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Efficient production of hydrogen through visible-light-driven water splitting mechanism

using semiconductor-based composites has been identified as a promising strategy for

converting light into cleanH2 fuel. However, researchers are facing lots of challenges such as

light absorption and electron-hole pair recombination and so on. Here, new sheet-shaped

MoS2 and pyramid-shaped CdS in-situ co-grown on porous TiO2 photocatalysts (MoS2e

CdSeTiO2) are successfully obtained via mild sulfuration of MoO3 and CdO coexisted inside

porous TiO2 monolith by a hydrothermal route. The scanning electron microscopy and

transmission electronmicroscopy results exhibit that theMoS2eCdSeTiO2 composites have

average pore size about 500 nm. The 3%MoS2e10%CdSeTiO2 demonstrated excellent pho-

tocatalytic activity and high stability for a hydrogen production with a high H2-generation

rate of 4146 mmol h�1 g�1 under visible light irradiation even without noble-metal co-cata-

lysts. The super photocatalytic performance of the visible-light-drivenhydrogen evolution is

predominantly attributed to the synergistic effect. The conduction bandofMoS2 facilitates in

transporting excited electrons from visible-light on CdS to the porous TiO2 for catalytic

hydrogen production, and holes to MoS2 for inhibiting the photocorrosion of CdS, respec-

tively, leading to enhancing the efficient separation of electrons and holes.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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many of the research groups are trying for the conversion of

solar energy to hydrogen fuel through artificial photocatalysts
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friendliness and potentially low cost [2]. Among efficient,

earth-abundant, and sustainable H2-producing photo-

catalysts, TiO2-based photocatalysts have been received

tremendous attention since the first report of H2 generation

through the photocatalytic water splitting on TiO2 electrodes

by Honda and Fujishima in 1972 [3]. Up to date, TiO2 nano-

structures have been considered to be promising photo-

catalysts owing to their superior physical and chemical

properties including low cost, non-toxicity, abundance, high

photostability, and easy synthesis [4,5]. However, anatase-

crystallized TiO2 nanostructures with the band gap of ca.

3.2 eV solely absorbs UV light of about 5% of the solar spec-

trum [6,7]. Furthermore, some drawbacks of TiO2 photo-

catalysts such as their low quantum yield, low speed transfer

of photo-excited electrons and holes, and high recombination

rate of photo-generation carriers seriously prohibits their

extensive applications of photodegradation pollutes and

visible-light-driven H2 evolution [8,9]. Therefore, various

strategies have been used to modify the TiO2 photocatalysts

such as ion doping, noble metal deposition and sensitization

with narrow bandgap semiconductors in order to enhance

their photocatalytic activity [10e13].

Regarding the narrow-band-gap-semiconductor modifica-

tion, metal chalcogenides have been deemed to be the good

candidates for the photocatalytic H2 production because of

their appropriate band gaps [14e16]. Specifically, CdS nano-

structures that have a relatively narrow band gap of 2.4 eV

have been regarded as attractive visible light-driven H2-pro-

duction photocatalysts because of their visible light absorp-

tion ability and suitable conduction band edge position

compared with Hþ/H2 normal chemical potential [17]. How-

ever, the efficient radiative recombination of photoexcited

electrons and holes and the high kinetic barrier for hydrogen

evolution over its surface sites do not allow the direct con-

version of solar energy to hydrogen gas [18]. Hence, enormous

studies have been performed on the CdSeTiO2 composite

photocatalysts. For instance, Cho et al. prepared self-

assembled TiO2 NTs decorated by CdS quantum dots, and

the obtained products possessed obviously an enhanced

photocatalytic activity [19]. Zhao et al. reported that CdS

incorporated mesoporous TiO2 exhibited high photocatalytic

performance [20]. However, Such composites still suffer from

some defects including low efficiency, quick recombination of

photoexcited electron-hole pairs and photocorrosion, result-

ing in the low visible-light-driven H2-producing efficiency.

Therefore, it is necessary to improve the photocatalytic ac-

tivity and stability for economic co-catalysts [21e23].

To date, experimental and computational results have

shown that MoS2 is a promising photocatalyst owing to its

unique structure, narrow band gap, high thermal stability,

low-cost and electrostatic integrity [24,25]. Particularly,

stacked-layer MoS2 frameworks sandwiched together in a

graphite-like manner possess a good conductive behavior,

properly preferred benefit to electrons and holes trans-

portation [26]. Meanwhile, edge sites ofMoS2 are considered to

be the active position for water activation to produce

hydrogen under visible light irradiation [27]. In addition, the

good conductivity of the single-layered MoS2 could efficiently

separate the electron-hole pairs, favoring the photocatalytic

H2-producing activity. Hence, MoS2 has beenwidely utilized to
incorporate into other semiconductor photocatalysts for

improving the photocatalytic performance. For instance, Li

et al. reported MoS2/CdS heterojunction with the enhance-

ment of photocatalytic activity compared to the noble metal

doped CdS composites [28]. Min et al. synthesized MoS2/CdS,

showing obviously improved photocatalytic activity due to the

matched energy bands of the heterostructure [29]. Liu et al.

introduced the few-layer MoS2 nanosheets and MoS2 nano-

particles into TiO2 nanobelts, respectively, and both of them

demonstrated the enhanced photocatalytic activities [30]. On

the basis of the reported results, multi-component nano-

crystals exhibit multifunctional properties or synergistic per-

formance for energy conversion and photoelectric catalysis

applications.

Herein, we reported a new MoS2eCdSeTiO2 photocatalyst

that was synthesized by a two-step method. It is highly ex-

pected that MoS2 and CdS co-decorated TiO2 can have high

photocatalytic activity and stability. It is carefully designed

that the pyramid-like CdS can extend the light absorption to

the visible region to enhance hydrogen production efficiency

and the layer-shapedMoS2 can be acted as a conductive bridge

to promote a transport of the photoexcited carriers to prevent

the electron-pair recombination, and finally the porous TiO2

can not only accept the electrons from the CdS conduction

band due to the relatively positive electrode potential but also

accelerate the electron transport speed to improve the light-

driven hydrogen evolution. For the synthesis, it is simply

designed that the porous MoO3eCdOeTiO2 can be prepared

through a sol-gel method using the polystyrene (PS) as the

template, followed by a calcination, and then, the porous

sheet-shapedMoS2 and pyramid-shaped CdS in-situ congested

amongst porous TiO2 photocatalysts can be hydrothermally

synthesized via the sulfuration reaction of the porous MoO3e

CdOeTiO2.
Experimental

Materials

Cd(Ac)2,2H2O (AR), (NH4)6Mo7O24,4H2O (AR), K2S2O8 (AR),

NaHCO3 (AR), Na2SO3 (AR), Thiourea (AR), Tetrabutyl titanate

(TBT, AR), Styrene (AR), alpha methyl acrylic acid (CP), abso-

lute ethyl alcohol (AR) and ice acetate acid (AR) were pur-

chased from Aladdin Industrial Corporation. And all chemical

reagents were used without further purification.

In situ synthesis of sheet-shaped MoS2 and pyramid-
shaped CdS congested among porous TiO2 photocatalysts

The MoS2-CT samples were prepared using sol-gel method

and calcination, respectively. Firstly, monodispersed poly-

styrene spheres (PS) with sizes of ~500 nm were prepared by

the similar method reported previously [31]. Secondly, our

new porous MoO3eCdOeTiO2 composites (hereinafter named

as MoO3-CT) were prepared according to the sol-gel method

and followed by calcination at 450 �C temperature. Finally, the

sheet-shaped MoS2 and pyramid-shaped CdS congested

among porous TiO2 photocatalysts were synthesized through

in situ sulfurizations by a hydrothermal method.
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In a typical synthesis of the porous 3%MoO3e10%CdOe

TiO2 (3% and 10%molar ratio to TiO2), 1.5mL TBTwas dropped

into 10 mL absolute ethyl alcohol under magnetic stirring

labeled as solution A. Simultaneously, 1.5 mL ice acetate acid

and 3 mL deionized water were mixed with 10 mL absolute

ethyl alcohol under magnetic stirring labeled as solution B.

Then, the solution B was added drop-wise into solution A and

kept stirring for 30min to form a homogeneous sol, whichwas

then transferred into a Teflon-lined stainless steel autoclave

at 60 �C for 12 h. After that, the as-obtained gel was stirred

vigorously in a beaker, and added with 300 mg PS template

powder and 117.3 mg Cd(Ac)2,2H2O and 23.3 mg

(NH4)6Mo7O24,4H2O, respectively. And then the gel mentioned

abovewas heated at 60 �C for 10 h, and dried at 60 �C for 12 h in

a vacuum oven. Finally, the obtained white powder was cal-

cinated in the presence of oxygen at 450 �C for 5 h, and

naturally cooled to room temperature, which was named the

3% MoO3-CT. The other samples named as 0% MoO3-CT, 1%

MoO3-CT, 5% MoO3-CT, 7% MoO3-CT and 9% MoO3-CT were

synthesized using the similar method except for the different

amount of 0 mg, 7.7 mg, 38.8 mg, 54.4 mg, 69.9 mg of

(NH4)6Mo7O24,4H2O, respectively.

Finally, the sheet-shaped MoS2 and pyramid-shaped CdS

congested among porous TiO2 photocatalysts were synthe-

sized through in situ sulfurizations by a hydrothermal

method. The as-synthesized 300.0 mg porous 3% MoO3-CT

samples were put into 15 mL deionized water and dispersed

for 15 min by ultrasonic, then 112.5 mg thiourea was added to

the above suspension under stirring. After 30 min, the

mixture was transferred into the autoclave with Teflon

interior and subsequently held at 230 �C for 40 h in an electric

oven. After a hydrothermal process, the crude products were

cooled to ambient temperature, centrifuged and washed

three times with distilled water and alcohol, and then dried

in a vacuum oven at 60 �C to obtain porous 3% MoS2-CT

photocatalyst. And the similar method was applied to pre-

pare 0% MoS2-CT, 1% MoS2-CT, 5% MoS2-CT, 7% MoS2-CT and

9% MoS2-CT except for the different amount of thiourea of

73.8 mg, 87.1 mg, 137.0 mg, 159.8 mg, and 181.2 mg,

respectively.

Instruments for characterization

The powder X-ray diffraction (XRD) patterns of as-obtained

samples were taken by a Rigaku Ultima Ⅲ X-ray diffractom-

eter with Ka radiation (l ¼ 1.5418 �A) to characterize the crys-

talline phase and structure. The morphology and elemental

analysis were examined by using FE-SEM (HITACHI-SU8010)

equipped with energy-disperse spectroscopy. Transmission

electron microscope (TEM) images were obtained on an FEI

Tecnai G2 F20 operated at 200 kV. The X-ray photoelectron

spectroscopy (XPS) was performed by the ESCALAB 250 Xi. The

UVeVis diffuse reflectance spectra (200e800 nm) were recor-

ded by a Cary 500 UVeVis spectrophotometer with BaSO4 as a

reference. Micro-Raman measurements were performed

using a high resolution spectrometer with excitation wave-

length 532 nm. The surface areas, pore volume and average

pore diameter were measured on a GEMINI VII 2390 at liquid

nitrogen temperature by the Brunauer-Emmett-Teller

method.
Photocurrent measurements

The photocurrent response curves were recorded on a

CHI660E electrochemical analyzer in a three-electrode exper-

imental setup, which is composed of a working electrode, an

auxiliary electrode and a reference electrode. Among them,

the working electrode was made of as-prepared samples

(80 wt %), acetylene black (15 wt %) and polytetrafluoro-

ethylene (PTFE, 5 wt %), which is covered on the nickel foam.

And the platinum piece was served as the auxiliary electrode,

while the saturated Hg/Hg2Cl2 was used as the reference

electrode, respectively. In addition, a 300 W xenon lamp was

used as light source, which is coupled with a UV cutoff filter

(l � 400 nm) to generate visible light irradiation and the

electrolyte was 3 M KOH aqueous solution.

Photocatalytic hydrogen evolution

The photocatalytic activity and stability of the samples were

evaluated by the hydrogen production, which was carried out

at room temperature under the simulated sunlight irradiation.

The photocatalytic reactions were carried out in a Pyrex glass

reaction cell at a vacuum condition to remove the dissolved

oxygen, which by using a CEL-SPH2N solar water decompo-

sition hydrogen production system equippedwith a closed gas

chromatograph. Typically, 50.0 mg as-prepared sample was

suspended in a mixture of 50 mL aqueous solution containing

0.35 mol/L Na2S and 0.25 mol/L Na2SO3 as sacrificial reagents,

and then keep the reactor in vacuum under a 300 W Xenon

lamp with a UV cutoff filter (l � 400 nm) above the reactor

about 15 cm. The amount of generated H2 was sampled

intermittently after 2 h of the photocatalytic process for 3

times in total, and measured by the gas chromatograph using

the on-line workstation. And the stability of samples was

examined as described above apart from the change of the

whole reaction time to 12 h.
Results and discussion

XRD characterization

The sheet-shaped MoS2 and pyramid-shaped CdS in-situ con-

gested among porous TiO2 photocatalysts were synthesized

by a facile two-stepmethod. For the sake of investigating their

crystalline phase, XRD characterization is performed for

different contents of MoS2-CT photocatalysts as shown in

Fig. 1. The observed diffraction peaks appearing at 2q ¼ 25.28,

38.58, 48.05, 53.89, 55.06, 62.12, 68.76, 70.31 and 75.03� are

indexed to the (101), (112), (200), (105), (211), (204), (116), (220)

and (215) crystal planes of the anatase TiO2 (JCPDS No,

21e1272) [32]. Meanwhile, the additional relative weaker

peaks at 24.80, 26.50, 28.18, 43.68, 47.83, 51.82, 66.77 and 75.47�

are ascribed to the (100), (002), (101), (110), (103), (112), (203) and

(105) crystal planes of the hexagonal CdS (JCPDS No, 41e1049)

[33]. However, there are no obvious diffraction peaks of MoS2,

properly owing to the low quantity of 1%, 3%, 5%, 7% and 9%

with its poor crystallinity [34]. The peaks intensity of TiO2

gradually becomes lower and wider as the content of CdS and

MoS2 increases, illustrating that the incorporated CdS and

https://doi.org/10.1016/j.ijhydene.2018.03.208
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Fig. 1 e XRD patterns of MoS2eCdSeTiO2 composites: (a) 0%

MoS2-CT; (b) 1% MoS2-CT; (c) 3% MoS2-CT; (d) 5% MoS2-CT;

(e) 7% MoS2-CT; (f) 9% MoS2-CT.
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MoS2 affects the lattice structure of TiO2 substrates. In addi-

tion, the Raman spectra of the MoS2-CT photocatalysts are

presented in Figure S1. The MoS2-CT sample shows the

characteristic Raman bands of TiO2, MoS2, and CdS, respec-

tively, suggesting the MoS2-CT composites were successfully

synthesized.

Morphology characterization

The morphology of the as-synthesized MoS2-CT samples and

the template were characterized by the field-emission scan-

ning electron microscopy (SEM). As shown in Figs. S2a and 1b,

the PS template possesses a smooth spherical structure with

the diameter of approximately 500 nm. The low-magnification

SEM in Fig. 2a displays the porous motif with the pore sizes of

ca. 500 nm for 3% MoS2-CT photocatalyst, which is well

consistent with the sizes of PS spheres. By careful observation,

lots of pyramid-shaped CdS nanoparticles are grown on the

surface of porous TiO2, which may lead to the strong mutual

interaction between the interface of CdS and TiO2, facilitating

photogenerated electrons transformation. Meanwhile, a

sheet-shaped MoS2 is also formed on the surface of porous

TiO2 through sulfuration of MoO3 at the hydrothermal con-

dition. As shown in Fig. 2b, we can see that the CdS nano-

particles possess a pyramid-like structure with the size range

from 50 to 100 nm and also shaped-like MoS2 with thin

thickness are present on the surface of the porous TiO2

monolith. Furthermore, the compositions of the obtained

samples were examined by Energy-dispersive-spectroscopic

(EDS) measurement (Fig. 2ceh), showing the uniform distri-

bution of O, S Ti, Cd and Mo elements of the 3% MoS2-CT

sample. Therefore, it confirms that CdS nanoparticles and

MoS2 nanosheets are successfully grown on the TiO2 porous

monolith. And other samples with the different molar ratio of

MoS2 of 0%, 1%, 5%, 7% and 9% are synthesized using similar

method, named with 0% MoS2-CT, 1% MoS2-CT, 5% MoS2-CT,

7%MoS2-CT, 9%MoS2-CT as shown in Fig. S3. According to our
knowledge, these porous structures not only are apt to provide

more reaction active sites for hydrogen production but also

beneficial to promote the photo-excited carries migration,

resulting in the enhanced photocatalytic properties [35].

TEM characterization

To further investigate the microscopy morphology, interfacial

structure, and crystal phase of the as-obtained samples, the

transmission electron microscopy (TEM) measurement was

used in our present work. Fig. 3a shows the low-magnification

TEM image of 3% MoS2-CT sample, it clearly showed that

pyramid-like CdS and shape-like MoS2 were observed in the

porous TiO2 substrate, which results in an intimate interfacial

contact. By close observation as shown in Fig. 3b, the sheet-

like MoS2 are tendentiously assembled into a flower-like

shape that is grown from the porous TiO2 interior. And

pyramid-like CdS nanoparticles are irregularly dispersed on

the porous TiO2 surface. Fig. 3c presents the HRTEM image of

the corresponding sample, the lattice spacing of ca. 0.352 nm

corresponds to the (101) planes of anatase TiO2 [36]. As shown

in Fig. 3d, the interplanar spaces of 0.615 nm and 0.335 nm are

fairly close to the (002) facet of hexagonal MoS2 [37] and the

(100) facet of hexagonal CdS [38], respectively. Thus, on the

basis of TEM results, MoS2eCdSeTiO2 composites are suc-

cessfully prepared.

XPS characterization

The as-obtained 3% MoS2-CT samples were performed by X-

ray photoelectron spectroscopy (XPS) to study the chemical

composition and valence state as illustrated in Fig. 4. Fig. 4a

describes the survey scan spectra consisting of Ti, O, Cd, Mo, S

and C elements. Two peaks at 459.0 and 464.5 eV in Fig. 4b are

assigned to Ti 2p3/2 and Ti 2p1/2, indicating the presence of a Ti
4þ oxidation state [39]. The O 1s XPS spectrum in Fig. 4c shows

an asymmetry peak located at 530.4 eV and 532.2 eV, attrib-

uted to the crystal lattice oxygen of Ti�O in TiO2 and the

surface hydroxyl groups, respectively [40]. The XPS spectrum

of the Cd 3d region (Fig. 4d) can be fitted into two peaks of Cd

3d 5/2 and 3d 3/2 centered at 405.4 eV and 412.1 eV respectively,

which is a characteristic of Cd 2þ in CdS [41]. As for the high

resolution spectrum of Mo 3d (Fig. 4e), binding energy values

centered at 232.2 and 228.3 eV are attributed to Mo 3d 3/2 and

3d 5/2, respectively, implying the formation of MoS2 [27]. The

appearance of the S 2p peak at 161.6 and 162.8 eV S 2p3/2 and S

2p1/2 confirms the presence of divalent sulfide ions (S2�)
oxidation state as shown in Fig. 4f [42]. Hence, the combined

analysis of XRD, SEM, TEM, and XPS results further demon-

strates that the coexistence of MoS2 and CdS in the porous

TiO2 substrate.

BET characterization

Specific surface area, porous structure and pore size distri-

bution of the as-prepared samples were characterized by ni-

trogen adsorption-desorption isothermal analysis with the

Brunauer-Emmett-Teller (BET) method. Fig S4 displays the

type-IV isotherm according to the IUPAC classification of 3%

MoS2-CT photocatalyst, indicating that the sample possesses

https://doi.org/10.1016/j.ijhydene.2018.03.208
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Fig. 2 e (a) low and (b) high-magnification SEM images, and (ceh) EDS mapping of O, S, Ti, Cd and Mo elements for the 3%

MoS2-CT photocatalyst.
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a large number of pores. And the pore size distribution sug-

gests a relatively narrow distribution centered at about 5.1 nm

(the inset Figure in Fig S4). Moreover, the isotherm with a

distinct hysteresis loop of type H2 may be attributed to the

ink-bottle effect from the accumulation of nanoparticles,

which results in the difference between the adsorption and

desorption isotherm [43]. As shown in Table S1, it clearly in-

dicates that the 3% MoS2-CT sample has the largest specific

surface areas of 63.39 m2/g and the pore volume of around

0.1184 cm3/g among the MoS2 containing CTs. And among all

the samples, both BET surface area and pore volume are

changed slightly upon the increasing content of MoS2.
Therefore, such porous architectures with the higher specific

surface area and favorable porous channels, benefit for the

supply of more surface sites, the quick transportation and

effective separation of charge carriers eventually improve the

photocatalytic H2-generation performance [44].

UVeVis characterization

Fig. 5 illustrates the UVeVis diffuse reflectance spectra of the

as-prepared MoS2-CT samples compared with that of bare

TiO2. As seen, there are obvious three peaks in the spectra

located at about ~380 nm, ~510 nm and ~600 nm, which is

https://doi.org/10.1016/j.ijhydene.2018.03.208
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Fig. 3 e (a), (b) low and (c), (d) high-resolution TEM images of porous 3% MoS2-CT photocatalyst, respectively.

Fig. 4 e XPS spectra for porous 3% MoS2-CT photocatalyst: (a) survey; (b) Ti 2p; (c) O 1s; (d) Cd 3d; (e) Mo 3d; (f) S 2p spectrum.
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assigned to the TiO2, CdS, and MoS2, respectively. From more

precise observation of lines in Fig. 6aeb, the optical absorbent

edge of TiO2 at ca. 380 nm is extended to ~510 nm with the

doping of 3mol% CdS nanoparticles, which is attributed to the

overlap of energy band between TiO2 (z3.2 eV) [45] and CdS

(z2.4 eV) [46]. More precisely, a significant absorption peak of

MoS2 (between 600 and 700 nm) is not presented distinctly in

all spectra due to the low doping quantity [47]. That is to say,

the introduction of CdS and MoS2 affects the optical property
of the composites, resulting in enhancement of visible light

absorption.

Photocurrent characterization

To evaluate the transient photocurrent performance of as-

prepared MoS2-CT composites, the photocurrent responses

of all samples were examined under visible light irradiation

(Fig. 6). As the light turns on, all the samples display a

https://doi.org/10.1016/j.ijhydene.2018.03.208
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Fig. 5 e UVeVis diffuses reflectance spectra of as-

synthesized samples: (a) pure TiO2 (dark yellow); (b) 0%

MoS2-CT (black); (c) 1% MoS2-CT (red); (d) 3% MoS2-CT

(green); (e) 5% MoS2-CT (blue); (f) 7% MoS2-CT (cyan); (g) 9%

MoS2-CT (magenta). (For interpretation of the references to

color/colour in this figure legend, the reader is referred to

the Web version of this article.)

Fig. 6 e The transient photocurrent response of the

samples under simulated solar light irradiation: (a) 0%

MoS2-CT(black); (b) 1% MoS2-CT(red); (c) 3% MoS2-

CT(green); (d) 5% MoS2-CT(blue); (e) 7% MoS2-CT(cyan); (f)

9% MoS2-CT(magenta). (For interpretation of the references

to color/colour in this figure legend, the reader is referred to

the Web version of this article.)

Fig. 7 e The photocatalytic activities of the samples under

visible light irradiation: (a) TiO2; (b) CdSeTiO2;(c) MoS2e

TiO2; (d) CdSeMoS2; (e) 1% MoS2-CT; (f) 3% MoS2-CT; (g) 5%

MoS2-CT; (h) 7% MoS2-CT; (i) 9% MoS2-CT.
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transient, prompt, steady and reproducible response, and

then regresses close to zero promptly when the light turns off,

indicating the excellent sensitivity and photoelectric conver-

sion ability. The higher photocurrent and longer decay time

correspond to a higher activity and stability of photocatalytic

hydrogen evolution. The pure TiO2 photoelectrode exhibits a

low photocurrent response (135 mA/cm2) as reported previ-

ously. As shown in Fig. 6, the photocurrent density of 0%

MoS2-CT is lower with about 190 mA/cm2 than that of doped

TiO2 with CdS, indicating that the doping CdS leads to a dra-

matic increase of the photocurrent density. And the
enhancement may be ascribed to harvesting visible light

owing to the narrow band gap of CdS nanoparticles. When

MoS2 nanosheets coupledwith CdS nanoparticles were loaded

on the TiO2 porous substrates, the obvious promotion of

photocurrent is observed, suggesting the synergistic effect of

the MoS2 and CdS. As can be seen, the transient photocurrent

density of the 1% MoS2-CT, 3% MoS2-CT, 5% MoS2-CT, 7%

MoS2-CT, and 9% MoS2-CT are ca. 290 mA/cm2, 335 mA/cm2,

270 mA/cm2, 250 mA/cm2, 220 mA/cm2, respectively. It should be

noted that the photocurrent density increased with the esca-

lating content of MoS2 until a maximum of 3% and decreased

with the continuous loading. This could be attributed to the

negative effects of excess MoS2, such as the shielding of light

absorption, coverage of reactive activate sites, the obstacle for

the separation of electron�hole pairs [27].

Photocatalytic H2 generation

The photocatalytic activity of as-obtained MoS2-CT samples

was examined by the photocatalytic hydrogen evolution from

water splitting under visible light irradiation, and the equation

of photocatalytic H2 evolutionwas shown in Fig. S5 [48]. As we

can see in Fig. 7, the apparent H2 evolution rate constant of

pure TiO2, CdSeTiO2, MoS2eTiO2, 0%, 1%, 3%, 5%, 7% and 9%

MoS2-CT were about 0, 875, 1360, 1180, 2495, 4146, 2206, 1811

and 895 mmol h�1 g�1, respectively. Compared with the other

samples, the 3% MoS2-CT sample shows the highest H2 pro-

duction rate of 4146 mmol h�1 g�1. The 3%MoS2-CT sample has

the highest H2 production due to the appropriate amount of

MoS2 and CdS and the porous TiO2 substrate. Meanwhile, the

porous TiO2 substrates also act multifunctions such as large

surface areas, more reactive sites and favorable transport

path of electrons [49]. AndHowever, the relative decreasedH2-

evolutional rates of 5%, 7% and 9% MoS2-CT are observed due

to the excess amount ofMoS2 that can result in the coverage of

active sites and obstruct the photo-excited carries [50]. It

should be noted that the H2 evolution rate of MoS2-CT sample

is higher than those reported elsewhere as shown in Table S2.

In addition, a photostability for catalysts is a valuable factor

for practical applications. As displayed in Fig S6, the

https://doi.org/10.1016/j.ijhydene.2018.03.208
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Fig. 8 e Schematic illustration of the charge transfer and

separation in MoS2-CT photocatalysts.
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photocatalytic H2 generation rate decreased rapidly at first 8

cycles and then keep relative steady with 83% in the contin-

uous 16 experiment cycles under visible light.

Inorder to investigate thevisible-light-drivenH2production

mechanism for MoS2-CT photocatalysts, control experiments

were done for pristine porous TiO2, porous CdSeTiO2, and

porous MoS2eTiO2, respectively. In detail, the porous TiO2

cannoteither generateH2due to its largebandgapof 3.2 eV that

cannot absorb the visible light. And the porous CdSeTiO2 has

lower H2 evolution rate, which is possibly related to the TiO2

surface traps as photo-produced electron-hole pair recombi-

nation and photo-corrosion of the exposed CdS onTiO2 [48,51].

The porous MoS2eTiO2 also exhibits a poor H2 evolution rate

than 3% MoS2-CT photocatalyst, which is due to the low sep-

aration rate of photogenerated charges in porous MoS2eTiO2

than that in MoS2-CT photocatalysts. In order to well under-

stand the photogenerated charges carrier separation, the

photoluminescence (PL) spectroscopy was performed with an

excitationwavelength at 320 nmas shown in Figure S7. The 3%

MoS2-CT sample has an excellent photogenerated charges

carrier separation under visible light, contributed from the

high separation efficiency of photogenerated electrons and

holes compared as-prepared samples [52e54].

On the basis of our experimental results, a possible mech-

anism for the charge transfer process of the as-prepared

samples is proposed as illustrated in Fig. 8. Under irradiation

of visible light, the electrons produced from CdS are excited

from the valence band (VB) to conduction band (CB), and

creatingholes in itsVB. Subsequently, the excitedelectronsare

inclined to transfer to the conduction band of TiO2 via a con-

duction band ofMoS2, whereas holes are capable to flow to the

valence band of MoS2. This feasible migration and separation

of electron-hole pairs are sufficiently achieved, perhaps

because of the appropriate position of the energy conduction/

valence bands according to reported data [37]. Thus, the elec-

tronsontheTiO2 reactwith theHþ ions to formH2, and thenthe

H2 escaped easily from the porous TiO2 structure while the

holes can be consumed by the Na2S and Na2SO3 sacrificial

agents, which can protect CdS against the photocorrosion. As
discussed above, the excellent photocatalytic performance

was attributed to the following factors: both the CdS andMoS2
can extend to the visible light region and are favorable for

electron transfer and charge separation at the interface

[27,55,56].And theporousTiO2 substratespossess largesurface

area, which can supplymore active sites [57,58]. And the MoS2
is acted as the conductivemedium that can relay the electrons

between the conduction bands of CdS and TiO2 and the holes

collectors. Moreover, DFT calculation has been carried out to

determine the band structure anddensity of state for pureTiO2

andH2-absorptionTiO2, respectively as given in Figs. S8andS9.

And the absorbed H2 covered surface of TiO2 can improve the

conductivity of MoS2-CT photocatalysts, facilitating photo-

generated electrons transform speed form CdS to TiO2 and

reduce exciton recombination.
Conclusions

In conclusion, the new photocatalyst consisting of MoS2 and

CdS co-incorporated porous TiO2 monolith is successfully

prepared using a sol-gel method, followed by calcination, and

accompanied by the hydrothermal method to give various %

MoS2-CT materials. The 3% MoS2-CT exhibits excellent pho-

tocatalytic performance toward H2 evolution rate of ca.

4146 mmol h�1 g�1 from water splitting. The stable porous

structure of TiO2 not only accepts fleetly the generated elec-

trons from the CdS, but also provide large surface area and

many H2 evolution sites for reducing Hþ ions. Meanwhile, the

conductive MoS2 can increase the photocatalyst conductivity

that can relay the electrons between the conduction bands of

CdSandTiO2and inhibit thephotocorrosionofCdSas theholes

collector.Asa result, thesynergistic effectofMoS2canpromote

the efficient charge separation, leading to reducing the

recombinationof electron�holepairs. Thisworkhighlights the

potential photocatalytic application of MoS2-CT composites

and provides a feasible strategy to expand the field of visible

light driven photocatalysts for the water splitting.

Acknowledgements

This work was supported by the National Natural Science

Foundation of China (21273010), Program for Natural Science

of Henan Province (162300410004), Outstanding Youth Inno-

vation Talent of Henan Province (14410051000), and the

Institute for Basic Science (IBS-R011-D1).
Appendix A. Supplementary data

Supplementary data related to this article can be found at

https://doi.org/10.1016/j.ijhydene.2018.03.208.
r e f e r e n c e s

[1] Elliott J, Elliott K. Science 2013;340:556e8.
[2] Tong H, Ouyang S, Bi Y, Umezawa N, Oshikiri M, Ye J. Adv

Mater 2012;24:229e51.

https://doi.org/10.1016/j.ijhydene.2018.03.208
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref1
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref1
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref2
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref2
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref2
https://doi.org/10.1016/j.ijhydene.2018.03.208
https://doi.org/10.1016/j.ijhydene.2018.03.208


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 9 3 0 7e9 3 1 5 9315
[3] Fujishima A, Honda K. Nature 1972;238:37e8.
[4] Moon S, Mametsuka H, Tabata S, Suzuki E. Catal Today

2000;58:125e32.
[5] Sauvage F, Chen D, Comte P, Huang F, Heiniger L, Cheng Y,

et al. ACS Nano 2014;4:4420e5.
[6] Lu X, Huang F, Mou X, Wang Y, Xu F. Adv Mater

2010;22:3719e22.
[7] Du J, Zhao G, Pang H, Qian Y, Liu H, Kang DJ. Mater Lett

2013;93:419e22.
[8] Fujishima A, Rao T, Tryk D. J Photochem Photobiol C

2000;1:1e21.
[9] Palomares E, Clifford JN, Haque SA, Lutz T, Durrant JR. Chem

Commun 2002:1464e5.
[10] Iwaszuk A, Nolan M. J Phys Chem C 2011;115:12995e3007.
[11] Zhang H, Wang G, Chen D, Lv X, Li J. Chem Mater

2008;20:6543e9.
[12] Ding S, Yin X, Lu X, Wang Y, Huang F, Wan D. ACS Appl

Mater Interfaces 2012;4:306e11.
[13] Du J, Wang Z, Zhao G, Qian Y, Chen H, Yang J, et al.

Microporous Mesoporous Mater 2014;195:167e73.
[14] Sun W, Yu Y, Pan H, Gao X, Chen Q, Peng L. J Am Chem Soc

2008;130:1124e5.
[15] Yuan YJ, Chen D, Zhong J, Yang LX, Wang J, Liu MJ, et al. J

Mater Chem A 2017;5:15771e9.
[16] Bessekhouad Y, Robert D, Weber JV. J Photochem Photobiol

Chem 2004;163:569e80.
[17] Matsumura M, Furukawa S, Saho Y, Tsubomura H. J Phys

Chem C 1985;89:1327e9.
[18] Ke D, Liu S, Dai K, Zhou J, Zhang L, Peng T. J Phys Chem C

2009;113:16021e6.
[19] Xie Y, Ali G, Yoo SH, Cho SO. ACS Appl Mater Interfaces

2010;2:2910e4.
[20] Zhao D, Wu Q, Wang S, Zhao C, Yang C. Res Chem Intermed

2015;42:5479e93.
[21] Jang J, Choi S, Kim D, Jang J, Lee K, Lee J. J Phys Chem C

2009;113:8990e6.
[22] Yuan YJ, Chen D, Zhong J, Yang LX, Wang JJ, Yu ZT, et al. J

Phys Chem C 2017;121:24452e62.
[23] Ran J, Zhang J, Yu J, Jaroniec M, Qiao SZ. Chem Soc Rev

2014;43:7787e812.
[24] Yoon Y, Ganapathi K, Salahuddin S. Nano Lett

2011;11:3768e73.
[25] Late D, Liu B, Matte H, Dravid V, Rao C. ACS Nano

2012;6:5635e41.
[26] Li H, Wang Y, Chen G, Sang Y, Jiang H, He J, et al. Nanoscale

2016;8:6101e9.
[27] Yuan YJ, Chen D, Yang S, Yang LX, Wang JJ, Cao D, et al. J

Mater Chem A 2017;5:21205e13.
[28] Zong X, Yan H, Wu G, Ma G, Wen F, Wang L, et al. J Am Chem

Soc 2008;130:7176e7.
[29] Min Y, He G, Xu Q, Chen Y. J Mater Chem A 2014;2:2578.
[30] Zhou W, Yin Z, Du Y, Huang X, Zeng Z, Fan Z, et al. Small

2013;9:140e7.
[31] Wang L, Liang H, Wang F, Huang L, Liu Z, Dong Z. Langmuir
2013;29:5863e8.

[32] Kim DH, Han HS, Cho IS, Seong WM, Park IJ, Park JH, et al. Int
J Hydrogen Energy 2015;40:863e9.

[33] Xin G, Yu B, Xia Y, Hu T, Liu L, Li C. J Phys Chem C
2014;118:21928e34.

[34] Xiang Q, Yu J, Jaroniec M. J Am Chem Soc 2012;134:6575e8.
[35] Zhang Y, Zuo L, Huang Y, Zhang L, Lai F, Fan W, et al. ACS

Sustain Chem Eng 2015;3:3140e8.
[36] Gao X, Sun W, Hu Z, Ai G, Zhang Y, Feng S, et al. J Phys Chem

C 2009;113:20481e5.
[37] Preethi V, Kanmani S. Int J Hydrogen Energy

2014;39:1613e22.
[38] Xiong S, Xi B, Qian Y. J Phys Chem C 2010;114:14029e35.
[39] Su C, Shao C, Liu Y. J Colloid Interface Sci 2011;359:220e7.
[40] Chen Z, Xu YJ. ACS Appl Mater Interfaces 2013;5:13353e63.
[41] Chan C-H, Samikkannu P, Wang H-W. Int J Hydrogen Energy

2016;41:17818e25.
[42] Yuan Y, Ye Z, Lu H, Hu B, Li Y, Chen D, et al. ACS Catal

2015;6:532e41.
[43] Liu C, Yang D, Jiao Y, Tian Y, Wang Y, Jiang Z. ACS Appl Mater

Interfaces 2013;5:3824e32.
[44] Li Q, Guo B, Yu J, Ran J, Zhang B, Yan H, et al. J Am Chem Soc

2011;133:10878e84.
[45] Shinde PS, Park JW, Mahadik MA, Ryu J, Park JH, Yi Y-J, et al.

Int J Hydrogen Energy 2016;41:21078e87.
[46] Ge L, Zuo F, Liu J, Ma Q, Wang C, Sun D, et al. J Phys Chem C

2012;116:13708e14.
[47] Hafeez HY, Lakhera SK, Bellamkonda S, Rao GR, Shankar MV,

Bahnemann DW, et al. Int J Hydrogen Energy
2018;43:3892e904.

[48] Park H, Kim YK, Choi W. J Phys Chem C 2011;115:6141e8.
[49] Zheng X, Xu J, Yan K, Wang H, Wang Z, Yang S. Chem Mater

2014;26:2344e53.
[50] Wang Z, Hou J, Yang C, Jiao S, Zhu H. Chem Commun (Camb)

2014;50:1731e4.
[51] Didden A, Hillebrand P, Dam B, van de Krol R. Int J

Photoenergy 2015;2015:1e8.
[52] Ghobadi A, Ulusoy TG, Garifullin R, Guler MO, Okyay AK. Sci

Rep 2016;6:30587.
[53] Varma RS, Thorat N, Fernandes R, Kothari DC, Patel N,

Miotello A. Catal Sci Technol 2016;6:8428e40.
[54] Sardar S, Kar P, Remita H, Liu B, Lemmens P, Kumar Pal S,

et al. Sci Rep 2015;5:17313.
[55] Carrera-Crespo JE, Ramos-S�anchez G, De la Luz V,

Gonz�alez F, Barrera E, Gonz�alez I. Int J Hydrogen Energy
2017;42:30249e56.

[56] Yao X, Liu T, Liu X, Lu L. Chem Eng J 2014;255:28e39.
[57] Zhang J, Yu J, Zhang Y, Li Q, Gong JR. Nano Lett

2011;11:4774e9.
[58] Subha N, Mahalakshmi M, MyilsamyM, Lakshmana Reddy N,

Shankar MV, Neppolian B, et al. Int J Hydrogen Energy
2018;43:3905e19.

http://refhub.elsevier.com/S0360-3199(18)31041-3/sref3
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref3
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref4
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref4
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref4
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref5
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref5
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref5
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref6
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref6
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref6
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref7
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref7
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref7
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref8
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref8
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref8
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref9
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref9
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref9
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref10
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref10
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref11
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref11
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref11
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref12
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref12
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref12
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref13
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref13
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref13
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref14
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref14
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref14
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref15
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref15
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref15
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref16
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref16
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref16
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref17
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref17
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref17
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref18
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref18
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref18
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref19
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref19
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref19
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref20
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref20
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref20
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref21
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref21
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref21
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref22
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref22
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref22
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref23
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref23
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref23
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref24
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref24
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref24
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref25
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref25
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref25
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref26
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref26
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref26
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref27
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref27
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref27
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref28
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref28
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref28
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref29
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref30
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref30
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref30
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref31
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref31
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref31
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref32
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref32
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref32
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref33
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref33
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref33
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref34
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref34
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref35
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref35
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref35
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref36
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref36
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref36
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref37
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref37
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref37
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref38
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref38
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref39
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref39
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref40
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref40
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref41
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref41
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref41
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref42
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref42
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref42
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref43
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref43
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref43
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref44
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref44
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref44
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref45
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref45
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref45
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref46
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref46
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref46
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref47
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref47
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref47
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref47
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref48
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref48
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref49
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref49
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref49
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref50
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref50
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref50
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref51
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref51
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref51
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref52
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref52
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref53
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref53
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref53
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref54
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref54
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref55
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref55
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref55
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref55
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref55
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref55
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref55
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref56
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref56
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref57
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref57
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref57
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref58
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref58
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref58
http://refhub.elsevier.com/S0360-3199(18)31041-3/sref58
https://doi.org/10.1016/j.ijhydene.2018.03.208
https://doi.org/10.1016/j.ijhydene.2018.03.208

	Highly efficient hydrogen evolution catalysis based on MoS2/CdS/TiO2 porous composites
	Introduction
	Experimental
	Materials
	In situ synthesis of sheet-shaped MoS2 and pyramid-shaped CdS congested among porous TiO2 photocatalysts
	Instruments for characterization
	Photocurrent measurements
	Photocatalytic hydrogen evolution

	Results and discussion
	XRD characterization
	Morphology characterization
	TEM characterization
	XPS characterization
	BET characterization
	UV–Vis characterization
	Photocurrent characterization
	Photocatalytic H2 generation

	Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


