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Abstract: Sonochemistry is the implementation of ultrasound wave to chemical reactions
and processes. Remarkable progress has been achieved over the years on ultrasonic process
for novel material synthesis. Nanostructured materials have attracted much attention in
recent decades. Nowadays, there are numerous nanomaterials with several applications.
Photocatalytic H2 generation via water splitting is increasingly gaining attention as a viable
alternative for improving the performance of H2 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 H2 production are displayed herein. Meanwhile, the challenges and prospects
for the future development of H2-producing photocatalysts are also summarized.
Key words: Ultra sonication, photocatalyst, water splitting, nano-material, hydrogen.

Introduction
The development of renewable green energy sources is a critical challenge for modern
society. H2 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 H2-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 H2 [7–21]. To date, almost all H2 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 CO2 emissions and high energy consumption.
Hence, it is urgent to develop a low-cost method for efficient H2 generation and, thus,
support the emerging H2 economy. The sun provides an energy output of ~3 1024 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 H2 via water splitting is deemed as a
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desirable H2 preparation method to solve the energy crisis [22,23]. The proper use of H2
requires insight into the physical properties of H2 molecules. As we know, the lengths
and strengths of hydrogen bonds are exquisitely sensitive to temperature and pressure.
Meanwhile, the charges of H2 molecules also vary with temperature [24] because the
spin direction of the nucleus in the H2 molecule changes depending on the temperature,
and an energy difference occurs between H2 molecules. The para-H2 fraction changes
with temperature, and it is necessary to understand the characteristics of H2 molecules
according to temperature [25]. During the reaction, hydrogen can be used safely at
room temperature; however, it is rather dangerous in high-temperature environments.
As we know, H2 gas, often called dihydrogen or molecular H2, is a highly flammable gas
with a wide range of concentrations between 4% and 75% by volume. Meanwhile, H2 is
the world’s lightest gas. The density of H2 is only 1/14 of that of air. At 0º C, the density
of H2 is only 0.0899 g/L at standard atmospheric pressure, which is the smallestmolecular-weight substance; it is mainly used as a reducing agent. 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, H2 is also an ideal secondary energy source. Owing to the properties of H2,
the aerospace industry uses liquid H2 as fuel. Now, it is common to produce H2 from
water gas rather than using high energy-consuming water. The produced H2 is used in
large quantities in the cracking reaction of the petrochemical industry and the production
of ammonia. Unfortunately, all H2 production methods are highly energy (thermal and
electrical) demanding, which limits their application. Thus, it is crucial to find a new
method of H2 production. Fujishima and Honda first reported photocatalytic water
splitting using a TiO2 electrode in 1972 [26]. Research on solar H2 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 H2 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 H2 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.
In the pioneering study by Fujishima and Honda [27], electrochemical cells were
made up for the splitting of the water into H2 and O2, as shown in Fig. 1. While the TiO2
electrode was under ultraviolet (UV) light irradiation, water oxidation (oxygen evolution)
occurred on its surface, while the reduction reaction (H2 evolution) occurred on the
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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.

Fig. 1. Schematic of a photoelectrochemical cell (PEC).

Fig. 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 photocatalysts band gap,
generating electron and hole pairs; (2) separating carriers by migration in the
semiconductor photocatalyst; and (3) reaction between these carriers and H2O [39–46].
In addition, electron–hole pairs will combine with each other simultaneously. As shown
in Fig. 2b, while photocatalysts are involved in hydrogen evolution, the lowest position
of the conduction band (CB) should be lower than the reduction position of H2O/H2,
while the position of the valence band (VB) should be higher than the potential of H2O/
O2 [47-50].

Fig. 2. Schematic illustration of hydrogen evolution over photocatalysts.
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Experimental Description
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) graphitic carbon nitride (g-C 3N 4)-based photocatalysts; and (3)
heterojunction photocatalysts (semiconductor – semiconductor or semiconductor–(metal,
element)).
Recently, graphene-based photocatalysts attracted significant attention for enhancing
photocatalytic H2 production performance. Graphene is used to enhance photocatalytic
efficiency owing to its novel structure and electrochemical properties (Fig. 3). Fig. 3. Proposed
mechanism of graphene-based photocatalysts. Reproduced with permission from Reference
[56]; 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)-TiO2
photocatalysts [58] in 2013, comprising a core–shell nanostructure with enhanced
photocatalytic efficiency (Fig. 4). The improved H2 production activity compared to that
of TiO2 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 H2 production efficiency [61–63].

Fig. 3. Proposed mechanism of graphene-based photocatalysts.
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Fig. 4. Schematic display of synthetic process of graphene oxide (GO)/TiO2 and TiO2/GO.

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 TiO2, and
its nontoxic properties [67]. Recently, it was found that graphene regulating TiO2 involves
visible-light adsorption activity. The carbon layered structure of graphene with enriched
ð 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 2 photocatalyst. The improved photocatalytic
efficiency of the graphene/TiO2 composite owes to the band-gap regulation, which
consequently promotes charge transfer rates through the graphene sheet.
Currently, carbon-nitride-based photocatalysts receive significant attention for their
photocatalytic H2 generation owing to a unique electronic structure (Fig. 5) [72–77].
This section summarizes recent significant achievements in building C 3 N 4-based
photocatalysts for H2 evolution. Methods including nanostructure regulation, band-gap
modification, dye sensitization, and heterojunction fabrication are highlighted herein.
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 C3N4 is a 2D framework with the tri-s-thiazine linked by tertiary amines
(Fig. 6); it is thermally stable and chemically stable. Pioneering studies regarded g-C 3N4
as a visible-light-driven photocatalyst with a band gap of approximately 2.7 eV and an
appropriate band position for water splitting [80–85]. Hence, g-C 3N4 is an ideal candidate
for photocatalytic H2 evolution.
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Fig. 5. Proposed mechanism of graphitic carbon nitride (g-C3N4)-based photocatalysts.

Fig. 6. Schematic display of the structure of g-C3N4.

Metal loading is also regarded as a useful method for photocatalytic enhancement.
Song et. al. [86] constructed Ag-rGO-TiO2 composite photocatalysts (Fig. 7) in 2018. In
order to analyze the photocatalytic mechanism of the architectural Ag-TiO2 and Ag-rGOTiO2 composites, their structures with Ag nanocubes for light absorption and TiO2
nanosheets were well displayed. The difference between Ag-TiO2 and Ag-rGO-TiO2 is the
interface between Ag nanocubes and TiO 2 nanosheets, which enhances the electron
transfer capability. For Ag-TiO2, the direct contact between the two materials results in
the formation of Ag (100)/(001) TiO2 interface. Meanwhile, for Ag-rGO-TiO2, both
Ag(100)/rGO and rGO/(001) TiO2 interfaces are formed by rGO. As mentioned above,
the synergistic effect of Ag(100)/rGO and rGO/(001)TiO2 interfaces, rather than the
Ag(100)/(001) TiO2 interface, offers quicker electron transfer. As shown in Fig. 7, no
Schottky barrier is formed between Ag and TiO2, and the hot electrons on the surface of
TiO2 flow back to Ag and then recombine with holes. Meanwhile, for the Ag rGO-TiO2

Modified Quaternary Nanostructure on Graphene sheets as Counter electrode for Dye-sensitized Solar Cells

191

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 [87,88]. Moreover, the
rGO nanosheets can act as conductive channels, further transferring the electron to the
rGO/TiO2 interface. Owing to the light absorption of rGO, the transferred electrons within
the rGO nanosheets can be further transferred to the CB of TiO2 under light excitation.
The proposed photocatalytic mechanism of Ag-rGO-TiO2 illustrated in Fig. 7.

Fig. 7.

Schematic illustrating photocatalytic mechanism for Ag-TiO2 and Ag-rGO-TiO2 samples under
visible-light irradiation.

4. Result and discussion
To have a first evaluation of influence of various amounts of CdSe-graphene (CG) as
well as influence of different surfactant sources and its transformation to various samples
of SiO2/CdSe–graphene (SCG) nanocomposites, the X-ray diffraction (XRD, Shimadzu
XD-D1) of SCG nanocomposites were recorded to determine component crystalline phase
information of particles, shown in Fig. 8. They were four similar features of all survey
composites achieved from XRD patterns. First, all diffraction peaks were clear without
unexpected peaks and baselines were smoothing with a narrow width that confirmed
purity of materials. Second, the XRD pattern displayed the same main typical diffraction
signals at 2è = 25.5°, 42.2° and 49.8° belonging to diffractions of (111), (220) and (311)
plane well-indexed to cubic crystal structure CdSe according to standard power
diffraction data (JCPDS No. 65-2891 for CdSe, cubic) [89,90]. Third, presence of a silica
signal with a broad diffraction peak at 2è of 22.9° were attended [91,92]. What is more,
in the case of the CG and TEOS mass ratios of 5:100 (SCG-1, and SCG-A), silica peak
with dominant effect overlapped low diffraction peak of the CdSe signal. In the opposite
direction, when increasing mass ratios of CG in the SCG nanocomposites, diffraction
peaks of CdSe became dominant with more diffraction signals at 2è = 21.9°, 24.0°,
25.5°, 27.1°, 31.8°, 36.0°, 42,2°, 46.1°, 49.8° and 57.0° implying presence of CdSe in
large amounts in nanocomposites. The last point, no graphene peaks were recorded in
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XRD patterns of all survey nanocomposites because of dominant effect of silica. The
reason was that fixation of SiO2 particles onto the surface of the graphene sheets disturbed
the ordered structure of most graphene sheets [93]. Reviewing XRD patterns, the above
results confirmed successful formation of SiO2/CdSe-graphene with difference of CG
and TEOS mass ratios as well as surfactant sources. Besides, achieved results promised
that SCG nanocomposites were almost perfect, with single phase, high crystallinity,
and high purity.

Fig. 8.

XRD patterns of SiO2/CdSe-graphene (SCG-1, SCG-2, SCG-3, SCG-A, SCG-B, and SCG-C)
nanocomposites.

One of the key factors in evaluating physical properties is nitrogen adsorption/
desorption isotherm that can provide a clear look at surface area determination and
porosity analysis as well as characterization of pore volume, as well as the BET surface
area, and pore size distribution derived from different survey nanocomposites. Results
of nitrogen adsorption/desorption isotherms and pore size distributions, as well as
corresponding textural parameters, are shown in Fig. 9 and Table 1. Considering the
case of using CTAB as the surfactant template (SCG-1, SCG-2, and SCG-3 samples, Fig.
9(a), nitrogen adsorption–desorption isotherms of obtained nanocomposites at mass
ratio of 5:100, and 10:100 are of type-IV curve and present the hysteresis loop in the
relative pressure region around 0.40–1.0 p/po, silica and CG combinations in SCG-1
and SCG-2 nanocomposites possessed a highly ordered mesoporous structure [34].
Correspondingly, pore size distribution calculated using the BJH method with existence
of mesoporous structure in the composite (Table 1) of SCG-1 and SCG-2 reveals same
narrow pore distribution with same value of 3.77/ nm. Main differences of SCG-1 and
SCG-2 were displayed in the BET surface area and total pore volume factors. The BET
surface area of SCG-1 prepared under mass ratio of 5:100 was 310.68 m2/g, 2.7 times
more than that of SCG-2 (113.69/ m2/g), accompanied with total pore volume of SGG1 also exhibited good results than SCG-2 with values were 71.38, and 26.12/ cm3/g,
respectively. Conversely, when mass ratios were increased to 15:100 (SCG-3), nitrogen
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adsorption/desorption isotherm results of the SCG-3 nanocomposite clearly exhibit a
similar type II curv e. The BET surface area (11.33/ m 2 /g), total pore volume (2.60/
cm3/g), and pore size distribution (90.22/ nm) were obtained. In comparison, SCG-1
nanocomposite had a larger pore size, as well as a larger achieved specific surface area
than others implies that SCG-1 is the best catalyst synthesized under the same surfactant
template (CTAB) and the difference of TEOS and CG mass ratio.

Fig. 9.

Nitrogen adsorption/desorption isotherms for SiO2/CdSe-graphene (SCG-1, SCG-2, SCG-3, SCGA, SCG-B and SCG-C) and CdSe-graphene nanocomposites.
Table 1. Structure parameters of survey composites.

On other aspects, in the case using SLS as the surfactant template (SCG-A, SCG-B,
and SCG-C samples) and CG nanocomposites case, nitrogen adsorption–desorption
isotherms of obtained nanocomposites at all mass ratio are of a type II curve with no
hysteresis loop. According to Fig. 9(b), CG nanocomposite revealed small values of BET
surface area, total pore volume, and average pore size was 10.65/ m 2/g, and 2.45/
cm3/g, 66.74/ nm, respectively. Besides, the series of SiO2/CdSe-graphene composite
with SLS surfactant displayed higher values of BET surface area and total pore volume
than CG composites, in region 15.46-17.85/ m2/g, and 3.55-4.10/ cm3/g, respectively.
However, in the case of average pore size, pore size value of SiO2 /CdSe-graphene
nanocomposite decreased with increased CG and TEOS mass ratios with 103.54, 90.22,
76.49/ nm corresponding to SCG-A, SCG-B and SCG-C nanocomposites. From obtained
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results, there are two noteworthy points. First, the surfactant source has key influence
on formation of material structure [35]. Corporeality, the mesoporous silica structure
could be formed from raw material under the structure creator of CTAB at suitable
experimental conditions. In our research, with CG and TEOS mass ratios of 5:100 and
using CTAB as the template for formation of mesoporous material, achieved
nanomaterials exhibited good physical properties. Replaced CTAB with SLS, the SiO2/
CdSe-graphene revealed no hysteresis loop in nitrogen adsorption/desorption isotherm
that confirmed the solid structure of survey nanocomposites [[36], [37], [38], [39], [40]].
Second, mass ratio of raw materials plays a crucial role in formation of mesoporous
silica structure as well as causing a certain influence in controlling development of the
surface area, pore volume, and pore size distribution. From the difference of CG and
TEOS mass ratio, we can achieve different results of physical properties such as surface
area determination and porosity analysis. It is noted that the SCG-1 nanocomposite
with larger pore size, and larger achieved specific surface area than others offers the
promise of becoming a new potential material for the catalyst application field with
high photocatalytic activity.
H2 generation performance using g-C3N4 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 H2 evolution, and
recent reports involved the introduction of non-noble-metal catalysts into g-C 3N 4
photocatalysts, displaying enhanced photocatalytic performance compared to noblemetal catalysts [91–95]. Hou et al. [86] synthesized MoS 2 /g-C 3 N 4 composite
photocatalysts (Fig.10) in 2018. MoS2/g-C3N4 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-C 3 N4) to
MoS2. Therefore, the MoS2/gC3N4 nano-junction significantly enhanced H2 evolution
efficiency, achieving the highest H2 evolution rate and an optimum quantum efficiency
of up to 2.1% (420 nm), which was higher than g-C3N4/Pt.

Fig. 10.

Schematic display of charge transfer on MoS2/g-C3N4 heterostructures during water splitting
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Photocatalytic hydrogen production studies
Under ambient conditions, photocatalytic hydrogen evolution of as-synthesized
nanocomposites was conducted to prove evidence of the ability to convert sunlight energy
into chemical energy with/without sacrificial material [72]. In our research, methanol
was used as the sacrificial reagent that can enable enhancement of catalytic capacity of
the survey semiconductor through supplication electrons to consume photogenerated
holes. And so, recombination time of semiconductor can be improved.
Results of hydrogen evolution are presented in Fig. 11. Among as-prepared
composites, CG catalyst exhibited lowest H2 evolution rate for both cases with/without
presence of 20% methanol as a sacrificial reagent. There was only slight difference in
this case with photocatalytic H2 evolution rate were 0.98 and 1.19/ mmol/ 10/ h in
pure water and methanol 20% sacrificing reagents under visible light irradiation,
respectively. This is worth mentioning here is that the most photocatalytic hydrogen
evolution capacity belongs to SCG-1 nano-composite. The SCG-C nano-composite ranked
second that reached H2 evolution rate from pure aqueous solution was 1.27/ mmol/
10/ h, while it was 1.96/ mmol/ 10/ h in methanol 20% sacrificing reagents under
visible light irradiation. Remarkable of all is photocatalytic H2 evolution rate of the SCG1 nano-composite that obtained approximately 1.8/ mmol/ 10/ h for the case of pure
water and 3.35/ mmol/ 10/ h under presence of methanol 20% sacrificing reagents.
Under presence of methanol 20%, H2 evolution rate of SCG-1 was 1.7–2.8 times higher
than that of SCG-C, and CG nano-composites.

Fig. 11.

Hydrogen production rate from pure water and an aqueous solution containing 20% methanol
with SCG-C, SCG-1 and CG nanocomposites as photocatalysts.

Conclusion
Photocatalytic 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
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production. Several recent achievements demonstrated that the impact of factors such
as preparation routes, photocatalytic conditions and the reasonable stability for
commercialization. Though those materials are great for proof of concept studies, their
efficiencies have repeatedly come up short. Therefore, another option would be to develop
new materials and composites, either from promising new studies in literature, including
some materials reviewed here, or with the aid of computational work. Modeling and
mechanistic studies are of huge importance moving forward and can be extremely
challenging.
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