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ABSTRACT

Three-dimensional porous CuS/graphene photocatalysts had been successfully prepared by two-
step solvothermal method and exhibited outstanding adsorption synergistic photodegradation for
anion dyemethyl orange (MO). Due to the combination of the adsorption of graphene porous aerogel
and the photocatalysis of CuS, the CuS/graphene photocatalysts could rapidly enrich the methyl
orange and effectively degrade MO in suit. The degradation rate of MO went up to as high as 92.94%
by the CuS/graphene composites in 55 min through the synergistic effect of adsorption photocata-
lytic, which was about 2.9 times more than that of bare CuS. The obviously improved photodegra-
dation rate was attributed to the excellent adsorption performance and high charge mobility of the
porous graphene substrate. Moreover, its MO removal efficiency still remained 79.47% after 3 times
cyclic experiments. Meanwhile, due to its special 3D porous network structure, the CuS/graphene
composites could efficiently separate from the solution without assistance of filtering. Therefore, the
CuS/graphene composites with the synergy of adsorption and photocatalysis would be a promising
strategy for practical dye wastewater treatment.

Keyword: CuS/graphene hydrogel; CuS; synergy of adsorption and photocatalysis; 3D porous
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1. Introduction

Nowadays, the growing development of industry
have caused more and more serious water pollution. For
instance, dyestuff wastewater is often released into envi-
ronment without advance treatment. For dyestuff wastewa-
ter, the familiar treatment methods are adsorption [1]. The
adsorbents with a high surface area and optimal pore struc-
ture have excellent adsorption capacity, but they have the
shortcomings of difficult to desorption and regeneration,
poor selectivity, secondary pollution and other issues [2,3].
Therefore, there is an urgent need to develop a new method
to remove the dye stuff wastewater.

Photocatalytic technology can effectively use the
energy of sunlight to degrade hazardous contaminants in
the environment, which has caused widespread concern
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[4]. The nano-photocatalyst has the characteristics of small
size of nanoparticles, incomplete coordination of surface
atoms, high photoelectric conversion efficiency and abun-
dant reactive sites, which makes it has excellent photocat-
alytic activity and efficiency for pollutants [5]. Moreover,
nano-photocatalys also has the advantages of complete
degradation, no secondary pollution and low cost [6]. How-
ever, some shortcomings such as the rapid combination of
electron-hole pairs, low visible-light absorption, ease of
agglomeration, low adsorption capacity, and difficult recov-
ery limit the practical application of nano-photocatalysts
[7]. Therefore, it is necessary to develop a new photocata-
lyst with high adsorption capacity, outstanding photocata-
lytic activity and the separation-free feature.

The effective photogenerated electron-hole pairs
separation can be attained by construction of catalyst
systems via loading nano-photocatalysts into the co-cat-
alyst [8]. Graphene is an ideal substrate for synthesizing

1944-3994 / 1944-3986 © 2019 Desalination Publications. All rights reserved.



322 T. Cai et al. / Desalination and Water Treatment 141 (2019) 321-330

photocatalytic nanocomposites, due to its high electrical
conductivity, superior optical performance and large sur-
face area [9]. Therefore, CdS/RGO,g-C\N,/rGO, TiO,/
RGO, Ag/AgCl/tGO [8-11] and many other graphene
based photocatalysts have been synthesized and applied
to degradation of dye wastewater. However, due to the
difficulty of separation and recovery from the solution,
graphene nano-photocatalysts are hard to industrialize in
the near future.

To tackle this problem, porous graphene macrostruc-
tures, such as hydrogels and aerogels, have been prepared
[10]. The graphene hydrogel (rGH) has better separation
performance without complicated filtration systems for
recycling. Inheriting all the high electrical conductivity
and superior optical performance from the 2D graphene,
the 3D graphene network structure also enhances photo-
catalytic property by enlarging the contact surface area
[11]. Besides, the 3D graphene network structure has the
following three major advantages that make it the top
choice in water purification. First of all, the 3D graphene
network, as an electron conductive platform with lower
Fermi level, is able to accept and transfer electrons, thus
boosting the separation of photogenerated electrons and
holes [11,12]. Secondly, these 3D network architectures
showed quick mass and electron transport kinetics on
account of the large number of irregular cross channels
and the excellent inherent photoelectronic property.
More than that, the 3D network structure is a good skel-
eton to load functional nanomaterials, which is able to
expose more reactive sites and accelerate the surface pho-
tocatalytic reactions [13].

The p-type semiconductor CuS exhibits outstanding
photochemical properties because of its narrow band gap
of 2.5 eV [14]. Remarkably, CuS exhibits relatively high
absorption in the visible and near-infrared region, indi-
cating it is a promising photocatalyst for fully and validly
utilizing sunlight energy [15]. However, the photocatalytic
activity of CuS is not satisfactory due to the quick recombi-
nation of the electron-hole pairs.

In our work, the flower-like CuS photo-catalysts were
first uniformly deposited on graphene oxide nanosheets
then the 3D porous structural CuS/graphene hydrogel
successfully prepared via hydrothermal process. The pho-
tocatalytic performance of CuS/graphene hydrogel was
evaluated by methyl orange (MO) under Xenon lamp irradi-
ation. The CuS/graphene hydrogels show outstanding syn-
ergies of adsorption and photocatalysis for dyes, which is
ascribed to the particular porous structure and outstanding
electrical conductivity of graphene aerogels. Remarkably,
the synergistic effect solves the difficulty of desorption and
regeneration of hydrogel and makes it possible to recycle.

2. Materials and methods
2.1. Materials

Thiourea (CH,N,S, Tu), Ethylene Glycol (C,HO,, EG),
Copper chloride (CuCl,-2H,0) , Methyl Orange (MO) and
ethanol were bought from Sinopharm Chemical Reagent
Co., Ltd., all of which was analytical reagent and used with-
out further purification. Distilled water was used the whole
process.

2.2. Preparation of flower-like CuS

A special synthesis procedure of CuS was conducted
as follows: 1.7 g of CuCl,-2H,0O (0.01 mol) was dissolved
in 60 mL of EG in a round bottomed flask and then the
green transparent solution was heated at 120°C for 20 min
under stirring. Then, 3.04 g of CH,N,S (0.04 mol) dispersed
in 50 mL of ethylene glycol was dripped slowly into the
above-mentioned solution within 30 min under stirring. As
the mixture became light yellow, it was transformed into
150 mL Teflon-sealed autoclave and maintained at 170°C
for 5 h. Finally, the obtained CuS powder was washed and
dried.

2.3. Preparation of CuS /graphene hydrogels

GO was prepared from graphite powder employing the
Hummer’s method [16]. The CuS/graphene porous hydro-
gels were prepared in the following procedures. 20 mL GO
brown colloidal dispersion (6 mg-mL™) was ultrasonically
dispersed in 40 mL of ethanol for 60 min. 0.3 g of CuS and
0.7 g of thiourea were add into 40 mL of ethanol. Then, the
mixture of CuS, CH,N.,S and ethanol was then added into
the prepared GO dispersion slowly. After 2 h ofstirring, the
homogeneous compound was sealed in 150 ml Teflon-lined
autoclave at 180°C for 12 h. After cooling down to the room
temperature, the prepared CuS / RGO hydrogel compos-
ites sample was immersed in distilled water for 24 h so that
the residual thiourea is removed. The two-step synthesis of
CuS/RGO hydrogels is illustrated in Fig. 1.

2.4. Photocatalytic performance

The adsorption and photocatalyst properties of
different samples were estimated by photodegrading
methyl orange (MO, 50 mg-L™") solution under the Xenon
lamp irradiation (200 W). The primary absorption peaks
of MO at 464 nm was used as references monitoring the
process of catalytic degradation. The MO solution was
analyzed by recording the absorbency value at 464 nm
using a Hitachi U-3010 UV-vis spectrophotometer. The
degradation rate of MO could be calculated by the degra-
dation rate (Dr %):

Dr% =(Cy—C,)/C,x100% (1)

where C, is initial absorbance value of MO solution, C, is the
absorbance of MO at time t under irradiation. Furthermore,
photo-catalytic kinetics can be characterized by the Lang-
muir-Hinshelwood model as:

1n (%j = kobs t (2)
t

where k , _is the reaction rate constant of pseudo-first-order
and f is the illumination time.

The experiments were conducted as follows: 0.1 g of
bare CuS, 0.1 g and 0.15g of CuS/graphene composites
were added into 100 ml of anionic dye-MO (50 mg-L™")
solution, respectively. After a few minutes reaction under
Xenon lamp illumination, the absorbance of MO solution
measured and recorded using UV-Vis spectrophotometer.
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Fig. 2. (a) Wides can XPS survey and high resolution XPS spectrum, (b) Cls, (c) Cu2p, (d) S2p.

2.5. Characterization

The samples” XPS was characterized on a Physical Elec-
tronics 5400 ESCA.PANalyticalX'Pert Pro X-ray diffrac-
tometer was used to test the XRD spectra by applying the
CuKoa (A = 1.54 A) irradiation at the 26 range of 10°-80°.
Raman spectra were characterized on a Horiba Jobin-Yvon
Lab RAM HR800 with a 350 nm irradiation. SEM was used
to investigate the sample morphologies and micro sizes at
an acceleration voltage of 25 kV. UV-Vis absorption spec-
tra were measured for the performance of optical on a Shi-
madzu UV-2550 spectrophotometer.

3. Results and discussion
3.1.1. XPS analysis

The compositions of samples were characterized by
XPS analysis. From Fig. 2, the wide scan XPS spectra clearly
indicated the obtained sample is composed of Cu, S, C, and
O. As shown in Fig. 2b, the C=C of graphene was character-
ized by the strong peak at 284.3 eV in spectrum of carbon
[17]. Fig. 2c shows the spectrum of Cu 2p region. The bind-
ing energy of Cu 2p, , and Cu 2p, , were investigated by
peaks at 932.2 and 952.1 eV respectively, which were highly
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corresponded to the values of Cu* [18,19]. Fig. 2d shows
the XPS spectrum of S2p, the binding energy of S2p, , and
S2p, , were characterized by peaks at 161.6 and 162.8 eV,
respectively [20]. In conclusion, all the XPS data and similar
values for the binding energy and kinetic energy of Auger
electrons demonstrated that the CuS/graphene was suc-
cessfully prepared [21].

3.1.2. XRD analysis

XRD analysis was used to investigate the crystal forms
and purity of the as-prepared CuS and CuS/graphene.
From Fig. 3, XRD pattern for CuS exhibited several sharp
diffraction peaks at 20 = 27.8991, 29.5761, 31.7831, 33.1961,
39.2991, 47.9301 and 52.7971, corresponding to the (101),
(102), (103), (006), (110), (108) and (116) crystal planes of CuS,
respectively, matching well with the hexagonal phase of CuS
(JCPDS no. 00-006-0464). Since the diffraction peaks of pure
CuS matched well with the sharp and narrow peaks of CuS/
graphene, CuS was justified to be a significant component
of CuS/graphene. Moreover, the absence of other relevant
characteristic peaks (corresponding to impurities) indicates a
high purity of the as-prepared CuS/graphene [22].

3.1.3. FTIR spectra analysis

Fig. 4 shows FTIR spectrum, obviously, the FTIR spec-
trum of GO exhibited several characteristic peaks of oxy-
gen-containing functional groups, i.e., the wide peak at
3450 cm™ belonged to O-H; the peaks at 1730 cm™ and
1392 ecm™ belonged to characteristic stretching vibrations
of carboxyl -C=0 and -C-O respectively. The epoxy C-O
stretching was also observed at 1209 cm™ [23]. However,
the intensities of all characteristic absorption peaks in
spectrum of CuS/GAs were reduced. In particular, the
suppression of C=0O peak (at 1730 cm™) indicated an effi-
cient reduction of oxygen-containing functional groups by
thiourea [24]. Nevertheless, partial epoxy and hydroxyl
groups were retained in CuS/graphene. The FTIR results
are also confirmed by the following Raman spectra of
CuS/graphene composites.
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Fig. 3. XRD patterns of the obtained pure CuS and CuS/
graphene composites.

3.1.4. Raman spectra analysis

Fig. 5 shows a sharp absorption peak at 465 cm™ owing
to the vibration of the crystal lattice of CuS [25]. Moreover,
the peak of CuS/graphene at 465 cm™ was highly corre-
sponded with that of bare CuS, indicating the introduction of
graphene has not affected the structure of CuS. Meanwhile,
the Raman spectra also clearly exhibited the characteristics
of graphene in the CuS/graphene aerogels. Raman spectra
could be used to characterize varies between single-layer
graphene, double-layer graphene and graphite [26]. The
three most important characteristic peaks of graphene are
D, G, and 2D peaks. As Fig. 4 shows, the D peak near 1350
cm™! corresponded to the vibration of sp*bonded carbon
atoms in disorder or defect sites, and the G band near 1580
cm™! provided information on the in-plane vibration of the
sp>-bonded carbon atoms [27]. The 2D peaks of 2705 cm™
were originated from two-phonon inelastic scattering [28],
which was used to distinguish the graphene from graphite.
The intensity of the 2D peak of CuS/graphene composite
was higher than that of GO, suggesting the reduction pro-
cess of GO made the interlayer spacing larger [29]. Gener-
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Fig. 4. FTIR spectrum of the obtained pure CuS, graphene oxide
and CuS/graphene composites.
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Fig. 5. Raman spectra of the obtained graphene, pure CuS and
CuS/graphene composites.
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ally, the intensity ratio of the D and G peaks In, / Ie, could
was investigated the disordered degree and defect density
of graphene. It was obvious that the I, /1, =141 of CuS/
graphene composite was higher than that of GO (I, /I
= 1.29), indicating that the defect density and disordere
degree were reduced significantly [30]. Last but not the
least, it was obvious that the intensities of D and G peaks
increase after introduction CuS into graphene, suggesting
that the CuS had a weak Raman enhancement effect [31].

3.1.5. Structure and morphology of the CuS/graphene composite

The SEM images of morphology and microstructure of
the CuS/graphene composite are shown in Fig. 6. There
were several observations. First, as shown in Fig. 6a, the
graphene basement had an interconnected 3D porous struc-
ture with pore diameters ranging from several nanometers
to several micrometers, which mainly caused by the hydro-
phobic interaction, n-n conjugation and the intermolecular
forces between the graphene sheets after reduction [32]. In
the well-constructed micro-, meso- and macroporous 3D
network structure, the micro- and mesoporosity provide a
high surface area while the macroporosity guarantees the
accessibility to the CuSsurface [33]. Second, it is clearly
observed from Fig. 6b that hierarchical CuS microspheres
are distributed evenly on the 3D porous graphene basement,
and it was considered that graphene also had enhanced dis-

400nm

Fig. 6. SEM images of the CuS/graphene composite.

persion of CuS. It was important that the close combination
of graphene and CuS also improved the photogenerated
charge transfer between CuS and graphene sheets. Further-
more, as shown in Fig. 6¢, the CuS microspheres were sand-
wiched between graphene layers, which would increase
graphene layers distance as well as avoid irreversible aggre-
gation of graphene sheets. The increased graphene layers
distance guaranteed more space for dye molecules absorb-
ing, thus improved the synergies of adsorption and pho-
tocatalysis. Finally, Fig. 6d shows that the flower-like CuS
with diameters range from 1 pm to 5 pm were assembled by
nanosheets with a thickness of about 50 nm. The hierarchi-
cal structures of CuS was beneficial for light reflection and
refraction, resulting in the efficiency of utilizing visible-light.

3.1.6. UV-Vis absorption spectra analysis

As an important feature in quantifying the photocata-
lytic process, the UV-vis absorption spectra of as-obtained
pure CuS and CuS/graphene aerogels are shown in Fig. 7a.
As can be seen,the pure CuS exhibited a broad absorption
band at 550-800 nm, reaching peak at 705 nm. Interestingly,
the absorption intensity of CuS/graphene aerogels increased
in the whole spectrum due to the absorption contribution
of graphene. This was because the introduction of CuS to
3D graphene porous network system could bridge the gap
between the incident light and CuS, triggering a photocat-

200nm
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alytic process positively [15]. Remarkably, the optical band
gap of the samples was calculated by the relation: Eg= %,
where c is the speed of light, /1 is the Planks constant and A
is the wavelength estimated from absorption tail. According
to the formula, the bandgap energy of the as-obtained CuS
and CuS/graphene composites were 1.35 eV and 1.24 eV,
respectively (Fig. 7b). The narrower band gap was caused by
the high electronic conduction and migration rate between
CuS and graphene, which could enhance the performance of
photocatalysis [14]. The CuS/graphene composites with nar-
rower band gap broaden the photo-absorption region and
improved photo-quantum efficiency [16]. Consequently, the
CuS/graphene composites with the higher light absorbance
and the narrower band gap may possess higher photocata-
lytic degradation efficiency for contaminants in comparison
with bare CuS.

3.2. Adsorption and photocatalytic activity of the 3D-3D
CuS-RGO composite

MO (50 mg-L7, pH = 7.0) was chosen to investigate the
adsorption capacity of CuS / graphene hydrogels towards
anionic dyes. The magnetic stirring and the chopped
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hydrogel pieces were applied to accelerate the diffusion
of adsorbate molecules during the process of the whole
adsorption. Fig. 8a shows the adsorption properties of
MO by CuS/graphene hydrogels in dark. It was apparent
that the removal efficiency of MO increased as the reaction
time increased and reached saturation level at 60 min for
the CuS/graphene aerogels (at 10 min for pure CuS). 0.1 g
of pure CuS could adsorb only about 13.06% of MO, while
0.1 g of the CuS/graphene aerogels could adsorb 36.07% of
MO. The data suggested the adsorption capacity of CuS/
graphene aerogels was about 2.8 times of the pure CusS,
which was attributed to the huge specific surface area and
more exposed active sites of 3D network graphene struc-
ture. The increased adsorption capacity was in favor of the
enrichment of MO from the bulk solution onto the surface
of CuS. As a result, the effective reaction of the adsorbed
MO to the photogenerated active species on the surface of
CuS/graphene composites improved the photocatalytic
activity.

As is well known, the photocatalysis of nano-materi-
als was limited by their low adsorption capacity and rapid
recombination of the electron-hole pairs. Thus, the novel
CuS/graphene porous photocatalyst was prepared for this
purpose. The photocatalytic experiments were conducted
in the presence of CuS/graphene porous hydrogels under
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Fig. 7. (a) UV-vis absorption spectra (b) and Band gap spectra of CuS and CuS/graphene hydrogel composites.
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Fig. 8. (a) The adsorption efficiency and (b) the photocatalytic degradation of MO by different samples.
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Xenon lamp without assistance of H,O,. Firstly, 0.1 g of
pure CuS and CuS/graphene were respectively added to
the MO solution in the dark condition for 30 min. As Fig. 8b
shows the adsorption and desorption on the porous photo-
catalyst had already been balanced after stirring for 30 min.
Remarkably, after irradiation for 55 min under Xenon lamp,
the photodegradation rate of bare CuS for MO was only
about 32%, while that of CuS/graphene composites went
up to as high as 92.94%. The photodegradation efficiency of
CuS/graphene was 2.9 times higher than that of bare CuS,
indicating the enhancement of photocatalysis efficiency of
graphene for MO. This improved photodegradation rate
was attributed to the high adsorption capacity and high
charge mobility of the 3D porous graphene substrate. Com-
pared to other published CuS composites [14,15], the as-ob-
tained CuS/graphene porous photocatalysts presented
excellent removal efficiency for dye wastewater even
without the assistance of H,O,. Obviously, the introduced
graphene played a positive role in the photodegradation
and adsorption of dyes. In addition, the CuS/graphene
composites of different mass added to MO solution was
investigated for photodegradation of MO. Obviously, the
degradation of MO climbed from 92% to 99% after illumi-
nation for 55 min when the contents of CuS/graphene com-
posites increased from 0.1 to 0.15 g (Fig. 8b). Therefore, in
a certain mass range, the photodegradation rate were posi-
tive proportional to the mass of photocatalyst.

Fig. 9a shows the UV-Vis absorption spectrum of MO
solution treated with 0.1 g of CuS/graphene hydrogels
under Xenon lamp at different time. It was easy to see from
the spectra, the absorbance of MO at 464 nm decreased
slowly in the initial 30 min of dark reaction, while then had
a sharp decline with condition of Xenon lamp irradiation.
After illumination for 55 min, MO had been thoroughly
degraded, suggesting the photocatalysis of CuS/graphene
composites for MO had achieved the expected effect. Thus,
the synergism of photocatalysis and adsorption has proven
to be an effective means for wastewater treatment compared
to adsorption only, owing to the rapid photodegradation of
contaminants adsorbed on the photocatalyst surface [34].
The kinetic curve was applied to explain degradation behav-
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ior of CuS/graphene composites. The corresponding scatter
plot of experimental results shown in Fig. 9b agree well with
the solid line calculated according to the pseudo-first-order
kinetics model. Therefore, the MO degradation efficiency of
synergistic of adsorption and photocatalysis increased with
the content increase of CuS/graphene composites. Finally,
the concentration of MO solution was also an important
factor which affected the photodegradation rate of MO. As
shown in Fig. 9b, the photocatalytic rate constant increased
with the increase of the solution concentration.

In order to further understand the dye degradation
efficiency loss, the BET surface area values of the CuS/
graphene photocatalyst before absorption and after photo-
degradation were characterized by the nitrogen isotherm
absorption-desorption measurement. As can be seen from
Fig. 10, the N, adsorption-desorption isotherms of before
absorption and after photodegradation belong to the IV
hysteresis loop according to IUPAC. The specific surface
areas of CuS/graphene before absorption was calculated to
be 114.5 m?g™'. And the values of the catalyst after photo-
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Fig. 10. N, adsorption—-desorption Isotherms of the CuS/
graphene photocatalyst.
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Fig . 9. (a) Time-dependent photodegradation spectrum of MO in the presence of 0.1 g CuS/graphene samples; (b) Pseudo first-order
photo-degradation kinetics of MO with 0.1 g CuS, 0.1 and 0.15 g of CuS/graphene.
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degradation drop to 78.5 m*g™', which was 1.46 times less
than that of the photocatalyst before absorption. The larger
surface areas before absorption may be the main reason for
the decrease of dye concentration in the dark. After pho-
tocatalysis, the specific surface area of the CuS/graphene
composites decreased greatly, which may be caused by
the adsorption-enriched dye blocking a large number of
nano-sized micropore in the 3D graphene network. Finally,
experimental operations such as magnetic stirring, centrif-
ugation, and vacuum freeze-drying will cause some mac-
ropores and mesopores in the CuS/graphene composite to
collapse, which is also an important reason for the sharp
decrease of specific surface area.

Fig. 11 shows the FTIR spectra of CuS/graphene, methyl
orange, CuS/graphene after adsorption and CuS/graphene
after photodegradation. The FTIR spectrum analysis of the
CuS/graphene (Fig. 11a) was referred to earlier in this arti-
cle. As shown in the methyl orange (Fig. 11b), 1620 cm™
and 1520~1450 cm™ were attributed to the benzene skeleton
vibration and the vibration of C=C on the benzene ring. 835
cm™ was the vibration of the substituent in p-position on
the benzene ring. The peaks at 1450 cm™ and 1370 cm™ were
the stretching vibration peak of N=N and C-N, respectively.
In addition, 1228 cm™, 1028 cm™, 1007 cm™, 620 cm™ and
530 cm™ were the main characteristic peaks of the sulfonic
group. As for the CuS/graphene after adsorption of MO
(Fig. 11c), the peaks at 1620~530 cm™ were highly similar
to methyl orange, which indicated that the graphene net-
work was an excellent substrate for adsorbing MO. It was
noteworthy that the broad and strong peak at 3450 cm™
was attributed to the vibration of hydroxyl groups or/
and adsorbed water molecules on the surface of the sam-
ple. Compared with Fig. 11c, the N=N (1450 cm™) and C-N
(1370 cm™) peaks of the CuS/graphene after photodegra-
dation (Fig. 11d) were significantly decreased, indicating
that the N=N in MO molecules was opened. Meanwhile,
the absorption peak intensity of the benzene skeleton vibra-
tion (1620 cm™) and the substituent in p-position on the
benzene ring (835 cm™) become very weak, indicating that
many benzene rings of MO molecules were also opened.
Finally, the main characteristic peaks” absorption intensity
of the sulfonic groups also drastically decreased, indicat-
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Fig. 11. The FTIR spectra of the photocatalyst before adsorption
and after photodegradation.

ing that a large amount of the sulfonic acid groups in the
MO were catalytically decomposed. In summary, the above
analysis further confirmed that the CuS/graphene complex
has excellent photocatalytic degradation to methyl orange.

The stability and recyclability of CuS/graphene porous
photocatalyst was also an important parameter to estimate
the performance of photocatalysis, which was carried out by
repeat photodegradation of MO. Fig. 12 shows the cycling
stability of CuS/graphene composite, the porous catalyst
was washed before the next reaction. In the first cycle,
36.07% of MO was adsorbed by 0.1 g of CuS/graphene
porous composite, and lower values of 32.78% and 29.31%
were adsorbed in the second and third cycles, respectively.
It was easily found that the adsorption ability decreased
with the increase number of cycles. Remarkably, the effi-
ciency of adsorption synergistic photocatalytic degradation
of MO was far better than the adsorption efficiency. The MO
removal efficiency still remained 79.47% in the third cycle,
indicating that the CuS/graphene hydrogels resolved the
adsorption saturation problem of graphene hydrogel and
had a high stability. Therefore, the synergies of adsorption
and photocatalysis was proved to be a more efficient mea-
sures for dyestuff wastewater treatment compared to the
adsorption.

3.2.3. Photocatalytic mechanisms

The following showed a possible photocatalytic mech-
anism of CuS/graphene. The high dye removal efficiency
was mainly associated with effectively inhibiting the
recombination of electron-hole pairs and high adsorption
capacity. First, the interconnected micro-, meso-, and mac-
rospores provided dye sorption channels which promoted
the synergy of dyestuff adsorption-enrichment and pho-
to-catalytic degradation. More specifically, the macropores
with high adsorption capacity guaranteed a short diffu-
sion distance to the interior surfaces, while the plentiful
micro- and mesopores guarantee high surface area and a
large amount oxygen-containing functional group adsorp-
tion sites. Moreover, the 3D graphene structure could rap-
idly accept and transfer photogenerated electrons from the
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Fig. 12. Cycling stability of CuS/graphene composite under dif-
ferent conditions.
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conduction band of CuS. Thus, it could boost the effcient
separation of electron-hole pairs, resulting in an excellent
photocatalytic activity of CuS/graphene composite aero-
gels [35]. Meanwhile, the photogenerated electrons would
react with adsorbed oxygen to generate O,- and holes
would react with H,O to form -OH. Both the O,-- and -OH
radicals could completely oxidize contaminants into H,O
and CO,. Therefore, the CuS/graphene porous composites
showed excellent removal efficiency for organic dyestuff
in this work.

4. Conclusion

In conclusion, we successfully prepared a novel 3D
CuS/graphene porous photocatalyst via two-step solvo-
thermal method. Methyl orange could be adsorbed rapidly
by the 3D graphene porous network and then was photo-
degraded rapidly by flower-like CuS under Xenon lamp
irradiation. Due to the outstanding synergy of adsorption
and degradation activities, the photodegradation of the
CuS/graphene for MO was reached to a value of 92.94%
even without the assistance of H,O,, which was about 2.9
times higher than that of bare CuS. Finally, cycling stabil-
ity tests revealed the MO removal efficiency still remained
79.47% after three repeated cycles, indicating that the novel
3D CuS/graphene porous photocatalyst had a high recy-
clability for degradation of MO. Thus, we have successfully
synthesized an efficient and recyclable photocatalyst for
removing organic dyestuff and provide a novel route for
wastewater treatment.
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