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Abstract

The novel nanocomposite Cu,O/MoS,-12 was synthesized by a simple two-step method. Cu,O nanospheres grow on the surface
of MoS, nanoflowers and have high photocatalytic activity. X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscope (TEM) X-ray photoelectron spectroscopy (XPS), ultraviolet-visible light (UV-vis)
photoluminescence (PL) spectroscopy, UV-vis diffuse reflection (UV-DRS), and electrochemical impedance (EIS) were used
to study the structure and properties of the samples. The photocatalytic properties of the materials were evaluated by degrading
methyl orange (MO) under visible light. The results show that CM-12 can completely degrade MO in 30 min, and the pseudo-
first-order kinetic constant of degradation is 8.76 times that of pure Cu,O, which can be attributed to the composite material that
can greatly reduce the recombination rate of photogenerated electrons and holes, and it has good stability. After repeated use for 5
times, the degradation rate can still reach 40%. Through experiments and theoretical results, a possible photocatalytic mechanism
is proposed. To the best of our knowledge, this work was the first example of combining MoS, with Cu,O and applying it to
photocatalytic degradation of organic pollutants. It was beneficial for developing new photocatalysts and improving the catalytic

performance of conventional photocatalysts.
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Introduction

In recent years, the organic azo dye methyl orange (MO) has
been widely used in textile, paper, leather, and other industries
due to its bright color. At the same time, some methyl oranges
are also left in various wastewaters, causing certain harm to
the environment [1]. Therefore, a technology that uses sustain-
able solar energy to solve current energy and environmental
problems (semiconductor photocatalytic technology) has re-
ceived widespread attention [2—4]. Semiconductor photocata-
lytic technology decomposes pollutants by generating OH
radicals and other oxidizing substances, and finally mineral-
izes them into harmless carbon dioxide and water [5-7].
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Cu,0 is a photocatalyst with a bandgap of about 2.0 eV [8].
As a semiconductor photocatalytic material, it has the advan-
tages of being non-toxic, easy to obtain raw materials, and
degradable organic substances under visible light [9]. So far,
different forms of Cu,O have been used in photocatalysis,
such as cube [10], octahedron [11], and polyhedron [12].
However, the recombination of photogenerated electrons
and holes is still an important factor leading to the reduction
of Cu,O photocatalytic activity [13]. The above problems can
be solved by synthesizing a composite semiconductor materi-
al, and the former has made the following efforts. Including
synthesis of Cu,O/ZnO [14], Cu,O/CeO, [15], and Cu,O—
TiO, [16], all effectively improve photocatalytic activity.

Over the last decade, the metal sulfide molybdenum disul-
fide (MoS,) has received wide attention due to its high fluidity
carriers and excellent light absorption properties [17]. MoS,
also has a two-dimensional layered structure similar to
graphene, with a high surface area and strong surface adsorp-
tion capacity, and is a potential co-catalyst for photocatalytic
reactions [18]. These structures and optical properties are ad-
vantageous in the photocatalytic process. However, it also has
disadvantages, such as insufficient charge separation and poor
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charge mobility, which can affect its photocatalytic ability.
Therefore, it is necessary to overcome these disadvantages
in order to improve the photocatalytic ability [19]. In order
to solve the above problems, many efforts have been made by
the predecessors, such as composite MoS,/GO [20], MoS,/g-
C;3Ny4 [21], and MoSy/TiO, [22].

Based on the above considerations, a simple two-step
method is used to combine Cu,O and MoS,, and through
the calculation of valence band and conduction band, they
have matching bandgaps, and it is expected that the effect of
improving the electron-hole separation ability and thus the
photocatalytic activity can be achieved. Multiple characteriza-
tions also prove this, and according to previous reports, there
are few reports on the use of the combination of the two to
degrade organic matter.

Experimental section
Raw materials

Copper nitrate hydrate (Cu(NOs),-3H,0), hydrazine hydrate
(N,H4-H,0, 85%), and thiourea (CH4N,S) were purchased
from Chengdu Kelon Chemical Reagent Factory, Sodium
molybdate(Na,MoO,4-2H,0) Tianjin Chemical Reagent
Fourth Factory, Citric acid monohydrate(C¢HgO;-H,O)
Nanjing Chemical Reagent Co., Ltd.

All of these reagents were of analytical grade and used
without further purification.

Synthesis of Cu,0/MoS, composites
Synthesis of layered MoS, nanoflowers

Layered molybdenum disulfide synthesized by the hydrother-
mal method [23], 0.5 g of Na,Mo0O,42H,0 and 0.7 g of
NH,CSNH, were mixed together with 0.47 of citric acid in
70 mL distilled water termed as solution I. The solution I was
magnetically stirred for 30 min, placed in a 100 ml
polytetrafluoroethylene autoclave, and placed in an oven at
200 °C for 24 h. After the reaction was completed, it was
washed with distilled water and absolute ethanol several
times, and filtered to obtain a black solid, which was placed
in an oven at 60 °C for 12 h for use.

Synthesis of Cu,0/MoS, composites

As shown in Fig. 1, Cu,O/MoS, were prepared through a two-
step reduction method by N,H, H,O [24]. (1) 30 mg of the
obtained molybdenum disulfide was mixed with 50 ml of
deionized water and ultrasonically dispersed for 1 h to obtain
a molybdenum disulfide solution (0.6 mg/ml). (2) 50 mg of
Cu(NO3),-3H,0 and 12 ml of 0.6 mg/ml of molybdenum

@ Springer

disulfide solution was mixed with 50 ml of distilled water,
and magnetically stirred for 1 h. Due to electrostatic adsorp-
tion, Cu** was adsorbed on the surface of MoS,. (3) After 1 h,
1 ml of N,H4-H,O (0.5 M) was added and stirred for 5 min.
After the completion of the stirring, 1.5 ml of N,H4-H,O
(0.5 M) was added. Cu** adsorbed on the surface of MoS,
was reduced to Cu,O. After the reaction was complete, it was
washed with distilled water and absolute ethanol, filtered, and
dried in an oven at 60 °C for 6 h.

By adding different concentrations of MoS, solution (4 ml,
8 ml, 12 ml, 16 ml), the Cu,O and MoS, are composited to
obtain Cu,O/MoS, complexes CM-4, CM-8, CM-12, CM-16
with different ratios. The relative contents of MoS, in the
corresponding composites were 6.4%, 12.1%, 17.1%, and
21.5%, respectively. The synthesis method of cuprous oxide
is the same, except that molybdenum disulfide is not added.

Characterization

The structure and composition of the composite were investi-
gated by using a German Bruker D8 X-ray diffractometer
(XRD) with K, radiation of Cu (A=1.5418). The UV-
visible DRS spectra (Thermo Fisher Scientific) of the mea-
sured samples were based on barium sulfate. The insight ge-
ometry of the sample was recorded by SEM (Quanta 250F,
USA). The sample TEM was measured by FEI Tecnai G2
F20. The UV-vis diffuse reflectance absorption spectrum
was measured using an ultraviolet spectrometer of EV220
(American Thermo Fisher Scientific Co., Ltd.). The PL spec-
tra were tested on a FL3-TCSPC fluorescence spectrophotom-
eter. XPS of the material was attained by disbursing an RBD
upgraded PHI-5000C ESCA system with Mg Kot (1486.6 eV)
radiation.

Photocatalysis experiments

A 500 W xenon lamp (with UV filter A >420 nm) was used as
a visible light source to degrade the organic dye methyl orange
(MO). During each experiment, 10 mg of photocatalyst was
mixed with 50 ml of MO at a concentration of 20 mg/L. The
dark agitation was carried out for 30 min before the start of
visible light degradation. After the adsorption equilibrium, the
photocatalytic degradation was started and about 3 ml of the
suspension was collected every 5 min. After centrifugation,
the supernatant was analyzed by UV-visible spectrophotome-
ter. The maximum absorption wavelength of organic dye MO
was 464 nm.

Photochemical measurement
Electrochemical impedance spectroscopy (EIS) measure-

ments were performed on a CHI660D electrochemical work-
station (Shanghai Chenhua Instrument Co., Ltd., China) to
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Citric acid

Na,MoO, NH,CSNH,

Fig. 1 Schematic diagram of the
synthetic process of CM-12 com-
posite photocatalyst

prepare a photoelectrode, and 1 mg of the photocatalyst sam-
ple was ultrasonically mixed with 1 ml of ethanol. The 6 puL
suspension was dip-coated onto a 2 cm® FTO glass electrode,
then dried overnight and a saturated calomel electrode (SCE)
was used as a reference electrode. Electrochemical impedance
spectroscopy (EIS) was performed at an open circuit potential
at a frequency of 0.1 to 10° Hz, and all experiments were
performed in a solution containing 0.5 mM [Fe(CN)]** in
KCI (0.1 M) at room temperature.

Results and discussion

Structure and morphological characterization of
Cu,0/MoS, nanocomposites

The crystal phase and composition of the synthesized binary
composite sample were studied by XRD analysis. It was very
consistent to study the crystal structure of binary composites
by XRD. All characteristic peaks were identified, and all
peaks for pure were described as hexagonal (PDF #37-
1492). The weak peaks in Fig. 2 indicate that the crystallinity
was poor MoS,, and the main peaks were indexed as (002)
(100) at 20 of 13.8°, 32.7°. No other impurity peaks indicated
that pure MoS, was synthesized. In the diffraction patterns of
CM-4 and CM-8, there was no obvious MoS, diffraction
peak, probably because the amount of MoS, was small. As
the amount of MoS, increases, the characteristic peak of MoS,
with 20 of 13.7° (002) could be seen in CM-12 and CM-16.
The 20 of 36.4° and 42.3° could be marked as (111) (200)
belongs to Cu,O (PDF#34-1354). Without other peaks, the
composite Cu,O/MoS, was successfully synthesized [25].

SEM was used to study the morphology and size of the ma-
terial. The SEM image was shown in Fig. 3. Figure 3a and Fig.
3b show pure MoS, images at different magnifications. It could
be seen that they were nanoflower structures with a size of about
one micron. The structure of pure Cu,O was shown in Fig. 3c.
Cu,0O was a nanosphere with a diameter of about 80-200 nm.
The SEM image of the composite material CM-12 was shown in
Fig. 3d CM-12 used a large-sized MoS, nano flower as a carrier
and a small-sized Cu,O structure grown on its surface.

Through TEM and HRTEM to further understand the mi-
crostructure, as shown in Fig. 4a, it could be clearly seen that
Cu,0 and MoS, were combined together. The HETEM image
was shown in Fig. 4b, and the crystal plane spacing of
0.247 nm could be observed. It corresponds to the (111) crys-
tal plane of Cu,O, which was consistent with what was said in
the article [26]. The 0.615 nm corresponds to the (002) crystal
plane of MoS,. TEM results further confirmed the formation
of the complex.
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Fig.2 XRD patterns of MoS, and Cu,O/MoS, composites with different
ratios
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Fig. 3 SEM image of photocatalyst (a) and b pure MoS,, ¢ pure Cu,0, d composite CM-12

The elemental composition was identified by XPS, and the
binding energy obtained in XPS analysis was corrected by set-
ting Cls to 284.8 ¢V while the sample was being charged. As
shown in Fig. 5, the CM-12 composite showed that the material
contains Cu, O, Mo, S, and C. Five elements, of which C comes
from the instrument itself. The characteristic peaks of Cu2p at
932.6 and 952.4 eV were shown in Fig. 5a, which were attrib-
uted to the binding energies of Cu2p3/2 and Cu2p1/2 [27, 28],
respectively, but because the binding energies of Cu2p3/2 and
Cu2p1/2 were very close, it was difficult to distinguish between
Cu,0 and Cu by XPS features. However, in Fig. Se, the X-ray-

Fig. 4 TEM image (a) and HR-
TEM image (b) of CM-12
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induced Cu LMM Auger spectrum was about 570.0 eV, which
proved that the main copper species was Cu,O [29]. The char-
acteristic peaks of Ols at 530.7 eV and 531.9 eV in Fig. 5b
belong to the lattice oxygen and surface adsorption oxygen (O,
or H,0) of Cu,0, respectively [30]. In Fig. Sc, the characteristic
peaks of Mo3d at 232.3 eV and 228.9 eV belonged to Mo3d3/2
and Mo3d5/2 [31], while the characteristic peak at 226.4 eV
belonged to the characteristic peak of S2s in MoS; [32]. As
shown in Fig. 5d, it could be clearly seen that the S2p spectrum
of MoS, consists of peaks of 161.6 and 162.7 eV, which were
assigned to S2p3/2 and S2p1/2, respectively [33].

0.247 nm (111)

0.615nm (602)” %
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Fig. 5 XPS analysis of the CM-12, a Cu(2p); b O(1 s); ¢ Mo(3d); d S(2p) and e survey XPS spectrum of CM-12

Photocatalytic activity properties of the Cu,0/MoS,
composites

The photocatalytic performance of Cu,O/MoS, was eval-
uated by degrading methyl orange. First, the photocatalyt-
ic properties of composite materials and single materials
were compared. The properties of Cu,O and MoS, were
measured separately. As can be seen from Fig. 6a, MoS,

had no degradation effect on methyl orange. In order to
study the effects of different MoS, doping on the proper-
ties of composites, the photocatalytic properties of CM-4,
CM-8, CM-12, and CM-16 were tested. The photocatalyt-
ic performance of the composite for MO was observed
from Fig. 6¢. The effect was arranged in ascending order
of CM-8, CM-4, CM-16, and CM-12, of which CM-12
had the best degradation effect.
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Fig. 6 a Photocatalytic degradation of MO with Cu,0, MoS,, CM-12. b
Comparison of pseudo-first-order rate constants (k) for different samples
degrading MO under visible light illumination. ¢ Degradation of MO using

According to the Langmuir-Hinshelwood kinetic model
[34], the photocatalytic degradation of MO can be represented
by the following pseudo-first-order kinetic Eq. (1):

~In(C/Co) = kt (1)

where C and C, are the concentrations of MO in the solu-
tion when the illumination time is # and 0, respectively; & is the
pseudo-first-order rate constant; # is time. As shown in Fig. 6b,
the & value of pure Cu,O was 0.00973 min "', and pure Mo$S,
had no degradation of MO. The & value of CM-12 was 8.67
times that of pure Cu,0, which proved that the photocatalytic
performance of the composite was much better than that of a
single material. The suitable MoS, content (12 ml) can be well
combined with Cu,O nanospheres. The intimate contact inter-
face facilitated the transfer and separation of charge carriers
and enhanced photocatalytic activity.

Meanwhile, in order to study the degradation of MO by
CM-12, the characteristic absorption peak of MO was ob-
served by UV-Vis spectroscopy (Fig. 6d), and the absorbance
at 464 nm gradually decreased with time, indicating that MO
was successfully degraded.
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Wavelength (nm)

different photocatalysts: molybdenum disulfide in different proportions:
CM-4, CM-8, CM-12, CM-16. d In the presence of catalyst CM-12, the
absorption spectrum of MO varies with the irradiation time

Comparing different photocatalysts with the photocatalysts
in this article, MO was also degraded. The comparison results
were shown in Table 1. It could be seen that CM-12 had a
relatively good photocatalytic effect.

Table 1  Comparison of photocatalytic performance of CM-12 and oth-
er photocatalysts

Photocatalysts Amount Concentration Time  References
CM-12 0.0l g 20 mg/L(50 ml) 30 min This article
2C3Ny/Bi,WOq 0.15¢g 10 mg/L(50 ml) 30 min [35]
C0304- gC3Ny 0.10g 10 mg/L(100 ml) 3 h [36]
AgBr/Ag;PO, 00l g 10 mg/L(50 ml) 50 min [37]
Ag/TiO,/biochar 00lg 20mg/L@0ml) 1h [38]
Cu,O/ZnAlILDH  005g 20mg/L(50ml) 7h [8]
TiO,/MoS,@zeolite 0.125 g 20 mg/L(250 ml) 1 h [39]
ZnO/Cu,0 020g 25mgL200ml) 3h [13]
N-TiO, y@MoS, 005g 10mgLG0ml) 2h [40]
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Fig. 7 a Photocatalytic degradation curve of CM-12 cycle under visible light irradiation. b Comparison of XRD before and after recycling

The stability of photocatalysts for five times. Comparing the XRD patterns before and after

repeated use, the main reason for the decrease in the degrada-
In addition to the photocatalytic degradation effect, the service  tion rate in the later stage may be that some Cu,O in the
life of photocatalytic materials is also important in practical ~ composite was oxidized to CuO due to the increase in the
applications [41]. We recycle the photocatalyst degradation =~ number of uses. As can be seen from Fig. 7b, the addition of
test. It can be seen from Fig. 7a that the degradation rate was ~ a new CuO peak in the XRD pattern supports this interpreta-
reduced by about 30% after four cycles of recycling, and the  tion. However, the degradation rate after oxidation can still be
degradation rate was reduced by about 50% after repeated use ~ reached 40%.
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Fig.8 a UV-visible diffuse reflectance absorption spectra of Cu,O and CM-12. b The plot of (echrv)* against rv to determine the bandgaps of the Cu,O
and CM-12. ¢ Fluorescence spectra of Cu,O, MoS,, and CM-12. d Electrochemical impedance spectroscopy of Cu,O, MoS,, and CM-12
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Photocatalytic mechanism for Cu,0/MoS,

The energy band characteristics of semiconductors are the key
factors determining their photocatalytic activity [34].
Figure 8a shows the UV-DRS spectra of Cu,O and CM-12.
It can be seen that the energy absorption capacity of the com-
posites was enhanced after Cu,O loading.

In addition, calculate the bandgap of the semiconductor
according to the formula:

ohv = A(hv-E,)" (2)

Where a, &, v, A, and Eg represent the absorption coeffi-
cient, Planck’s constant, optical frequency, constant, and
bandgap energy, respectively, and the value of n depends on
whether the transition is direct (z = 0.5) or indirect (n = 2); the
bandgap energy is determined by doing a graph of (ahv)?
versus hv. It can be concluded from Fig. 8b that the Cu,O
and CM-12 bandgaps were 2.15 ¢V and 1.76 eV, respectively.
As previously reported, PL behavior was closely related to the
number of layers of MoS,, and the bandgap of MoS,
nanoflowers can be estimated by PL spectroscopy [42].

V/NHE
0,

1™ o.66:v L .

i 71 - ( :
i -0.14eV eeee 0

- Cu,0[2.15¢V

MoS, 1.93eV

1.0 -

1.49eV. n OH

20l bbb N
MO o MO  degradation
degradation

Fig. 10 Photocatalytic mechanism of Cu,O/MoS, nanocomposites
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As shown in the PL spectrum of Fig. 8c, the strong peak of
MoS, at 641 nm corresponds to a bandgap of 1.93 eV. It is
reported that PL behavior is closely related to the number of
layers of MoS,, and the bandgap of nano MoS; can be esti-
mated by PL spectroscopy [42, 43]. According to the formula,
the bandgap of MoS, is about 1.93 eV.

E = 1240/ (3)

The PL emission signal was produced by the recombina-
tion of excited electrons and holes, so a lower PL intensity
indicates a lower electron-hole recombination rate and a
higher photocatalytic activity [44]. Therefore, by comparing
the PL spectral intensities, it was possible to compare the
charge transfer in different semiconductor materials and the
recombination efficiency of photogenerated electron-hole
pairs. It can be seen from the figure that with the excitation
wavelength of 330 nm, the composite had the smallest fluo-
rescence intensity, that was, the lowest electron-hole recom-
bination rate, which was consistent with the experimental
results.

The band edge position of Cu,O and MoS, can be estimat-
ed by empirical formula [45],

Evg = X—EC + 0.5E, (4)
ECB = EVB_Eg (5)

where X is the absolute electronegativity of the semiconduc-
tor, and the X values of Cu,O and MoS, are 4.91 and 5.32 ¢V,
respectively. E€ is the free electron energy on the hydrogen
scale (about 4.5 eV), E, is a semiconductor bandgap. It was
deduced from the empirical formula that the CB and VB of
Cu,0 are —0.66 and 1.49 eV, respectively, and the CB and
VB of MoS, were —0.14 and 1.79 eV, respectively.
Electrochemical impedance spectroscopy (EIS) was used
to determine the charge transport capability of the sample
under visible light illumination. It was known that a smaller
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arc radius means less obstruction to electron-hole transport
and a higher efficiency of charge separation [46]. As can be
seen from Fig. 8d, the arc radius order of the three materials
was Cu,0 and MoS, CM-12, respectively. CM-12 was more
effective in charge separation, which was consistent with the
experimental results. In order to further study the degradation
mechanism of photocatalytic degradation of MO by Cu,O/
MoS,, three different free radical scavengers were added for
free radical trapping experiments. That was, isopropanol
(IPA), 1,4-benzoquinone(BQ), and disodium EDTA
(EDTA-2Na) capture the radical (‘OH), superoxide radical
(*O,") and hole (h"), respectively [47, 48]. As shown in Fig.
9 a and b, the three scavengers interfered with the degradation
of MO compared with no scavenger. IPA, EDTA-2Na, and
BQ all have inhibitory effects on the photocatalytic process,
and the inhibitory effects are ranked from large to small:
EDTA-2Na>BQ >IPA. Therefore, ‘OH, h*, ‘O, were all
active substances involved in the degradation process.

By theoretically calculating the conduction band, valence
band position, and free radical trapping experiments, the
photocatalysis principle can be further analyzed. The results
are shown in Fig. 10. Because the conduction band of Cu,O is
more negative than MoS, (about 0.52 eV), so when the light
illuminates the surface of the semiconductor, Cu,O is guided.
The electrons on the belt are transferred to the MoS, conduc-
tion band, which also inhibits the recombination of
photogenerated electrons and holes. The electrons on the
MoS, conduction band rapidly adsorb oxygen and reduce it
to ‘O, , which can react with water to form -OH, which to-
gether act to decompose the organic dye molecules. h™ migrat-
ed from the valence band of MoS, to the valence band of
Cu,0, and h* accumulated on the valence band also partici-
pated in the decomposition of organic pollutants. Therefore,
the effective photodegradation of organic dyes using Cu,O/
MoS, can proceed smoothly, and the process can be summa-
rized as:

Cu;0/MoS; + hv—(Cu,0/MoS,)* + ¢ + h (6)
0, + H,0— - 0, (7)
h™ + MO—Oxide products (8)
0, + H,0—H,0, + -OH 9)
MO +h* /-0, /- OH—Degraded products (10)
Conclusions

In summary, the novel nanocomposite CM-12 was synthe-
sized by a simple two-step method, and the photocatalytic
properties were studied. The results show that CM-12 can
completely degrade MO in 30 min (degradation rate 91%)
degradation. The pseudo-first-order kinetic constant is 8.76

times that of pure Cu,O due to the decrease in photogenerated
electron-hole recombination rate, and the material has good
stability. After repeated use for 5 times, the degradation rate
can still reach 40%. Through experimental and theoretical
results, a possible photocatalytic mechanism is proposed,
which is helpful to develop new photocatalysts and improve
the catalytic performance of traditional photocatalysts.
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