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ABSTRACT

Phase junction construction and surface modification are two practical engi-

neering strategies toward efficient photocatalysis. In the present work, core-shell

TiO2@MoS2 heterojunction composites were directly constructed via one-step

hydrothermal method. The prepared catalysts are characterized by X-ray

diffraction, Raman spectroscopy, Scanning electron microscopy, Transmission

electron microscopy, and N2 adsorption–desorption studies to know the struc-

tural, morphological, and textural properties. The optical absorption and pre-

vention of electron–hole recombination process was studied by UV–Vis diffuse

reflectance spectra (DRS) and photoluminescence analysis. The photocatalytic

degradation experiment was carried out using methyl orange (MO) and 4-ni-

trophenol (4-NP) for all the catalysts under visible light irradiation. The results

reveal that MoS2@TiO2 heterojunction catalyst shows excellent photocatalytic

activity toward 4-NP such as high removal efficiency (96%), high apparent

constant (0.0242 min-1), and long-term stability. The enhancement in the pho-

todegradation is due to dandelion clock heterostructures of MoS2@TiO2 possess

high specific surface area (103.5 m2/g), specific pores (11.8 nm). The photo-

electrochemical results suggest that MoS2@TiO2 catalyst exhibits the high pho-

toresponse than compared with pure MoS2 and TiO2 catalysts, respectively.

1 Introduction

With the rapid growth of economy and global

industrialization, pollutions especially airborne ones

have become one of the most severe threats facing

humanity. In the practical scenario, air pollutants are

highly complicated and can be generally described as

particles, liquid droplets, gases, or mixtures of the

above. Semiconductor heterostructure is an impor-

tant strategy to improve the electrical properties such
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as separation efficiency of carries. In this

heterostructure, the energy band structures of com-

ponent semiconductors are convenient for electrons

and holes transferring through the interface between

the heterostructure results in a longer carrier lifetime.

This approach has been widely employed in transis-

tors, solar energy cells, as well as modified photo-

catalysts. Photocatalysts can transform solar energy

to electrochemical or chemical energy which can be

applied in pollution degradation and hydrogen pro-

duction. The energy transfer efficiency of solar relies

on the separation rate of photoinduced electrons and

holes [1–19]. Recently, various semiconducting metal

oxides (SnO2, WO3, ZnO and NiO) are effectively

used as novel photocatalyst to degradation of various

toxic pollutants [20].

Among these, titanium oxide (TiO2), as one of

capable semiconductor photocatalysts, has been

extensively investigated for pollutant degradation

[21], solar cells [22], photoelectrochemical electrodes

[23] and other photocatalytic applications [24]

because of its no harmfulness, high physical and

chemical stability [25]. However, the large-scale

application of industrial wise is further restricted due

to their wide bandgap energy (3.2 eV for anatase) and

rapid recombination of electron–hole pair, which

affect the photochemical reaction of the bare TiO2

[26–28]. Thus, suggesting sensible approaches to

reduction of the bandgap and restraining the

recombination of photogenerated electron–hole pairs

are crucial to improve the photocatalytic ability of the

material. Generally, doping with metals or compos-

ites with metal oxides or polymer or carbonaceous

materials are suitable process to improve the photo-

catalytic activity of bare TiO2. Particularly, MoS2 as a

typical layered transition metal sulfide with a struc-

ture composed of three stacked atom layers (S-Mo-S)

has been a focus of research for long time because of

narrow bandgap, wonderful morphologies, and

extensive application including lithium batteries,

hydrogen production, and photocatalysis. [29–32].

Besides, MoS2 can also accept electrons and act as

active sites for photocatalysis responses [33]. We

believe that combination of TiO2 with MoS2
heterostructure is an ideal carrier’s exchange channel

to expand the separation time of photoinduced car-

riers and improve photocatalytic activity. Moreover,

hole transfer is permitted from TiO2 to MoS2, thus

reducing TiO2 photocorrosion. The incorporated

MoS2 could reduce the bandgap energy as well as

prevent the recombination of electron–hole pair,

which results in high photocatalytic performance.

Herein, we designed a facile synthesis of core-shell

MoS2@TiO2 heterostructure with MoS2 nanoflakes on

TiO2 nanospheres by a simple hydrothermal

approach. To the best of our knowledge, there was no

previous report about high-efficient 4-NP decompo-

sition of MoS2@TiO2 heterostructure photocatalyst

under visible light. This is the first report about high-

performance visible light induced 4-NP decomposi-

tion by MoS2@TiO2 heterostructure photocatalyst

synthesized by facile and one-pot hydrothermal

approach.

2 Experimental procedure

2.1 Preparation of TiO2 nanospheres

Initially, 10 ml of acetylacetone was mixed with

25 ml of isopropyl alcohol (IPA) under strong mag-

netic stirring. Then, titanium isopropoxide (TTIP,

5 ml) was quickly added to the above mixed solution,

followed by strong stirring for 10 min. Then the

resultant reaction was placed to a 50 mL Teflon

autoclave. The hydrothermal reaction was carried out

at 180 �C for 12 h. After cooled to room temperature,

the final precipitate was centrifuged and washed

with ethanol several times to remove the impurities

and finally dried in a vacuum oven at 80 �C for 12 h

for the further use. This final product was TiO2

nanospheres.

2.2 Synthesis of core-shell MoS2@TiO2

composites

At first, 0.3 g of Na2MoO4�2H2O was mixed with

0.4 g of thiourea in 50 ml of DI water under strong

magnetic stirring for 30 min. Then 0.1 g of the as-

synthesized TiO2 nanopowder was mixed with the

above-mentioned solution and stirred for 30 min.

Then the resultant suspension was transferred to a

50 mL Teflon autoclave. The hydrothermal reaction

was carried out at 180 �C for 12 h. Then, the auto-

clave was cooled down to room temperature. The

resulting product was collected by centrifugation and

washed several times with distilled water and etha-

nol followed by drying at 80 �C for 12 h using vac-

uum oven. For comparison, pure MoS2 was

synthesized under the similar condition without the
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presence of the TiO2 nanospheres. The schematic

representation of the synthesis procedure and pho-

tocatalytic setup is shown in Fig. 1a and b.

3 Results and discussion

3.1 Powder X-ray diffraction (XRD)
analysis

XRD analysis was taken to know the structural and

crystallographic information of the samples. Fig-

ure 1c shows the powder XRD pattern of MoS2, TiO2,

and MoS2@TiO2 core-shell composite samples,

respectively. The intense diffraction planes of (002),

(101), (102), (103) and (110) are situated with

equivalent 2h of 14.22, 33.47, 36.22, 39.23 and 59.64o,

which can be indexed to the hexagonal crystalline

structure of MoS2 (JCPDs card No.37–1492). Bare

TiO2 is exposed to the anatase phase due to the

presence of following miller indices such as (101),

(004), (200), (105), (204) and the results are in good

accordance with the standard value (JCPDs card

No.21–1272). The co-existence of both MoS2 and

TiO2-related peaks in the composite sample is due to

the combination of heterojunction between the MoS2
and TiO2 crystal matrix. Debye–Scherrer’s equation

was used to calculate the crystallite size of the sam-

ples and found to be 12, 19, and 26 nm for MoS2,

TiO2, and MoS2@TiO2 core-shell composite samples,

respectively [34].

Fig. 1 (a) Schematic representation of the formation of MoS2@TiO2 heterostructure; (b) schematic representation of the photocatalytic

setup; (c) XRD pattern of MoS2, TiO2 and MoS2@TiO2 composite samples
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3.2 Morphological analysis

Figure 2a, b and c shows the SEM images of bare

MoS2, TiO2 and MoS2@TiO2 core-shell composite

samples, respectively. The pristine MoS2 shows thin

nanosheets structure (Fig. 2a), while the pristine TiO2

displays sphere-like morphology (Fig. 2b). The

MoS2@TiO2 composite sample consists of numerous

nanoflakes, which is composed of spheres and sheets

(Fig. 2c). TEM analysis was further confirmed the

detailed sheets, spheres and core-shell structure of

the samples. The clear nanosheets with wrinkle-type

structure with monodispersed hollow spheres are

observed in the MoS2 (Fig. 2d) and TiO2 (Fig. 2e)

samples, respectively. Figure 2f and g shows the

MoS2@TiO2 composite sample, which is clearly indi-

cates that 3D hierarchical flower-like nanostructures.

Further the HRTEM image shows two clearly crystal

lattice fringes of 0.63 and 0.33 nm that can be indexed

to the (101) planes of TiO2 and (002) planes of MoS2

Fig. 2 SEM images of (a) MoS2; (b) TiO2; (c) MoS2@TiO2; TEM images of (d) MoS2; (e) TiO2; (f) & (g) MoS2@TiO2; (h) HRTEM

image of MoS2@TiO2; (i) EDAX spectra of MoS2@TiO2
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(Fig. 2h). The corresponding EDAX spectra again

prove the formation of heterojunction due to the

existence of chief elements such as Mo, S, Ti and O

(Fig. 2i).

3.3 Raman spectra analysis

The heterojunction composite structure was further

identified by the Raman spectroscopy and

corresponding Raman spectra is shown in Fig. 3. Two

Raman scattering peaks were identified at 390 and

418 cm-1 which is due to the E2g and A1g modes of

pristine MoS2 [35]. The anatase phase TiO2 was

identified through the bare TiO2 Raman spectrum

corresponding to Raman bands of B1g, A1g?B1g, and

Eg
3 positioned at corresponding wavenumbers of 401,

520, and 640 cm-1, respectively [36]. Presence of both

Raman scattering in the composite samples is further

proof for the formation of heterostructure between

MoS2 and TiO2. A slight red-shift in the wavenumber

was observed in the composite samples which is

ascribed to the structural disorder or defects in the

samples [37].

3.4 UV–Vis DRS analysis

Figure 4a shows the UV–Vis absorption spectra of the

MoS2, TiO2, and MoS2@TiO2 core-shell heterostruc-

ture samples, respectively. It was clearly seen that all

the catalysts samples exhibits their absorption in the

UV–Vis region (380–410 nm). The absorption inten-

sity was further shifted toward higher wavelength

side (red-shift) for the composite sample and further

covers a complete visible light region. The consider-

able shift in the absorption intensity of the composite

sample is due to the decreasing the bandgap energy.

The optical bandgap energy of the products was

estimated using K–M function [38] based on the

absorption intensity values and the calculated

Fig. 3 Raman spectra of MoS2, TiO2 and MoS2@TiO2 composite

samples

Fig. 4 UV–Vis DRS spectra of pure MoS2, TiO2 and MoS2@TiO2 composite catalysts. (a) Absorption spectra. (b) Kubelka–Munk model

22256 J Mater Sci: Mater Electron (2020) 31:22252–22264



bandgap energies are 3.26, 3.06, and 2.76 eV for

MoS2, TiO2, and MoS2@TiO2 core-shell composite

samples, respectively (Fig. 4b). Decreasing the band-

gap energy of MoS2@TiO2 composite than compared

with bare catalyst is due to the increasing the parti-

cles size. Generally, the particle size is inversion

proportional to bandgap energy. Moreover, decreas-

ing the bandgap energy of the composite sample is

due to the surface plasmon resonance (SPR) effect.

3.5 Photoluminescence spectra analysis

Figure 5 shows the room temperature PL spectra

measured with wavelength region of 350–650 nm

using He-Ne laser as an excited source (325 nm as

excitation wavelength). The broad and sharp inten-

sity emissions were observed in the UV (375 nm) and

visible region (420–450 nm). Compared to bare sam-

ple, the MoS2@TiO2 core-shell composite shows

reduced emission intensity. This could be attributed

to the synergy effect in the designed MoS2@TiO2 that

can hasten the spatial charge separation and suppress

the electron–hole recombination, and hence increases

the excitation and conversion efficiency. This is

superior to developing the photocatalytic perfor-

mance of the composite samples.

3.6 Nitrogen adsorption and desorption
analysis

BET and BJH analysis was further carried out to

know the textural properties of samples. Figure 6a

and b shows the N2 adsorption–desorption isotherm

and pore size distribution of MoS2, TiO2 and

MoS2@TiO2 samples, respectively. The curves clearly

show the type IV isotherm with H3 hysteresis loop,

which could be characteristics behavior of the

mesoporous nature [39]. Dandelion clock

heterostructures of MoS2@TiO2 possess high specific

surface area (103.5 m2/g), specific pores (33.8 nm)

than compared with pure MoS2 (88.5 m2/g and

27.4 nm) and TiO2 ((65.3 m2/g and 12.4 nm). This

excellent interface of heterostructures can appreciate

the separation of hole and electron easily, which

could increase the photodegradation of dye.

3.7 XPS analysis

The chemical component and valance state of the

MoS2@TiO2 catalyst sample was investigated by XPS

analysis and the relevant plot is shown in Fig. 6. The

survey spectrum (Fig. 6c) clearly shows the presence

of major elements such as Mo, Ti, S and O. The ideal

fit for two peaks corresponding to the binding ener-

gies at 458.6 and 464.6 eV can be attributed to Ti 2p3/2

and Ti 2p1/2 core levels of Ti4? cations, respectively

(Fig. 6d). Figure 6e and f shows Mo 3d and S 2p

spectra. The Mo 3d3/2 and Mo 3d5/2-related binding

energies are positioned at 232.6 and 230.1 eV,

respectively, enlightening that Mo4? is the dominant

oxidation state. The binding energies at 163.5 and

162.1 eV arise from S 2p1/2 and S 2p3/2 (Fig. 6f),

respectively, The O 1s spectrum shows that two

peaks were detected at 531.2 and 533.8 eV (Fig. 5g),

which are assigned to Ti-OH bond from adsorbed

water and S-O bond originating from the strong

covalent interaction between TiO2 and MoS2.

3.8 Photocatalytic studies

In the process of photocatalytic test, the absorption

ability of the catalysts was initially checked toward

MO and 4-NP pollutants with equivalent absorption

wavelength of 420 nm and 395 nm under visible light

irradiation. UV–Vis spectrophotometer ((UV-

2600SHIMADZU) has been used to monitor the

absorption characteristics of the catalysts. Figure 7a–f

Fig. 5 Photoluminescence spectra of pure MoS2, TiO2 and

MoS2@TiO2 composite samples
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shows the UV absorption of MO and 4-NP dyes using

MoS2, TiO2 and MoS2@TiO2 catalysts under visible

light. The visible light illumination is changed from 0

to 60 min. When the visible light illumination is

increased, the absorption intensity was gradually

decreased. The absorption intensity was strongly

reduced with the end of 60 min visible light irradia-

tion. Decomposition test of the catalysts were evalu-

ated for both dyes and the relevant temporal

degradation profile is shown in Fig. 8a and b. The

degradation efficiency is calculated based on the C/

Co value [40] and MO dye efficiency was found to be

53, 63, and 86% for MoS2, TiO2, and MoS2@TiO2 core-

shell composite samples, respectively (for 60 min

irradiation of visible light). Similarly, the 4-NP

removal efficiency was 97, 77, and 59%. In both cases,

the heterojunction catalysts show high catalytic per-

formance than compared with bare catalysts (MoS2
and TiO2). The catalysts were further calculated their

first-order rate constants (k) [41] values and the

resulting plot is shown in Fig. 8c and d. From the

plot, the calculated k values are 0.0091, 0.0167, and

0.0242 min-1 for MoS2, TiO2, and MoS2@TiO2 core-

shell composite samples, respectively (for 4-NP dye

Fig. 6 (a) N2 adsorption and desorption analysis MoS2@TiO2 and (b) pore size distribution; XPS of MoS2@TiO2 sample (c) survey;

(d) Ti 2p; (e) Mo 3d; (f) S 2p and (g) O 1s
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under visible light). The composite sample shows

high apparent constant at 26.5 times better than that

of bare catalyst samples. The overall photocatalytic

parameters are summarized in Table 1. Impact of

scavengers within the degradation effectiveness of

MO and 4-NP was moreover examined utilizing

different scavengers and the related bar chart is

appeared in Fig. 9a, b. The results clearly appear the

degradation productivity of MO and 4-NP is 84 and

94% without any quencher. In both cases, the

degradation proficiency is accomplished by t-BA

than compared with other scavengers (BQ and AQ).

This demonstrates that *OH radical could be a major

responsive species in dye degradation. In fact, pho-

togenerated holes are the key sources for producing

the *OH radicals in the photocatalyst under visible

light irradiation. Subsequently, the stability test was

carried out for 5 cycles in both colors and the

degradation productivity was calculated in each cycle

under same experiment conditions (Fig. 9c, d). The

results reveal that the prepared catalysts were highly

stable. Particularly, the composite catalyst has no

significant loss within the degradation efficiency. The

schematic illustration of the photocatalytic mecha-

nism and photoinduced electrons and holes separate

by {101} and {001} facets of anatase TiO2 as shown in

Fig. 10a and b. Under visible light irradiation, elec-

trons and hole pairs were produced on MoS2 of CB

and VB, respectively. while, the electron are back into

the conduction band of TiO2 due to the similar

energy levels [42]. With the presence of visible light,

O2 molecules react with the H? ions and electrons on

the CB of MoS2@TiO2 to produce H2O2, and the

resulting H2O2 can further react with electrons to

generate *OH. Due to the more positive potential of

OH/OH* than that the VB potential of TiO2, the *OH

radicals cannot be produced by the oxidation of H2O

with holes. The holes will directly react with methyl

orange molecules adsorbed on the MoS2@TiO2 sur-

face. In addition, due to the more negative potential

of CB for TiO2, the photoexcited electrons can quickly

transfer from the CB of TiO2 to that of MoS2, and the

holes on the VB of TiO2 will move to the VB of MoS2.

The reaction mechanism of the heterojunction cata-

lyst toward MO dyes is as follows:

Fig. 7 UVabsorption spectra of MO using (a) MoS2; (b) TiO2; (c) MoS2@TiO2; UVabsorption spectra of 4-CP using (d) MoS2; (e) TiO2;

(f) MoS2@TiO2 under different illumination time
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MoS2@TiO2 hþ� �
þH2O ! Hþ þ �OH ð1Þ

�O�
2 þMO ! degraded products minorð Þ ð2Þ

�OHþMO ! degraded products minorð Þ ð3Þ

hþ þMO ! degraded products minorð Þ ð4Þ

Fig. 8 Temporal degradation profile of (a) MO; (b) 4-NP; Kinetic plot of (c) MO; (d) 4-NP for all the catalyst powders

Table 1 Photocatalytic parameters of pure MoS2, TiO2 and MoS2@TiO2 composite samples

Samples Bandgap (eV) Rate constant of MO Rate constant of 4-NP Degradation efficiency at 60 min

K (h-1) R2 K (h-1) R2 MO 4-NP

MoS2 3.26 0.0081 0.945 0.0091 0.958 53 59

TiO2 3.06 0.0124 0.968 0.0167 0.947 63 77

MoS2@TiO2 2.76 0.0161 0.995 0.0242 0.978 86 97

22260 J Mater Sci: Mater Electron (2020) 31:22252–22264



In addition, redistribution of electrons and holes

can effectively restrain the electron–hole recombina-

tion. The heterojunction structure of MoS2@TiO2

sample is thus beneficial for the recombination of

electron–hole pairs, which results in high photocat-

alytic performance. Preventing the recombination of

electron–hole pairs and narrowing the bandgap

energies are crucial role to improve the photocatalytic

performance. The photoresponse ability of the same

catalysts was determined using chronoamperometric

measurements under potentiostatic control at 1.23

VRHE, as shown in Fig. 10b. In general, the photo-

electrodes exhibited a prompt photoresponse under

intermittent irradiation with high reproducibility

during numerous ON/OFF cycles, as well as good

electrochemical stability during continuous irradia-

tion for 1 h. It is noteworthy that the photocurrent

density results again prove that MoS2@TiO2 catalyst

Fig. 9 Effect of various scavenger on the removal efficiency of (a) MO; (b) 4-NP for all the catalysts; cycling stability test of (c) MO;

(d) 4-NP pollutants
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shows high photocurrent response, which is consis-

tent with the photocatalytic degradation results.

Hence, the photoelectrochemical results suggest that

MoS2@TiO2 catalyst produced the high photore-

sponse than compared with pure MoS2 and TiO2

catalysts, respectively.

4 Conclusions

In summary, a dandelion clock, core-shell TiO2@-

MoS2 composite photocatalysts with visible light

activity were fabricated via a one-step hydrothermal

method. In the process of the photocatalytic experi-

ment, MO and 4-NP pollutants were the primary

products over the TiO2@MoS2 heterojunction com-

posites. The results show that the pure TiO2 and

MoS2 demonstrate a poor photocatalytic activity

based on its high electron–hole recombination. The

maximum yields of MO and 4-NP are in TiO2@MoS2
heterojunction composite, whose efficiency was 97%

and 86%, respectively. The improved photocatalytic

activity of TiO2@MoS2 heterojunction composite

could be owing to the high efficiency separation of

photogenerated electron–hole pairs, intense response

to visible light and the narrowed bandgap. Hence,

Fig. 10 (a) Schematic diagram of carries exchange in the MoS2@TiO2 heterostructure; (b) photoinduced electrons and holes separate by

{101} and {001} facets of anatase TiO2; (c) time-dependent photocurrent density of all the catalyst samples
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this work shows that sulfide can enhance the photo-

catalytic activity of TiO2 in photocatalytic degrada-

tion of 4-NP dye with great potential.
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