widely modulated by the electronegativity of anion components. The band gap generally
widens from oxynitrides to oxides to oxyfluorides, and in most cases, the d° oxynitride phases have
band gaps corresponding to visible light energy. Band structure calculations by the DFT method and
XPS measurements indicate that the N 2p component contributes to extend the top of the valence band
in oxynitrides, making a principal distinction from the oxides’ electronic structures. The photocatalytic
Hj generation from H,O was observed by using Pt-CaTaO,N and a sacrificial electron donor CH;OH
under visible light.
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Abstract: Photocatalytic Hy generation via water splitting is increasingly gaining attention as a
viable alternative for improving the performance of H, production for solar energy conversion.
Many methods were developed to enhance photocatalyst efficiency, primarily by modifying its
morphology, crystallization, and electrical properties. Here, we summarize recent achievements in
the synthesis and application of various photocatalysts. The rational design of novel photocatalysts
was achieved using various strategies, and the applications of novel materials for H, production
are displayed herein. Meanwhile, the challenges and prospects for the future development of
Hj-producing photocatalysts are also summarized.

Keywords: photocatalysis; Hy generation; water splitting; solar energy

1. Introduction

The development of renewable green energy sources is a critical challenge for modern society.
H; is environmentally friendly, renewable, and considered to be an ideal candidate for an economically
and socially sustainable fuel [1-6], and was previously regarded as an alternative energy source.
Interestingly, some researchers also found that Hy-rich water has neuron effects owing to its antioxidant
properties. Although the deep mechanism is not clear, more and more researchers made an effort
to study the biological function of H, [7-21]. To date, almost all H, gas production processes in the
industry are based on natural gas, coal, petroleum, or water electrolysis. These traditional preparation
methods are limited due to the associated CO, emissions and high energy consumption. Hence, it is
urgent to develop a low-cost method for efficient H, generation and, thus, support the emerging
H; economy.

The sun provides an energy output of ~3 x 10%* J per year, which is approximately 12,000 times
higher than the current energy demand. Therefore, solar energy can act as a sustainable alternative
energy source in the future. To date, the transformation of solar energy into Hj via water splitting is
deemed as a desirable H, preparation method to solve the energy crisis [22,23].

The proper use of Hy requires insight into the physical properties of H, molecules. As we
know, the lengths and strengths of hydrogen bonds are exquisitely sensitive to temperature and
pressure. Meanwhile, the charges of H, molecules also vary with temperature [24] because the spin
direction of the nucleus in the H, molecule changes depending on the temperature, and an energy
difference occurs between H, molecules. The para-H, fraction changes with temperature, and it is
necessary to understand the characteristics of H, molecules according to temperature [25]. During
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the reaction, hydrogen can be used safely at room temperature; however, it is rather dangerous in
high-temperature environments.

As we know, Hj gas, often called dihydrogen or molecular Hy, is a highly flammable gas with a
wide range of concentrations between 4% and 75% by volume. Meanwhile, Hj is the world’s lightest
gas. The density of Hj is only 1/14 of that of air. At 0 °C, the density of Hj is only 0.0899 g/L at
standard atmospheric pressure, which is the smallest-molecular-weight substance; it is mainly used
as a reducing agent. The enthalpy of combustion is about —286 kJ/mol, which can be displayed
by the following equation: 2H(g) + Ox(g) — 2H,O(l) + 572 kJ (286 kJ/mol). Currently, H; is the
main industrial raw material and the most important industrial gas. It has various applications in
the petrochemical, electronic, and metallurgical industry, as well as in food processing, float glass,
fine organic synthesis, aerospace, and other fields. At the same time, H; is also an ideal secondary
energy source. Owing to the properties of H, the aerospace industry uses liquid H; as fuel. Now, it is
common to produce Hy from water gas rather than using high-energy-consuming water. The produced
H, is used in large quantities in the cracking reaction of the petrochemical industry and the production
of ammonia. Unfortunately, all H, production methods are highly energy (thermal and electrical)
demanding, which limits their application. Thus, it is crucial to find a new method of H, production.

Fujishima and Honda first reported photocatalytic water splitting using a TiO, electrode in
1972 [26]. Research on solar H, production attracted researchers in various fields, such as (1) chemists
for the design and synthesis of various catalysts to investigate structure-property relationships;
(2) physicists to fabricate semiconductor photocatalysts with novel electronic structures, as predicted
by theoretical calculation; and (3) material scientists to construct unique photocatalytic materials with
novel structures and morphologies [27-30]. When photocatalysts are illuminated at wavelengths
which are suitable to their band gap energy, after the excitation, the charge carriers will either combine
or transfer to the surface of the photocatalysts to participate in photocatalytic reactions. For the
generation of efficient semiconductor photocatalysts, long-lived charge carriers and high stability are
required [31-33].

Significant developments were made toward H, generation via water splitting over the last
several decades by a number of talented researchers [34-38].

Herein, we attempt to sum up the advances achieved to date. Therefore, we briefly summarize the
background related to various photocatalysts for H, generation and the achievements of high-efficiency
photocatalysts. The main synthesis routes and modifications for adjusting the band structure to harvest
light and enhance charge separation are also discussed.

2. Principle of H, Generation via Water Splitting

In the pioneering study by Fujishima and Honda [27], electrochemical cells were made up for
the splitting of the water into H, and O, as shown in Figure 1. While the TiO, electrode was under
ultraviolet (UV) light irradiation, water oxidation (oxygen evolution) occurred on its surface, while the
reduction reaction (H; evolution) occurred on the surface platinum black electrode. With this study
in mind, semiconductor photocatalysts were later developed by Bard et al. in their design of a novel
photocatalytic system.
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Figure 1. Schematic of a photoelectrochemical cell (PEC). Reproduced with permission from
Reference [26]; copyright (1972), Nature Publishing Group.

Figure 2a shows a display of hydrogen evolution by photocatalysts. The photocatalytic reaction
occurring on the semiconductor photocatalysts can be divided into three parts: (1) obtaining photons
with energy exceeding that of the photocatalyst’s band gap, generating electron and hole pairs;
(2) separating carriers by migration in the semiconductor photocatalyst; and (3) reaction between these
carriers and HyO [39-46]. In addition, electron-hole pairs will combine with each other simultaneously.
As shown in Figure 2b, while photocatalysts are involved in hydrogen evolution, the lowest position of
the conduction band (CB) should be lower than the reduction position of H,O/H;, while the position
of the valence band (VB) should be higher than the potential of HyO/O, [47-50].

a b

’ |.|20 solar ene Hz + 1’202

photocatalyst

Potential

Figure 2. Schematic illustration of hydrogen evolution over photocatalysts. Reproduced with
permission from Reference [39]; copyright (2014), Elsevier.

Various photocatalysts were reported to decompose water into Hy and O, (Equation (1)). As we
know, the hydrogen evolution reaction can be separated into two parts: oxidation for the evolution of
O, (Equation (2)) and water reduction to produce H; (Equation (3)) [51-56]:

H,O — 2H, + 0, AE0 =123V @
HyO — 4H* +4e~ + 0, E0 = +123 V vs. NHE, pH = 0 )
4H* + 40 — 2H, AE® =0V vs. NHE, pH =0 3)

3. Photocatalysts for Water Splitting

Many photocatalysts were created as photocatalysts for hydrogen evolution. Based on
these species, they can be divided into three major parts: (1) graphene-based photocatalyst; (2)
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graphitic carbon nitride (g-C3N4)-based photocatalysts; and (3) heterojunction photocatalysts
(semiconductor-semiconductor or semiconductor—(metal, element)).

3.1. Graphene-Based Photocatalysts

Recently, graphene-based photocatalysts attracted significant attention for enhancing
photocatalytic H, production performance. Graphene is used to enhance photocatalytic efficiency
owing to its novel structure and electrochemical properties (Figure 3).

- Photocatalyst

H,0 H,

Graphene

Figure 3. Proposed mechanism of graphene-based photocatalysts. Reproduced with permission from
Reference [56]; copyright (2013), American Chemical Society.

To date, many reports regarding the synthesis of graphene-based photocatalysts with improved
photocatalytic efficiency were published. Graphene is a well-known two-dimensional (2D) material,
which can improve surface area, and its 2D membrane-like structure imparts unique electrochemical
properties [57-60]. Generally speaking, photocatalysts prepared by simple physical mixing with
graphene will involve only a bit of direct contact with the graphene sheets. This small amount of
contact between the photocatalyst and graphene results in weak interactions and inhibits charge
transfer rates. Hence, the synthesis of photocatalysts with more interactions is highly needed.

Previously, Kim et al. synthesized novel graphene oxide (GO)-TiO, photocatalysts [58] in
2013, comprising a core-shell nanostructure with enhanced photocatalytic efficiency (Figure 4).
The improved Hj production activity compared to that of TiO, revealed that the utilization of
the core-shell structure enhanced photocatalytic efficiency. This novel structural design offers
three-dimensional (3D) close contact between the materials and provides more active sites, which will
enhance the charge separation rate and H, production efficiency [61-63].
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Figure 4. Schematic display of synthetic process of graphene oxide (GO)/TiO, and TiO,/GO.
Reproduced with permission from Reference [57]; copyright (2012), American Chemical Society.

Currently, many researchers are more interested in visible-light-driven photocatalysts, which
are achieved using band-gap modification or taking graphene as a photosensitizer to broaden the
visible-light adsorption range [64-66]. Significant efforts were conducted for building visible-light
response systems because of the UV-only response of TiO,, and its nontoxic properties [67]. Recently,
it was found that graphene regulating TiO, involves visible-light adsorption activity. The carbon-layered
structure of graphene with enriched 7 electrons forms bonds with titanium atoms. As a result,
this strong interaction will shift the band position and reduce the band gap [68-70]. Lee et al. [71]
also achieved a lower band gap using a graphene/TiO, photocatalyst. The improved photocatalytic
efficiency of the graphene/TiO, composite owes to the band-gap regulation, which consequently
promotes charge transfer rates through the graphene sheets.

3.2. g-C3Ny-Based Photocatalysts

Currently, carbon-nitride-based photocatalysts receive significant attention for their photocatalytic
Hj generation owing to a unique electronic structure (Figure 5) [72-77]. This section summarizes recent
significant achievements in building C3Ny-based photocatalysts for H, evolution. Methods including
nanostructure regulation, band-gap modification, dye sensitization, and heterojunction fabrication are
highlighted herein.

Figure 5. Proposed mechanism of graphitic carbon nitride (g-C3Ny)-based photocatalysts. Reproduced
with permission from Reference [72]; copyright (2014), American Chemical Society.

Recently, carbon nitride attracted significant attention following the pioneering research of Wang
et al. in 2009 for photocatalytic hydrogen evolution [78,79]. The assumed structure of C3Ny is a
2D framework with the tri-s-triazine linked by tertiary amines (Figure 6); it is thermally stable and
chemically stable. Pioneering studies regarded g-C3Ny as a visible-light-driven phorocatalyst with a
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band gap of approximately 2.7 eV and an appropriate band position for water splitting [80-85]. Hence,
g-C3Ny is an ideal candidate for photocatalytic Hy evolution.

Figure 6. Schematic display of the structure of g-C3N4. Reproduced with permission from
Reference [72]; copyright (2014), American Chemical Society.

H, generation performance using g-C3Ny4 can be promoted with noble-metal particles such
as Au or Pd, which obtain electrons in the CB to inhibit the charge recombination rate [86-90].
Many researchers are developing metal-free photocatalysts for H, evolution, and recent reports
involved the introduction of non-noble-metal catalysts into g-C3Ny photocatalysts, displaying
enhanced photocatalytic performance compared to noble-metal catalysts [91-95]. Hou et al. [86]
synthesized MoS, /g-C3Ny4 composite photocatalysts (Figure 7) in 2018. MoS, /g-C3Ny increased the
surface area and decreased the barrier when the electrons transported, thereby improving the charge
transfer rate. The formation of band alignment enabled electron transfer from the CB (g-C3Ny) to MoS;.
Therefore, the MoS; /gC3N4 nanojunction significantly enhanced H, evolution efficiency, achieving
the highest Hy evolution rate and an optimum quantum efficiency of up to 2.1% (420 nm), which was
higher than g-C3Ny4/Pt.

Figure 7. Schematic display of charge transfer on MoS, / g-C3Ny heterostructures during water splitting.
Reproduced with permission from Reference [72]; copyright (2014), American Chemical Society.

3.3. Metal-Loading-Based Photocatalysts

Metal loading is also regarded as a useful method for photocatalytic enhancement. Song et
al. [96] constructed Ag-rGO-TiO, composite photocatalysts (Figure 8) in 2018. In order to analyze the
photocatalytic mechanism of the architectural Ag-TiO, and Ag-rGO-TiO, composites, their structures
with Ag nanocubes for light absorption and TiO, nanosheets were well displayed. The difference
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between Ag-TiO, and Ag-rGO-TiO; is the interface between Ag nanocubes and TiO, nanosheets,
which enhances the electron transfer capability. For Ag-TiO,, the direct contact between the two
materials results in the formation of Ag (100)/(001) TiO, interface. Meanwhile, for Ag-rGO-TiO,,
both Ag(100)/rGO and rGO/(001) TiO, interfaces are formed by rGO. As mentioned above, the
synergistic effect of Ag(100)/rGO and rGO/(001)TiO; interfaces, rather than the Ag(100)/(001) TiO,
interface, offers quicker electron transfer. As shown in Figure 8, no Schottky barrier is formed between
Ag and TiO,, and the hot electrons on the surface of TiO, flow back to Ag and then recombine with
holes. Meanwhile, for the Ag-rGO-TiO, sample, no barrier is necessary to facilitate the electron transfer.
The electrons generated on the surface of Ag nanocubes with smaller work function flow to rGO via a
contact so as to equilibrate the electron Fermi distribution on the interface [97,98]. Moreover, the rGO
nanosheets can act as conductive channels, further transferring the electron to the rGO/TiO, interface.
Owing to the light absorption of rGO, the transferred electrons within the rGO nanosheets can be
further transferred to the CB of TiO, under light excitation. The proposed photocatalytic mechanism
of Ag-rGO-TiO;, is illustrated in Figure 8.

CH,OH

Oxidation .+
products +H

Ag TiO, Ag rGO

Figure 8. Schematic illustrating photocatalytic mechanism for Ag-TiO, and Ag-rGO-TiO, samples
under visible-light irradiation. Reproduced with permission from Reference [95]; copyright
(2018), Elsevier.

3.4. Z-Scheme Photocatalysts

An illustration of Z-scheme water splitting is shown in Figure 9. During an H, evolution reaction,
the reactions which happen on the surface of photocatalysts include the reduction of protons by CB
electrons and the oxidation of an electron donor (D) by VB holes, yielding the corresponding electron
acceptor (A), as follows:

2H" 4+2¢~ — H, (photoreduction of H" to Hy)

D+ nht — A (photooxidation of D to A)

On the other hand, the forward reactions on an O, evolution photocatalyst are as follows:
A + ne” — D (photoreduction of Ato D)

2H,O + 4h™ — O, + 4H™ ((photooxidation of HyO to O5)
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where the electron acceptor generated by the paired H; evolution photocatalyst is converted to D,
and the water oxidation process occurs via the valence band holes. Thus, the water-splitting process
can be achieved.

Potential

(V vs. NHE)
pH 7 Reduction site "V > Eg
2
s C.B.
(H*/H) | hv > Eg ¥ p

—0.41 e ——> .
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0O, evolution
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Oxidation site

Figure 9. Diagram of photocatalytic water splitting using a Z-Scheme system. Reproduced with
permission from Reference [98]; Copyright (2010), American Chemical Society.

Amal et al. reported a Z-scheme photocatalytic water-splitting system using Ru/SrTiO3
and partially reduced GO (PRGO)/BiVOy (Figure 10) in 2011 [100]. As described in the report,
the PRGO/BiVO;, (O, photocatalyst) and Ru/SrTiO5:Rh (H; photocatalyst) were attached due to
surface charge modification in acidic conditions, as depicted in Figure 10. Under irradiation, electrons
are excited from the VB (BiVOy) or an impurity level in Rh (Ru/SrTiO3:Rh) to the CB. We can indicate
that the PRGO does not contribute to the electron and hole generation. In other words, the RGO in
this work acts as an electron conductor. PRGO transfers the electrons from the CB of BiVOy to the
Ru/SrTiO3:Rh. Meanwhile, the electrons in Ru/SrTiO5:Rh reduce the water to H, on the surface of the
Ru co-catalyst, while the holes left in BiVO, oxidize the water to O,. Additionally, the PRGO provides
a pathway for photogenerated electrons in the BiVO, photocatalyst. Each reaction can migrate as
follows: reduction of water, transfer of electrons to PRGO, and transfer of holes to PRGO for oxidation.
Because the majority of the photocatalyst surface is surrounded by water and only relatively small
portions are in contact with PRGO [101], most electrons in Ru/SrTiO3:Rh and holes in BiVO, are used
for water splitting.

(a) HUTITI(L Rh /BiVO.

R . rRG
Oy o= Y
T D4
& '\‘/ @
= &
©) Visible light __ Ru o Hz
Visible light H.0

Electron donor
level formed

H:0 by Rh

0.% gVo. PRGO RUSITIOuRA

Figure 10. (a) Schematic display of a suspension of Ru/SrTiO; and partially reduced GO
(PRGO)/BiVOy in water. (b) Mechanism of water splitting using Z-scheme system consisting of
Ru/SrTiO3 and PRGO/BiVOy under irradiation. Reproduced with permission from Reference [99];
copyright (2018), American Chemical Society.

3.5. Defect Engineering Photocatalyst

Among the various photocatalyst designs, the defect engineering strategy is regarded as an
important way of modifying the photocatalysts. Defects are places where the atoms or molecules
in the materials are disrupted, and they greatly influence photocatalytic performance. The defects
in the lattice of photocatalysts not only act as an electron-hole recombination center, but also break
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the electronic structure and display a scattering center for electron and hole travel. Nevertheless,
the positive effect of defects in photocatalytic performance enhancement were also recognized with
the development of defect photocatalysts and the development of the photocatalytic field.

Chen et al. reported the synthesis of a bismuth subcarbonate (Bi;O,CO3, BOC) with controllable
defect density (BOC-X) (Figure 11) in 2018. The BOC-X with defect density displayed a photocatalytic
nitrogen fixation of 957 pmol-L ™" under irradiation within 4 h, which was 9.4 times higher than that of
pristine BOC. This photocatalytic performance enhancement of BOC-X can be attributed to the surface
defects. These defects contribute to the defect levels in the forbidden band, which improves the light
harvest percentage. Meanwhile, surface defects can also inhibit the electron-hole recombination rate
to promote the separation efficiency of charge carriers. Photocatalytic nitrogen fixation by BOC-X is
displayed in Figure 11. If the light energy is higher than the band-gap energy, the electrons on the VB
surface of BOC-X are transferred to the CB and react with N; to form NHj3. Moreover, some of the
VB electrons are transferred to the defect level and then react with N,. However, if the light energy is
lower than the band-gap energy, the electrons of BOC-X are also excited from VB to the defect level
and then participate in the reaction. Defects modulate the band gap of BOC-X and improve the light
absorption range, thereby enhancing the carrier transport, and leading to photocatalytic enhancement.

N,
NH
se) electrons

N,
~CB electrons (‘ NH,

1 Defect

level visible light

VB
Defective Bi,0,CO; holes

Figure 11. Mechanism of photocatalytic nitrogen fixation on defective BiyO,COj3. Reproduced with
permission from Reference [101]; copyright (2010), American Chemical Society.

3.6. Heterojunction Photocatalysts

During the H; evolution reaction, the formed electron-hole charges are transferred to the surface
of the photocatalyst for the next step of the reaction or recombine with each other [102-106]. To better
reveal this point, we assumed it as a simple case [107]: the influence of gravity on a man jumping
(Figure 12a,b). When a man (electron) jumps from the ground (VB) to the sky (CB), it can return to
the floor immediately (recombination of the electron and hole) owing to gravity. In order to let the
people rise off the floor (separation of the charge carrier pairs), an instrument (semiconductor B) can be
used (Figure 12¢,d). Subsequently, the previously mentioned people can drop to the instrument rather
than the ground (inhibition of the electron and hole pair recombination). Although the inhibition of
electron—hole recombination rate is an urgent issue, it can be achieved via suitable construction of
materials. Many methods were conducted to achieve better electron—hole pair separation rate, such as
element combining [108,109], metal doping [110,111], or the use of heterojunctions [112,113]. Among
these strategies, heterojunctions were proven to be the most desirable method for achieving efficient
photocatalysis due to their improved separation ability of electron-hole pairs (Figure 12d).
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Figure 12. Schematic display of (a) the influence of gravity on a person jumping, (b) electron-hole pair
combination using a photocatalyst, (c) utilization of a stool to keep the person from returning to the
ground, (d) electron-hole pairs separated in composite catalyst. Reproduced with permission from
Reference [105]; copyright (2010), John Wiley & Sons, Inc.

A heterojunction is regarded as the connection between two kinds of photocatalysts with different
band structures, which leads to a new band arrangement [114,115]. Generally, three kinds of composite
photocatalysts are developed (Figure 13). As shown in Figure 13a, the CB and VB of A are a bit
over and under the band position of B, respectively [116]. As a result, when the light irradiates,
the generated electrons and holes are transferred to the CB and VB of B. Because the generated
electrons and holes move to the same photocatalyst, the recombination rate of electron-hole pairs is
not efficiently inhibited. The photocatalytic process happens on photocatalyst B with a mild potential
requirement; thus, the photocatalytic ability of the photocatalyst using this heterojunction will be lower
than others. As dispalyed in Figure 13b, the band positions of CB and VB are over that of photocatalyst
B. Hence, during the photocatalytic reaction, the generated electron moves to photocatalyst B, while
the holes are transferred to photocatalyst A, which leads to the formation of long lived electron-hole
pairs [117-119]. Parallel to Figure 13a, the photocatalytic performance of the type-II composite
photocatalysts is inhibited by the redox process occurring on B. Meanwhile, as displayed in Figure 13c,
the band structure of type-III composite photocatalysts is parallel to type II, apart from the interlaced
gap changing into non-overlapping band gaps [120,121]. Thus, the generated electron-hole pairs
cannot be transferred between the two photocatalysts, resulting in them being inappropriate for long
lived electron-hole pair separation. We can determine that the type-II heterojunctions are desirable
for enhancing redox ability due to their optimum structure for long-lived electron-hole separation.
In previous reports, great efforts were conducted to synthesize type-II composite photocatalysts,
1nc1ud1ng g-C3N4 /T102 [122], WO3 /BIVO4 [123], WO3 /g-C3N4 [124], and BIPO4/g-C3N4 [125]
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Figure 13. Schematic display of three kinds of electron-hole pair separation among composite
photocatalysts: (a) type-l, (b) type-I, (c) type-III heterojunctions. Reproduced with permission from
Reference [105]; copyright (2017), John Wiley & Sons, Inc.

Yu et al. designed CdS/NiS composites photocatalysts using various heterojunctions in 2012,
which greatly enhanced the hydrogen evolution performance. As shown in Figure 14a, around 20 nm
of NiS particles were loaded onto the CdS uniformly, which supported a close connection between CdS
and NiS. The formation of p—n heterojunctions facilitates charge transfer between the NiS and CdS,
and inhibits charge-carrier recombination (Figure 14b,c). We can see that the holes left on the n-type
catalyst are transferred to the p-type catalyst, providing a negative specie. The electron-hole pair
distribution keeps moving until a Fermi-level equilibrium is achieved [126-128]. The generated active
species move through the internal electric field of the composite photocatalysts, resulting in long-lived
electron-hole pair separation rates. Thus, the electron-hole recombination rate is efficiently inhibited
owing to the synergistic effect between the two photocatalysts. The photocatalytic H, production rate
over CdS/NiS composite photocatalysts with 5 wt.% NiS was found to be higher than that of the CdS
and 1 wt.% Pt/CdS (Figure 14d). More NiS doping resulted in a reduction in photocatalytic efficiency
due to NiS catalysts reducing the number of redox sites during the reaction.
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Figure 14. (a) SEM image of CdS/NiS composite catalysts; (b,c) illustration of electron-hole pairs with
CdS/NiS composite photocatalysts; (d) contrast of photocatalytic efficiency of CdS with different NiS
content. Reproduced with permission from Reference [105]; copyright (2017), John Wiley & Sons, Inc.

4. Summary and Perspectives

Over the last several decades, photocatalysis was shown to be a promising method for
H; production. Even though the principles controlling photocatalytic activity in the developed
semiconductors were identified, several aspects remain unclear. Therefore, practical applications
and the commercialization of photocatalytic Hy production require further research. Meanwhile,
the charge transfer among photocatalysts due to the influence of structure and electrochemical
properties is also not very clear, while the influence of various preparation methods on the catalytic
performance is not well understood. The development of improved photocatalysts will benefit from
advances in science. Improved building of novel co-catalysts will arise from using efficient catalysts.
Many researches are underway investigating new synthesis methods for sample preparation and novel
system construction. Herein, we concluded the most prominent achievements associated with H,
production via photocatalysis. We hope this report will assist further research efforts regarding the
development of photocatalysts.
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