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wth of MoS2 nanosheets on TiO2

burst nanotubes and their photocatalytic activity†

Qiushi Jiang,‡a Shang Wang,‡a Xue Li,b Zhaolian Han,a Chunli Zhao, *c Tingting Di,d

Siyuan Liua and Zhiqiang Cheng *a

MoS2 nanosheets were grown on TiO2 nanotubes by the simple hydrothermal method for the first time. The

layer-by-layer growth of MoS2 nanosheets led to a significant increase in the specific surface area of TiO2/

MoS2 burst tube composites compared with TiO2 burst tubes, a significantly enhanced ability to separate

photo-induced carriers, and synergistic adsorption and visible light catalytic activity of dye molecules.

The maximum adsorption (qmax) of MB was 72.46 mg g�1. In addition, 94.1% of MB could be degraded

after 30 minutes of visible light irradiation. The microsurface morphology, structure, chemical

composition, element valence and band width of TiO2/MoS2 nanocomposites were analyzed by

scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray

spectroscopy (EDS), X-ray photoelectron spectroscopy (XRD), X-ray photoelectron spectroscopy (XPS),

diffuse reflectance spectroscopy (DRS) and photoluminescence spectroscopy (PL). The mechanism of

photocatalytic reaction was studied via free radical capture experiments.
1. Introduction

TiO2 has a low price, non-toxicity, no secondary pollution, high
photo-sensitivity and excellent ability to oxidize and decompose
organic matter, and its processing is relatively mature.1–3

However, TiO2 can only use ultraviolet light, which accounts for
4% of solar energy. Meanwhile, the rapid recombination of
photogenerated electrons and holes in the reaction process also
limits the photocatalytic efficiency of TiO2, which greatly limits
its wide application.4–7 In the previous study, TiO2 burst nano-
tubes (TiO2NBTs) were prepared by combining electrospinning
and dipping calcination. Compared with TiO2 nano-ber tubes,
TiO2NBTs have larger specic surface area and more pore
structure.8

The band bending at the catalyst interface due to the
composite of other nanomaterials provides a driving force for
the separation of photogenerated electrons and holes, thus
reducing the inuence of carrier recombination and improving
the photocatalytic activity.9–12 For example, precious metals Pt,
ilin Agricultural University, Changchun
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Ru, Rh, Au and Ag and their corresponding oxides are common
cocatalysts.13–15 However, these materials are expensive and
scarce, making it difficult to scale up. Strategies have been
proposed to replace precious metals with cheap nanocrystalline
materials,16–31 and the semiconductor MoS2 is one of the hot
options,32 which has a layered structure similar to graphene,
anisotropy, chemical inertia, electron transfer rate, photo-
resistance33 and specic optical properties,34 and is also a cata-
lyst for dehydrogenation of complex hydrocarbons. Since the
conduction band of MoS2 is below the conduction band of
anatase TiO2, and the valence band exceeds that of anatase
TiO2, TiO2 can transfer photoelectrons and holes to MoS2, and
its narrow band gap causes the photocatalyst complex of MoS2
and TiO2 to broaden the wavelength absorption range and
reduce the recombination rate of photoexcited electron–hole
pairs. A large number of studies have proved that the combi-
nation of MoS2 and TiO2 as a transition metal sulde can
improve the activity of photocatalyst.35–39 However, most of
them modify MoS2 on the surface of TiO2 nanober40–43 and its
array44,45 as well as nano–microspheres,46,47 and the composite
structure between TiO2 burst nanotubes matrix and MoS2 with
special morphology has not been described. As we all know, the
performance of photocatalysts largely depends on their
morphologies. Therefore, it is of great signicance to prepare
nanocomposites with multiple catalytic active sites and stable
morphology and to further explore their catalytic
mechanisms.48–51

In this paper, TiO2/MoS2 burst nanotube composites were
easily synthesized on TiO2 burst nanotubes by hydrothermal
method. The uniform growth of MoS2 nanosheets on TiO2 burst
This journal is © The Royal Society of Chemistry 2020
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tubes not only maintains the structural stability, but also ach-
ieves rapid electron transfer through close contact between TiO2

andMoS2. The uniform layer by layer growth of MoS2 nanosheet
results in a larger exposed surface and more porous structure of
TiO2/MoS2 nanotube burst composite, which enhances the
photocatalytic activity driven by UV-vis while maintaining the
structural stability. During the catalytic degradation of MB,
relative to TiO2 burst tubes and hydrothermal MoS2 nanosheets,
the ability of TiO2/MoS2 burst nanotube composites to adsorb
MB dye molecules and separation of photoinduced carriers is
greatly enhanced. Under visible light irradiation, MB solution is
completely degraded within 70 min, thus improving the utili-
zation efficiency of solar energy.

2. Experimental
2.1 Materials

Polystyrene (PS) was provided by Shanghai Youngling Electro-
mechanical Technology Co., Ltd (the PS with Mw ¼ 150 000 g
mol�1). Tetrabutyl titanate (TBOT 97%), N,N-dimethylforma-
mide (DMF), methylene blue (MB), benzoquinone (BQ), and
isopropanol (IPA) and triethanolamine (TEA) were purchased
from Aladdin Industrial Corporation. Absolute ethanol, oxalic
acid (H2C2O4), glucose, sodium molybdate (Na2MoO4$2H2O)
and thiourea (CSN2H4, 99%) were bought from Beijing chemical
works. All chemicals were of analytic grade and without further
purication.

2.2 Preparation of TiO2 burst nanotubes

The preparation of TiO2 burst tube has been described in our
previous work, weighing 1.15 g PS and 2.85 g DMF, and then
adding oxalic acid (0.3 wt%) to the mixture. The spinning
precursor solution was prepared by stirring the mixture at 60 �C
for 6 h. PS bers are manufactured using electrospinning
equipment with a high voltage power supply, rotary nozzles and
grounded collectors. When the ambient temperature is 25 �C
and the ambient humidity is 30%, transfer the spinning solu-
tion to the syringe and connect it to the 14 kV high voltage
power supply. The ow rate of the spinning solution was
controlled at 1.0 mL h�1, and the distance between the needle
and the receiver was 16 cm to obtain electrospun nanober
membrane. The collected nanober membrane was fully
immersed in TBOT ethanol solution with a mass ratio of 1 : 10
for 15 min, and then taken out. Aer the soaking process, the
composite membranes were dried in an oven at 60 �C for 1 h.
Finally, the dried PS/TBOT ber membrane was calcined at
a heating rate of 3 �C min�1 to 550 �C in a tube furnace, and
kept 30 min. Naturally cool aer annealing to obtain TiO2 burst
nanotubes.8

2.3 Preparation of TiO2/MoS2 nanocomposite by
hydrothermal method

First, 0.2 g sodiummolybdate and 0.4 g thiourea were dissolved
in 30 mL glucose solution (0.05 M), and then 100 mg TiO2 burst
nanotubes and the above mixed solution were simultaneously
transferred to a 50 mL polytetrauoroethylene lined stainless
This journal is © The Royal Society of Chemistry 2020
steel autoclave, which was then placed in an oven at 200 �C for
24 h. Aer the autoclave was naturally cooled, the black prod-
ucts were collected by centrifugation and washed with ethanol
for 3–5 times. The washed composites were dried overnight in
the oven at 60 �C to obtain TiO2/MoS2 burst nanotube
composites. As a contrast, a single MoS2 nanosheet was
prepared, and the amount of material used in the hydrothermal
process was exactly the same as that in the preparation of TiO2/
MoS2 nanocomposites, except that no TiO2 burst nanotubes
were added.

2.4 Characterization

The surface morphology of the sample was observed by scan-
ning electron microscope (SSX-550, Shimadzu). The EDS map-
ped image and microstructure of the samples were observed by
transmission electron microscope (TEM, TecnaiF20) of energy
dispersive X-ray spectrometer (EDS). X-ray photoelectron spec-
troscopy (XPS, VGESCALABLKII) is used to determine the
chemical composition of the complex. The specic surface area
and pore diameter of the samples were analyzed using a specic
surface & pore size analysis instrument (BET, 3H-2000PS1,
BeishideInstrument). The crystal structure of the sample can
be determined by X-ray diffractometer (XRD, XRD-7000, Shi-
madzu). The absorption characteristics of the samples and the
absorptivity of degraded dyes were studied by UV-vis spectro-
photometer with integrating sphere (TU-1950, Beijing Purkinje
Corporation). The photoluminescence (PL) spectrum excited by
325 nm wavelength was measured at room temperature on
a uorescence spectrophotometer (F-4500, Hitachi, Japan).

2.5 Organic adsorption characterization

As a common industrial dye and fungicide, MB has low biode-
gradability in water. In this work, methylene blue (MB) was used
as a simulated organic pollutant to evaluate the adsorption
properties of TiO2/MoS2 nanocomposites. The solution of
10 mg L�1, 20 mg L�1, 30 mg L�1, 40 mg L�1, 50 mg L�1 and
60 mg L�1 MB were put into the quartz tubes. 10 mg TiO2 burst
nanotubes, MoS2 nanosheets and TiO2/MoS2 nanocomposites
were added to each quartz tube. The suspension was magneti-
cally stirred in the dark for 24 hours, and 3 mL solution was
extracted from it for centrifugation to measure the absorbance
value of the solution.

2.6 Photocatalytic test

The photocatalytic activity of TiO2/MoS2 nanocomposites was
studied by the degradation of MB solution under visible light.
First, the nanocomposites of 10 mg were mixed with the 60 mL
(10 mg L�1) MB solution and stirred by magnetic force in dark
for 30 minutes to achieve the adsorption–desorption equilib-
rium. Then the mixed solution was irradiated with the visible
band of a mercury lamp (360 W), and the distance between the
solution and the light source was 10 cm. What's more, the
irradiation power used for photocatalysis was 450 mW cm�2.
The UV-vis absorption spectrum can be measured when the
3 mL solution is taken with a lter aer each 10 min irradiation
of UV-vis, and a blank control test is carried out.
RSC Adv., 2020, 10, 40904–40915 | 40905
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Fig. 1 SEM images of TiO2 burst nanotubes (a) and TiO2/MoS2 nanocomposite (b), MoS2 nanosheets (c) and TiO2/MoS2 nanocomposite (d) at the
samemultiple. (The illustrations in (a) and (b) are the cracking degreemap of TiO2 burst nanotubes and TiO2/MoS2 nanocomposite, respectively.)

Fig. 2 TEM image of the TiO2 burst nanotubes (a) TiO2/MoS2 nanocomposite (b), HRTEM images of several MoS2 nanosheets (c) and TiO2/MoS2
nanocomposite (d).

40906 | RSC Adv., 2020, 10, 40904–40915 This journal is © The Royal Society of Chemistry 2020
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2.7 Possible mechanism of photocatalytic activity

In order to explore the charge transfer process of TiO2/MoS2
nanocomposites during photocatalytic degradation, free radical
capture experiments of different scavengers were carried out.
The effects of superoxide radical ($O2

�), hydroxyl radical ($OH)
and hole (h+) on the photodegradation of MB were investigated.
Benzoquinone (BQ, 1 mM), isopropanol (IPA, 1 mM) and trie-
thanolamine (TEA, 1 mM) were added to the reaction system as
scavengers of $O2

�, $OH and h+, respectively. The remaining
steps were the same as those of photocatalysis test.
3. Results and discussion

Fig. 1(a) shows the TiO2 burst nanotubes with a diameter of
600–1000 nm. Due to the gradual decomposition of oxalic acid
with the increase of temperature in the calcination stage of PS/
TBOT ber membrane, CO2 gas is released. Under the high
temperature condition, CO2 gas will leave tiny holes on the
surface of TiO2 nanotube when it escapes, and PS will degrade
completely as a sacricial template, causing disintegration of
TiO2 nanotubes and forming TiO2 burst nanotubes. As shown in
Fig. 1(b), aer the MoS2 nanosheets are composited on the TiO2

burst nanotubes by a hydrothermal method, the diameter of the
composite has also increased accordingly. However, by
comparing Fig. 1(a) and (b), it is found that the cracking degree
of the nanocomposite aer the composite of MoS2 and TiO2

nanosheets is signicantly smaller than that of the TiO2 burst
nanotubes. The reason is that MoS2 nanosheets grow layer by
layer at the position where the TiO2 burst nanotubes. It is found
Fig. 3 TEM image (a) of the TiO2/MoS2 nanocomposite and TEM-EDS e
spectrum of the TiO2/MoS2 nanocomposite (f).

This journal is © The Royal Society of Chemistry 2020
that compared to the micron-scale irregular spherical agglom-
erates produced by the aggregation and growth of MoS2 nano-
sheets without a growth template (Fig. 1(c)), the tiny holes
provided by the TiO2 burst nanotubes provide suitable nucle-
ation sites for the growth of MoS2 nanosheets. Moreover, in
TiO2/MoS2 material, TiO2 nano burst-tubes as basal hydro-
thermal preparation of TiO2/MoS2 overall still had a tubular
cracking morphology, while MoS2 combination in the form of
three-dimensional layered nanometer sheets in both internal
and external TiO2 nano burst-tubes, improving the porosity of
the composite material in general (Fig. 1(d)).

The morphological changes of the TiO2/MoS2 composite
nano-burst tube materials were conrmed by TEM observations
in Fig. 2(a) and (b). Typical layered structure MoS2 particles were
observed on the TiO2/MoS2 composite burst tube, while no
layered structure MoS2 were observed in the separate TiO2 nano
bursttubes catalyst. By measuring the HRTEM image of the
MoS2 nanosheets (Fig. 2(c)), the lattice spacing d is 0.62 nm,
which corresponds to the hexagonal MoS2 (002) plane
(JCPDS37-1492). In the TiO2/MoS2 composite nanoburst tube
material shown in (Fig. 2(d)), not only the hexagonal MoS2 (002)
plane can be detected, but also the (101) plane of anatase TiO2

(JCPDS211272), and the lattice spacing d is 0.35 nm. Based on
the above analysis, it is concluded that MoS2 nanosheets grow
on TiO2 burst nanotubes through a simple hydrothermal reac-
tion, and the two grow closely together. We believe that this
composite heterostructure is benecial to the transfer of
photogenic charge carriers, and at the same time can enhance
the charge separation ability and photocatalytic activity.
lemental mapping (b–e) of the selected area by black box in (a), EDS

RSC Adv., 2020, 10, 40904–40915 | 40907

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08421b


Fig. 4 XPS spectrum of the sample: (a) the full survey spectrum of TiO2 and TiO2/MoS2, (b) Mo 3d peaks and (c) S 2p peaks of MoS2 and TiO2/
MoS2, respectively. (d) O 1s peaks of TiO2/MoS2.

Fig. 5 Nitrogen adsorption–desorption isotherms (a) and BJH pore size distribution of three samples (b–d).

40908 | RSC Adv., 2020, 10, 40904–40915 This journal is © The Royal Society of Chemistry 2020
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The elemental mapping analysis of energy dispersion-X-ray
spectroscopy (EDX) of the black box for the selected area in
Fig. 3(a) visually shows the distribution of Mo, S, Ti and O
(Fig. 3(b)–(e)) in the TiO2/MoS2 composite burst tube. In
Fig. 3(a), the cracked part can be clearly observed, while in
Fig. 3(b) and (c), it can be observed that Mo and S completely
cover the TiO2 burst nanotubes. It can be seen that MoS2
nanosheets grow uniformly on the inside and outside of the
tube. Fig. 3(f), as the EDX spectrum of the TiO2/MoS2 composite,
also detected all peaks representing Mo, S, Ti and O elements.
The unlabeled peaks are derived from Cu and C in the carbon-
coated copper grid. Besides, the calculated content of MoS2
loaded on TiO2 base was 71.7% (see the ESI†).

X-ray photoelectron spectroscopy ((XPS)) analysis is used to
determine the chemical composition and bonding congura-
tion of the prepared samples. The complete spectra of TiO2 and
TiO2/MoS2 (0–1000 eV) are shown in Fig. 4(a). As shown in
Fig. 4(b) and (c), for pure MoS2 nanosheets, the binding ener-
gies of Mo 3d3/2, Mo 3d5/2, S 2p1/2 and S 2p3/2 are 231.75 eV,
228.65 eV, 162.65 eV and 161.5 eV, respectively. When MoS2
nanosheets were grown into TiO2 burst nanotubes by hydro-
thermal synthesis, the binding energies of Mo 3d3/2, Mo 3d5/2, S
2p1/2 and S 2p3/2 peaks were converted to 231.7 eV, 228.6 eV,
162.55 eV and 161.4 eV, respectively, which were signicantly
lower than those of pure MoS2 nanosheets. This transition
means that there is an electronic interaction between TiO2 burst
nanotubes and pure MoS2 nanosheets. As shown in Fig. 4(d),
Fig. 6 Optical absorption spectra (a), XRD patterns (b), UV-vis diffuse refle
nanotubes, pure MoS2 nanosheets and TiO2/MoS2 nanocomposite.

This journal is © The Royal Society of Chemistry 2020
the O 1s peak of TiO2/MoS2 complex, in addition to the peak
value of 529.9 eV attributed to Ti–O–Ti bond, and the peak of
532.1 eV corresponds to the OH bond of water adsorbed on the
surface. The peak of 531.75 eV cannot be observed in TiO2 burst
nanotubes, which may be related to the formation of Ti–O–Mo
bond between MoS2 nanosheets and TiO2 burst nanotubes.
Fig. S1† shows the O 1s peak of TiO2 burst nanotubes, which is
signicantly different from that of TiO2/MoS2 composite.

The nitrogen adsorption–adsorption isotherms of the three
samples are shown in Fig. 5(a). The isothermal curves of TiO2

burst nanotubes and TiO2/MoS2 nanocomposites show typical
adsorption–desorption behavior, indicating the existence of
pores. Among them, the nitrogen absorption isotherm of TiO2/
MoS2 nanocomposites shows a typical type IV adsorption
isotherm with H3 hysteresis ring, which is the characteristic of
mesoporous structure and slit pore. On the contrary, the
adsorption–desorption curves of the pure MoS2 nanowires
almost coincide, indicating that the pores of pure MoS2 nano-
sheets are very few. The specic surface areas of TiO2 burst
nanotubes, MoS2 nanosheets and TiO2/MoS2 nanocomposites
are 41.77, 10.59 and 113.97 m2 g�1, respectively (Table S1†
compares the BET surface area and pore volume of the three
samples). The existence of pore structure on TiO2 burst nano-
tubes makes it easier for MoS2 nanosheets to grow. Therefore,
with the stacking growth of MoS2 nanosheets, TiO2/MoS2
nanocomposites have more slit-like pores and larger specic
surface area. As we all know, the specic surface area is an
ctance spectra (c) and photoluminescence spectra (d) of the TiO2 burst

RSC Adv., 2020, 10, 40904–40915 | 40909
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important property to study the photocatalytic activity of cata-
lysts. In general, the larger specic surface area will lead to
higher photocatalytic activity of the catalyst, because a larger
surface area can provide more active sites. It can be seen from
Fig. 5(b)–(d) that the pore diameter distribution of TiO2 sample
is relatively wide, basically 0–120 nm, and the pore size distri-
bution of 0–120 nm TiO2/MoS2 is 0–90 nm. However, the pore
diameter of TiO2/MoS2 composites is basically 0–8 nm.
Compared with the other two single materials, TiO2/MoS2
composites have smaller pore size and larger specic surface
area.

The UV-vis absorption spectra of solid dispersions of TiO2

burst nanotubes, pure MoS2 nanosheets and TiO2/MoS2 nano-
tube composites are shown in Fig. 6(a), TiO2 burst tubes show
signicant absorption at less than 400 nm. Both MoS2 nano-
sheets and TiO2/MoS2 nanotube composites have two absorp-
tion peaks in the region of 350–500 and 600–700 nm. However,
the absorption in the visible region of TiO2/MoS2 nanoburst
tube composites is obviously larger. As shown in Fig. 6(b), the
main diffraction peaks of TiO2 at 2q ¼ 25.28�, 37.80�, 48.05�,
53.89�, 55.06� and 62.69� are in the directions of (101), (004),
(200), (105), (211) and (204) respectively, corresponding to the
anatase structure of TiO2 (JCPDS 21-1272). While 2q ¼ 27.45
�corresponds to the direction of (110), which is the character-
istic peak of rutile TiO2 (JCPDS 21-1276). The diffraction peaks
of pure MoS2 at 2q ¼ 13.6�, 32.9�, 39.2� and 58.7� correspond to
(002), (100), (103) and (110) planes, respectively, which are
hexagonal 2D-MoS2 (JCPDS 37-1492). In addition, all the
diffraction peaks of TiO2 burst nanotubes and pure MoS2
nanotubes can be found from the curves of TiO2/MoS2 burst
nanotube composites, which fully demonstrates the growth of
MoS2 nanosheets on TiO2 burst nanotubes, and the crystal
structure of TiO2/MoS2 nanocomposites is similar to that of
pure MoS2, showing layered structure.

The optical properties of the samples were studied according
to the UV-vis absorption spectrum in Fig. 6(c), As the absorption
band of TiO2 burst nanotubes slightly shis out of the UV light
region, which is consistent with the mixed structure of anatase
and a small amount of rutile crystal form. According to the
formula:
Fig. 7 Adsorption Langmuir (a) and Freundlich isotherms (b) of MB by di
MoS2 nanocomposite.

40910 | RSC Adv., 2020, 10, 40904–40915
Eg ¼ 1239.6/lg (1)

It can be calculated that the band gaps of TiO2 burst nano-
tubes and TiO2/MoS2 nanocomposite are 2.97 eV and 2.45 eV
respectively. It shows that the excitation energy required by
TiO2/MoS2 burst nanotube composite was lower than that of
TiO2 burst nanotube. Therefore, the growth of MoS2 nanosheets
on TiO2 burst nanotubes is conducive to improve the degrada-
tion efficiency and visible light capture capability.

To evaluate the efficiency of charge trapping and photo-
induced electron–hole pair recombination in semiconductor
composites, Fig. 6(d) shows the photoluminescence (PL) spectra
of TiO2 burst nanotubes, MoS2 nanosheets and TiO2/MoS2
nanocomposites. TiO2 burst nanotubes have three main emis-
sion peaks. Among them, the peak at 417 nm (2.97 eV) corre-
sponds to its near-forbidden band emission, while the other two
peaks, 449 nm (2.76 eV) and 471 nm (2.63 eV), may be related to
the defects related to the oxygen vacancy formed in the
synthesis process. However, MoS2 nanowires have no signi-
cant emission peak. Under the same test conditions, there is
only one main luminescence peak in TiO2/MoS2 composites at
450 nm (2.75 eV). In general, PL emission is caused by the
recombination of charged carriers, and the lower the emission
intensity, the less the charge recombination.52 Obviously, TiO2

has the highest uorescence intensity, which means the highest
photogenerated electron–hole recombination. The uorescence
intensity of TiO2/MoS2 composite is lower than that of TiO2

burst tube, indicating that the recombination of photo-
generated electrons and holes is effectively suppressed. There-
fore, TiO2/MoS2 can effectively promote the separation of
photogenic carriers and prolong the separation time of photo-
generated electron–hole pairs, thus showing excellent photo-
catalytic activity.

The adsorption performance is expressed by adsorption
percentage (%) and adsorption capacity qe (mg g�1), which is
calculated by eqn (2) and (3):

Adsorption ¼ (C0 � Ce)/C0 � 100% (2)

qe ¼ (C0 � Ce) � V/W (3)
fferent adsorbents: TiO2 burst nanotubes, MoS2 nanosheets and TiO2/

This journal is © The Royal Society of Chemistry 2020
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where C0 is the initial concentration of organic pollution, Ce is
its equilibrium concentration aer adsorption, V is the volume
of organic pollution solution (mL), and W is the weight of the
synthesized adsorbent (mg). To describe how the adsorbate
molecules interact with adsorbent, and the Langmuir and
Freundlich isotherm equations were used to interpret the
experimental adsorption data. The equations can be described
as:

Ce/qe ¼ 1/KL � qm + Ce/qm (4)

log qe ¼ log KF + log Ce/n (5)

where qe is the equilibrium adsorption capacity of adsorbent
(mg g�1), Ce is the equilibrium concentration of the dye (mg
L�1), qm is the maximum amount of MB dye adsorbed (mg g�1),
KL is the Langmuir constant which is related to the adsorption
strength, KF is the constant related to the adsorption capacity of
the adsorbent (mg1�n Ln g�1), and n is the constant related to
the adsorption intensity and adsorption capacity.

Fig. 7 shows the adsorption isotherm of the sample. The data
were analyzed by Langmuir (Fig. 7(a)) and Freundlich (Fig. 7(b))
equations. The results show that when the concentration of MB
solution is different, the correlation coefficients (R2) of TiO2

burst nanotubes, MoS2 nanosheets and TiO2/MoS2 nano-
composites are 0.993, 0.996 and 0.997, respectively. Langmuir
model can t the experimental data well. However, the
Freundlich curve tting effect of the three samples is poor,
Fig. 8 Photocatalytic decomposing of MB under the visible light irradiati
nanocomposite (a), the corresponding kinetic studies (b), the UV-vis abso
of TiO2/MoS2 nanocomposite (c) and kinetic study of the first 40 min, th

This journal is © The Royal Society of Chemistry 2020
which is 0.734, 0.658 and 0.784 respectively. (Table S2:†
adsorption parameters of THE Langmuir and Freundlich model
for MB adsorption by TiO2/MoS2 nanocomposite.)

In the photocatalysis experiment, the degradation ability of
TiO2/MoS2 nanocomposites was evaluated by degradation of
MB solution. In Fig. 8(a) MB solution as a blank control
degraded only a very small part under visible light irradiation.
Before visible light irradiation, the dark adsorption experiment
of 30 min was carried out to ensure that the sample reached the
adsorption–desorption equilibrium. In the subsequent photo-
catalysis experiment, the photocatalytic efficiency of the
samples was compared by showing the curve of relative
concentration (C/C0) as ordinate and irradiation time (t) as
abscissa. Where C0 is the initial concentration of MB solution
and C is the concentration of MB solution at t. The dark
adsorption results show that TiO2/MoS2 nanocomposites > pure
MoS2 nanosheets > TiO2 burst nanotubes, which corresponds to
the results of pore diameter distribution and specic surface
area analysis. Under visible light irradiation, the dye removal
rate of TiO2 burst nanotube within 70 min was only 22.6%, this
is because its absorption and utilization efficiency of visible
light is not high, corresponding to the calculated band gap
2.97 eV. The pure MoS2 nanometer sheet showed lower catalytic
performance, with adsorption and degradation effect of about
50%. Due to the simultaneous crack, layered structure and the
synergistic effect of anatase-rutile phase and hexagonal 2D-
MoS2, TiO2/MoS2 nanocomposites have the highest degradation
efficiency of 96.7% in the reaction of 70 min because of their
on of the TiO2 burst nanotubes, pure MoS2 nanosheets and TiO2/MoS2
rption spectra for the photocatalytic degradation of MB in the presence
e repeatability of five cycles of TiO2/MoS2 nanocomposite test (d).
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large specic surface area, low band gap and visible light
absorption capacity.

It can be seen from Fig. 8(b) that the degradation process of
MB accords with the rst-order kinetic reaction of Langmuir–
HinShelwood, and the kinetic equation can be expressed as
follows:

ln C0/Ct ¼ k � t (6)

the degradation rate constant of the sample (k, min�1) is 0.0026,
0.0112 and 0.0477, respectively.

The results showed that TiO2/MoS2 nanocomposite had the
highest constant degradation rate of MB. By dividing BET
surface area (SBET) by kMB obtained by Langmuir–Hinshelwood
rst-order kinetic equation tting, normalized rate constant of
MB photodegradation (k0MB) by pure TiO2, pure MoS2 and TiO2/
MoS2 material was 7.18 � 10�5, 1.04 � 10�3 and 4.21 �
10�4 min�1 m�2, respectively.53 It can be seen that the
normalized rate constant of TiO2/MoS2 material was higher
than that of pure TiO2 material (see the ESI†).

According to Fig. 8(c), the absorption spectrum of the reac-
tion solution decreases rapidly with the irradiation of visible
light, and the degradation process of TiO2/MoS2 nano-
composites in the pre-40 min also consists with the rst-order
kinetic reaction of Langmuir–HinShelwood, with the degrada-
tion rate constant (k, min�1) of 0.0681. 94.1% of MB dyes were
degraded in the pre-30 min, which proved that the TiO2/MoS2
nanocomposites had excellent catalytic performance under
visible light irradiation. In addition, in order to prove that the
absorption spectrum decline in the solution under the action of
TiO2/MoS2 nanocomposite was not caused by the increase in
adsorption performance due to the changing visible light irra-
diation conditions. Aer the catalytic degradation experiment,
the samples were recovered and desorbed with ethanol. The
results showed that there was no methylene blue in the ethanol
solution. Therefore, MB is not adsorbed by TiO2/MoS2 nano-
composites, but degraded under visible light. The cyclic
degradation performance of TiO2/MoS2 nanocomposites to MB
under visible light was studied, as shown in Fig. 8(d) (Fig. S1†
shows the repeated utilization rate of TiO2/MoS2 nano-
composites). Moreover, with the increase of recycling times, the
degradation efficiency of TiO2/MoS2 nanocomposites decreased
slightly. Aer 5 times of reuse, the degradation rate of the
samples was still 94% (Table 1).

Fig. 9 shows the comparison of the performance of TiO2/
MoS2 nanocomposites for the degradation of MB dyes aer
adding different free radical scavengers, in which triethanol-
amine (TEA), benzoquinone (BQ) and isopropanol (IPA) have
quenching effects on hole (h+), superoxide anion radical ($O2

�)
and hydroxyl radical ($OH), respectively. The adsorption-
analysis experiments in the dark showed that the addition of
different traps had little effect on the adsorption properties of
the composites. Aer visible light irradiation, the degradation
rate of the samples without any free radical scavengers was the
highest, reaching 94.2%. Aer adding BQ, the photo-
degradation rate decreased slightly to 90.6%. Aer adding IPA,
the photodegradation rate of MB decreased obviously, and the
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Photocatalytic degradation of MB over the TiO2/MoS2 nano-
composite photocatalyst with the addition of scavengers BQ, IPA and TEA.
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degradation rate was reduced to 86.7%. In addition, aer add-
ing TEA into the reaction system, the catalytic activity of TiO2/
MoS2 nanocomposites for the degradation of MB solution
under visible light was signicantly affected. Therefore, $OH
and h+ are the main active species in the visible light degrada-
tion of MB by TiO2/MoS2 nanocomposites, while $O2

� has little
effect on the degradation of MB.

Fig. 10(a) shows the sideband (VB, CB) positions of TiO2 and
TiO2/MoS2 nanocomposites, based on the band gap energy
obtained in Fig. 6(c), band gaps can be obtained, using the
empirical formulas,

ECB ¼ X � Ee � Eg/2 (7)

EVB ¼ ECB + Eg (8)

where ECB is the CB edge potential, EVB is the VB edge potential,
and X is the electronegativity of the semiconductor, which is the
arithmetic mean of the electronegativity and the rst ionization
energy of the constituent atoms. Ee is the energy of free elec-
trons on the hydrogen scale (about 4.5 eV), Eg is the band gap
energy of semiconductors. The sideband position (VB, CB) of
TiO2 is 2.77 eV and �0.15 eV, respectively. The edge bands of
TiO2/MoS2 nanocomposites are estimated by substituting the
X(TiO2) value of matrix TiO2, which is 2.52 eV and 0.07 eV,
Fig. 10 (a) Calculated band edge (VB, CB) position of TiO2 and TiO2/MoS
transfer of TiO2/MoS2 nanocomposite under visible light irradiation.

This journal is © The Royal Society of Chemistry 2020
respectively. Therefore, the growth of MoS2 nanosheets on TiO2

nanotubes can effectively reduce the band gap of the compos-
ites and the edge bands of the samples, and enables the TiO2/
MoS2 nanometer composite material to have excellent photo-
catalytic performance under visible light.

Based on the above analysis, Fig. 10(b) presents the possible
catalytic mechanism of TiO2/MoS2 nanocomposites under visible
light irradiation. Because the band gap of MoS2 nanowires is
2.40 eV,48 it can absorb visible light whose wavelength is less than
653 nm. When the appropriate wavelength of light irradiates TiO2/
MoS2 nanocomposites, the electrons (e�) in the valence band
absorb enough energy to transition to the conduction band and
form holes (h+) in the valence band. As the conduction band of
MoS2 is close to TiO2, which accelerates the transfer of photo-
electrons produced in TiO2 to MoS2, thus promoting the separa-
tion of carriers and reducing the recombination of photogenerated
electrons and holes.37 Since the CB potential (�0.38 V) of MoS2 is
more negative than the reduction potential of O2/$O

2� (�0.33 V vs.
NHE), e� can effectively reduce the dissolved O2 in the solution to
$O2� radical. Since the VB potential of TiO2 (+2.77 V vs. NHE) is
higher than the oxidation potential of H2O/$OH (2.40 V vs. NHE),
$OH will be thermodynamically formed on TiO2.16 On the special
surface of TiO2/MoS2 burst tube nanocomposites, photogenerated
electrons are quickly captured by oxygen molecules (O2) in dye
solution to form superoxide anions ($O2

�). At the same time, holes
(h+) attack H2O and OH� in organic dye solution to form hydroxyl
radical ($OH), resulting in strong oxidation, which can degrade
organic dye molecules into environment-friendly H2O, CO2 and
other compounds. The photocatalytic mechanism under visible
light irradiation is as follows:

TiO2/MoS2 / e� + h+(TiO2/MoS2) (9)

O2 + e� / $O2
� (10)

OH� + h+ / $OH (11)

H2O + h+ / $OH + H+ (12)

$O2
� + H+ + e� / $OH + OH� (13)

MB + $OH / CO2 + H2O + NO3
� + NH4

+ + Cl� (14)
2 nanocomposite and (b) schematic diagram of charge separation and

RSC Adv., 2020, 10, 40904–40915 | 40913
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4. Conclusions

To sum up, TiO2/MoS2 nanocomposites show multi-functional
synergistic properties of MB adsorption and visible light catal-
ysis through low-cost hydrothermal preparation on the matrix
of TiO2 burst nanotubes. By characterization, the MoS2 nano-
sheets grown on TiO2 burst tubes had a layered composite
structure, leading to a signicant improvement in specic
surface area (113.97 m2 g�1) compared with pure TiO2 burst
tubes (67.55 m2 g�1), and improved the pollutant adsorption
capacity of the sample. The adsorption results of TiO2/MoS2
nanocomposite samples for MB were tted with the Langmuir
model, and the degradation process of MB under visible light
accords with the rst-order kinetic reaction of Langmuir–Hin-
shelwood. At the same time, the samples obtained high light
capture ability and rapid electron transfer ability. The results of
DRS detection calculation showed that the light absorption
range of TiO2/MoS2 shied to visible light, and the forbidden
band width decreased. Photocatalytic tests conrmed that the
visible light catalytic performance of TiO2/MoS2 nano-
composites got signicantly improved compared with single
MoS2 nanosheets and TiO2 burst nanotubes. Moreover, free
radical trapping experiments conrmed that when TiO2/MoS2
nanocomposites degraded MB, h+ was the main reaction
species, while $O2

�and $OH were secondary reaction species.
The improvement of performance can be attributed to the

larger specic surface area and more pore structure of TiO2

burst nanotubes compared with TiO2 nanotubes, which limits
the aggregation of MoS2 and retains exposed active sites. In
addition, the existence of MoS2 nanosheets increases the range
of light absorption. Compared with single TiO2 burst nanotubes
and MoS2 nanosheets, the heterojunction of TiO2/MoS2 burst
nanocomposites is conducive to the effective transfer of
carriers, thus improving the visible light catalytic activity.

This work conrmed the feasibility of the application of
TiO2/MoS2 burst nanotube composites in the degradation of
MB, and provided theoretical guidance and experimental basis
for the synthesis of other burst nanotube semiconductor
composites. We will devote ourselves to developing more
application scenarios and exploring the scheme for large-scale
preparation of the composite material.
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