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Abstract:

ZnS nanowires (NWs)-graphene (GR) nanocomposites were successfully synthesized
via an easy electrostatic self-assembly method. The results showed that ZnS NWs were
well dispersed on the surface of the graphene nanosheets, forming ZnS-GR
nanocomposites. The photoluminescence intensity of the ZnS-GR nanocomposites
exhibited a clearly quenching in comparison with that of the ZnS NWs. The ZnS-GR
nanocomposites were used as photocatalysts for the degradation of methylene blue (MB)
under UV light irradiation. After irradiation for 1 h, the degradation efficiency was
21.69% for ZnS NWs, 31.52% for ZnS-0.5wt% GR, 58.69% for ZnS-3wt% GR,
88.33% for ZnS-5wt% GR and 80.74% for ZnS-7wt% GR, indicating that ZnS-5wt%
GR nanocomposites had the highest photocatalytic activity. The kinetic rate constant of
the ZnS-5wt% GR nanocomposites was about 16 times higher than that of the ZnS NWs.
The mechanism of the highly enhanced photocatalytic property was attributed to the
efficient separation of the photogenerated electron-hole pairs and the high specific

surface area of graphene.
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Introduction

Recently, graphene (GR)-semiconductor nanocomposites have attracted widespread
attention due to their encouraging performance in the field of photocatalysis, which is
one of the prospective ways to deal with pollutants by using solar energy *°. Graphene,
as a new class of two-dimensional (2D) carbon material with a thickness of one atom,
possesses excellent transparency (—~97.7%) ’, superior mobility of charge carriers at

room temperature (~10000 cm?®V*s™) & and relatively large surface area (~2600 m?g™)

° ‘making it a promising supporting matrix for photocatalyst. Various semiconductor

photocatalysts such as ZnO. CdS. ZnS have been widely studied to carry out chemical

reactions under light irradiation '>**. Among them, zinc sulfide (ZnS) is an important
wide band gap (Eg=3.6 eV at 300 K) semiconductor, which is considered important for
applications such as ultraviolet-light-emitting diodes, electroluminescent devices,
flat-panel displays, infrared (IR) windows, sensors, solar cells and so forth **. In
addition, ZnS nanocrystals are good photocatalyst because of the rapid generation of
electron-hole pairs by photo-excitation and the highly negative reduction potentials of
the excited electrons *°. However, the quick recombination of the photogenerated
electrons and holes limits its photocatalytic property and decreases its photocatalytic
efficiency. To date, numerous studies have demonstrated that assembling ZnS on GR
can exhibit excellent photocatalytic performance *°*%. The enhanced photocatalytic
property is usually ascribed to the fact that GR can improve the transfer of the
photogenerated charges from the photocatalyst surface to graphene, increase the
separation efficiency of the photogenerated electron-hole pairs, and thus increase the
photocatalytic efficiency **%.

To extend the application of photocatalyst, GR-one dimensional (1D) semiconductor

nanocomposites have been extensively investigated because of their proven potential
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use as the next-generation building blocks for photocatalysis due to the special
morphology and efficient light-induced charge separation and transport 2°. Because
1D semiconductor materials (e.g. nanwires, nanorods, nanotubes) have large
surface-to-volume ratios, direct electrical pathways for rapid transport of the
photogenerated carriers and the enhanced light absorption and scattering, leading to the
enhanced photocatalytic activity >*?°. In the present work, ZnS nanowires (NWs)-GR
nanocomposites were successfully synthesized via an easy electrostatic self-assembly
method, and their photocatalytic degradation of methylene blue (MB) under UV light
irradiation were investigated. The effect of the GR contents in the ZnS-GR
nanocomposites on the photocatalytic property was also investigated. It is expected that
integration of 2D GR and 1D ZnS NWs could yield superior electronic, optoelectronic
and photocatalytic properties compared to ZnS NWs.

Experimental Section

Materials. Zinc nitrate, thiourea, ethylenediamine (EN), graphite, sodium nitrate,
sulphuric acid, potassium permanganate, hydrogen peroxide, hydrochloric acid are all
analytical grade (Shanghai Chemical Reagents Co.), and used without further
purification.

Preparation of graphene oxide (GO). GO was prepared by a modified Hummers’
method from flake graphite. Briefly, 5 g of graphite were mixed with 5 g of NaNOj3 and
100 ml of H,SO4 under stirring for 1 h at 80 °C, and then the mixture was cooled to
0 °C in an ice bath. Then, 10 g of KMnO, were added slowly into the above mixture
under stirring maintaining the temperature below 5 °C. The cooling bath was then
removed and the mixture was stirred at 35 °C vigorously for 4 h. After that, 1000 ml of
deionized water were added, and the temperature was increased to 98 °C and kept there

for 30 min. Then, 30 ml of 30% H,O, were added slowly till the color turned from
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brown to bright yellow. Finally, the as-prepared GO were washed alternately with 30%
HCI and deionized water until pH=7, then dried at 60 °C for 24 h.

Preparation of ZnS NWs. In a typical process, 1 mmol of zinc nitrate were
dissolved in 16 ml EN and water (1:1 in volume ratio). After stirring for 1 h, 3 mmol of
thiourea were put into the resulting complex. After stirring for 2 h, the colloid solution
was transferred into a 20-ml Teflon-lined autoclave and kept at 180 °C for 12 h. After
the reaction, the autoclave was taken out and cooled down to room temperature. The
product was washed with ethanol and deionized water for several times and separated
by centrifugation, and then dried at 60 °C for 1.5 h to get the powder.

Preparation of ZnS/GR nanocomposites. ZnS/GR nanocomposites were prepared
by the electrostatic self-assembly method 2. 0.2 g of ZnS were dispersed in 100 ml of
deionized water by ultrasound for 10 min (solution A). Meanwhile, different amounts
(0.001, 0.006, 0.01 and 0.014 g) of GO were added into 20 ml of deionized water by
ultrasound for 1 h, respectively (solution B). Solution B was added to solution A drop
by drop under vigorous stirring for 1 h. After that, the mixture was centrifuged and
dispersed in 80 ml of deionized water. After stirring for 30 min, the solution was
transferred into a 100-ml Teflon-lined autoclave and kept at 140 °C for 12 h. After the
reaction, the autoclave was taken out and cooled down to room temperature. The
product was washed with ethanol and deionized water for several times and separated
by centrifugation, and then dried at 60 °C for 2 h to get the powder.

Characterization of products. X-ray diffraction (XRD) pattern was collected on a
MAC Science MXP-18 X-ray diffractometer using a Cu target radiation source.
Transmission electron micrographs (TEM), high-resolution transmission electron
microscopy (HRTEM) and energy dispersive X-ray spectrum (EDX) images were taken

on JEM-2100 electron microscope. The specimen was prepared by depositing a drop of
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the dilute solution of the sample in ethanol on a carbon-coated copper grid and drying at
room temperature. EDAX (energy dispersive analysis of X-rays) microanalysis was
performed at the SEM magnification. Raman spectrum was recorded on a Renishaw
Micro-Raman spectrometer with a 514.5 nm Ar’ ion laser as excitation. Fourier
transform infrared (FTIR) spectrum was recorded on a Bruker Vertex 70
spectrophotometer in KBr pellets. X-ray photoelectron spectrum measurement was
performed on a VVgescalab MK Il X-ray photoelectron spectrometer (XPS) using Mg Ka
radiation (v =1253.6 eV) with a resolution of 1.0 eV. Photoluminescence (PL)
measurement was carried out at room temperature, using 325 nm as the excitation
wavelength, He-Cd Laser as the source of excitation. The samples used for the XRD,
EDAX, FTIR, PL measurements were solid power.

Photocatalytic activity measurement: The photocatalytic activity of the samples
was evaluated by the degradation of methylene blue (MB) in water under UV light
irradiation. In a typical experiment, 10 mg of photocatalyst (ZnS NWs, ZnS-0.5wt%GR,
ZnS-3wt%GR, ZnS-5Wt%GR and ZnS-7wt%GR nanocomposites) were added to 50 ml
MB with a concentration of 10 mg/l, and then magnetically stirred in the dark to reach
the adsorption equilibrium. Subsequently, the mixture was exposed to UV light
irradiation with a wavelength centered at 365 nm by a high-pressure Hg lamp (300 W)
at room temperature. At a given irradiation time intervals, 4 ml of the suspension were
taken out and centrifuged to remove the photocatalysts. The degraded solutions were
analyzed using the UV-vis spectrophotometer (UV-5800 PC) and the characteristic
absorption peak of the MB solution was monitored.

The degradation efficiency of the photocatalyst can be defined as follows 2

Degradation (%) = (1 - C/Cy)x100%
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where C, is the initial concentration of MB and C is the residual concentration of MB at
different illumination intervals.

The photodegradation of MB follows preudo-first-order kinetics, which can be
expressed as follows *':

In(C/Co) = kt

where k (min™) is the degradation rate constant.
Results and Discussion

The XRD patterns of the GO, GR, ZnS and ZnS-GR nanocomposites are shown in
Fig. 1. The feature (001) diffraction peak of the GO (Fig. 1a) appears at 10.3° with the
interplanar spacing of 0.85 nm, which is much larger than that of the natural graphite
(0.335 nm) ¥, indicating the complete oxidation of the starting graphite *. For the GR
(Fig. la) obtained from the hydrothermal reduction, the diffraction peak at 10.3°
disappears and a broad (002) diffraction peak of graphene at 21.5° appears, which
means that almost all of the GO have been transformed to GR. All the diffraction peaks
for the ZnS and ZnS-GR nanocomposites (Fig. 1b) can be well indexed as the
hexagonal wurtzite phase structure, which are consistent with the standard card (JCPDS
No. 36-1450). Note that the (002) diffraction peak is stronger and narrower than the other
peaks, suggesting a preferential growth direction along the c-axis. Little difference
among the diffraction peaks of ZnS and ZnS-GR nanocomposites also suggests that the
presence of GR does not influence the crystal nature of ZnS. Notably, a small
characteristic diffraction peak of the graphene (002) can be detected in the
ZnS-7Twt%GR nanocomposites (Fig. 1b magenta line). It may be due to the low amount
of GR and relatively low diffraction intensity of GR in the nanocomposites of ZnS-GR.

To further obtain the microscopic morphology and structural information, the TEM

and HRTEM analysis of GR, ZnS and ZnS-GR were performed (Fig. 2 and Fig. 3). The
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wrinkled paper-like structure of the 2D graphene sheet can be clearly seen in fig. 2a.
The HRTEM image (Fig. 2b) of the wrinkled part taken from the area marked by the red
rectangle in fig. 2a shows that there are approximately 13 layers of graphene. The TEM
image of the ZnS NWs (Fig. 2c) shows that these NWs are smooth and uniform over
their entire lengths and the diameter is in the range of 4-13 nm (average 7.96 nm). The
HRTEM image (Fig. 2d) shows a highly crystalline NWs grown along the (002)
direction. The measured (002) lattice distances of the ZnS NWs are separated by a
distance of about 3.1 A, which is close to the lattice spacing of the wurtzite ZnS (002)
plane ¥. Considering our XRD study and close observation of the SAED images (Fig.
2e), it can be concluded that the diffraction rings represent the wurtzite ZnS structure.
The compositional analysis of the ZnS NWs by EDAX shown in fig. 2f demonstrates
that the sample contains Zn and S element, and the amount of Zn:S is about 1:1.

Figure 3 show the TEM, HRTEM and EDX images of the ZnS-0.5wt%GR and
ZnS-5wt%GR nanocomposites. It can be seen that ZnS NWs are well dispersed on the
surface of the wrinkled graphene (Fig. 3a, c). The graphene plays an important role in
assisting ZnS NWs dispersion on its surface, while ZnS helps to prevent the aggregation
of graphene. From fig. 3b, the lattice of both graphene and ZnS are found, which
indicates the intimate interfacial contact between graphene and ZnS NWs. Since that the
transfer process of charge carriers in graphene-ZnS NWs nanocomposites is related to
the interfacial interaction between graphene and ZnS NWs. It could be expected that
there would be a good charge transfer during the photocatalysis process. The FFT image

in the inset of fig. 3b indicates that the ZnS-0.5wt%GR nanocomposites possess a

polycrystal-line structure, which again proves the formation of ZnS-GR nanocomposites.

The growth direction of the ZnS NWs in the ZnS-5wt%GR nanocomposites is

perpendicular to the lattice fringes and the d spacing of the (002) plane is about 3.1 A
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(Fig. 3d), which is close to the lattice spacing of the wurtzite ZnS (002) plane *. Its
corresponding FFT image (see inset image of Fig. 3d) further confirms that it has the
growth direction of (002). Elongation of the FFT spots along the growth axis indicates
the presence of defects. On the basis of the EDX analysis (Fig. 3e-f), the sample
contains Zn, S and C element and the amount of C in the ZnS-5wt% GR
nanocomposites (Fig. 3f) is larger than that in the ZnS-0.5wt%GR nanocomposites (Fig.
3e).

Figure 4 show the Raman spectra of GO and ZnS-5wt%GR nanocomposites. All
Raman spectra show similar G (the presence of sp? carbon-type structures) and D (the
presence of defects in the hexagonal graphitic layers) band structures of carbon %,
The intensity ratio of the D and G band (Ip:lc) is a measure of the relative concentration
of local defects or disorders (particularly the sp*-hybridized defects) compared to the
sp”-hybridized GR domains ***°. It can be seen that the Ip:1g ratio is 1.01 for GO. After
the hydrothermal reaction, the Ip:lg ratio is decreased to 0.78, thus indicating more
graphitization of the ZnS-5wt%GR nanocomposites resulting from the hydrothermal
reduction process 2.

Figure 5 show the FTIR spectra of GO and ZnS-5wt%GR nanocomposites. The
characteristic peaks of GO at 1720, 1570, 1213, 1050 cm™ are attributed to the C=0
stretching vibrations of the —COOH groups, the C-C skeletal vibration, the C-O
deformation of the C—OH groups and C-O—C stretching vibrations, respectively 3.
For ZnS-5wt%GR nanocomposites, the GO related stretching bands of C-O and
carboxyl groups are not observed, and the peaks at 1632 and 1086 cm™ corresponding
40-41

to the functional groups of stretching vibration of C=0 and alkoxy C-O stretching

still remain after reduction, which is beneficial to improve the dispersion of the
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composites in water and the stability of ZnS-GR nanocomposites. In addition, the wide
band at 3427 cm™ can be assigned to the absorption water or O—H groups “%.

To analyze the chemical composition of the prepared samples and to identify the

chemical state of Zn and S element in the nanocomposites, XPS analysis was carried out.

Fig. 6a show the survey spectra of GO and ZnS-5wt%GR nanocomposites, confirming
the presence of C 1s, Zn 2p, S 2p and O 1s. As can be seen from fig. 6b, the
high-resolution XPS spectrum of C 1s of GO can be divided into three peaks, which
correspond to the following functional groups: C-C (284.4 eV, sp® C atom), C-OH
(285.5 eV) and O-C=0 (288.4 eV, carboxyl) " ****. In comparison, the high-resolution
XPS spectrum of C 1s of ZnS-5wt%GR nanocomposites can be seen in fig. 6¢. The
peaks for C-OH and O-C=0 still exist but much lower than that in GO, indicating that
most oxygen-containing functional groups are efficiently removed from ZnS-5wt%GR
nanocomposites. This also suggest that GO have been reduced to GR. The
high-resolution XPS spectrum of the Zn and S element in fig. 6d-e shows the peak at
1022.0 and 161.5 eV, respectively, which correspond to the Zn 2p3/2 and S 2p3/2 peak
of ZnS “*®, demonstrating that Zn and S exist in the form of +2 valence state.

Figure 7 present the room temperature photoluminescence (PL) spectra of ZnS NWs,
ZnS-0.5wWt%GR and ZnS-5wt%GR nanocomposites. The PL spectrum of ZnS NWs (red
line) is asymmetric, which can be decomposed into six Gaussian peaks centered at 400,
422, 447, 492, 538 and 541 nm, respectively. According to the energy diagram of the
defects distributed in ZnS, the emission peaks can be attributed to the following origins:
400 nm to the sulfur vacancy and interstitial sulfur lattice defects *', 422 and 447 nm to
the sulfur vacancy and surface states “*°, 492 nm to the self-activated defect centers
formed by the zinc vacancy inside the lattice *°, 538 and 541 nm to the sulfur species on

the surface of ZnS NWs **. The PL intensity of ZnS-0.5wt%GR (green line) and

10
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ZnS-5wt%GR (blue line) nanocomposites is 5.8 and 10.6 times lower than that of ZnS
NWs, further proving the effective interfacial electron-transfer process between GR and
ZnS NWs. Since that GR is good electron acceptor and the excited ZnS NWs is good
electron donor, the interaction between GR and ZnS NWs would lead to an increased
transfer of the photogenerated electrons from ZnS NWs to GR °? and reduce
electron-hole pair recombination effectively.

The photocatalytic activity of ZnS NWs and ZnS-GR nanocomposites was evaluated
by the degradation of organic dye MB under UV light irradiation. Fig. 8a shows the
concentration changes of MB (C/Cy) during photodegradation as a function of UV light
irradiation time, where Cy and C are its initial concentration and the concentration of
MB after UV irradiation, respectively. In the 2h of UV irradiation, the ZnS-GR
nanocomposites show a remarkable enhancement in the photodegradation of MB
compared with the ZnS NWs (Fig. 8a). After irradiation for 1 h, the degradation
efficiency (Fig. 8b) is 21.69% for ZnS NWs, 31.52% for ZnS-0.5wt% GR, 58.69% for
ZnS-3wt% GR, 88.33% for ZnS-5wt% GR and 80.74% for ZnS-7wt% GR, indicating
the superior photocatalytic property of the ZnS-5wt% GR nanocomposites. Seen from
the image in fig. 8f, almost all of the initial MB dyes are decomposed by ZnS-5wt%GR
nanocomposites after irradiation for 60 min, however, a great mass of MB still remain
in the solution of ZnS NWs (Fig. 8e). The degradation kinetic of MB under UV light
irradiation was also investigated by plotting the relationship between In(Cy/C) and
irradiation time (Fig. 8c). It can be seen that the curves of In(Co/C) versus irradiation
time show linear lines, indicating a rather good correlation to first-order kinetics 2%, The
determined k value for ZnS NWs, ZnS-0.5wt% GR, ZnS-3wt% GR, ZnS-5wt% GR and
ZnS-7Twt% GR is 2.1x10° min™, 3.9x10° min?, 10.1x10° min®, 32.1x10° min™ and

22.7x10° min™, respectively. The photocatalytic activity of ZnS-5wt% GR

11
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nanocomposites is about 16 times higher than that of ZnS NWSs. The mechanism of the
highly enhanced photocatalytic property for the ZnS-GR nanocomposites is investigated
as follows. Under UV light irradiation, ZnS NWs are excited to generate electrons and
holes. The separated electrons would subsequently react with water and oxygen to
generate hydroxyl and superoxide radicals, the separated holes would directly react with
MB or react with water to generate hydroxyl radicals 2*. The introduction of GR with

high charge mobility * 3

can act as good electron collector and transporter to restrain
the electron-hole recombination and lengthen the lifetime of the photogenerated charge
carriers from the ZnS NWs, thus leading to the higher photocatalytic efficiency of the
ZnS-GR nanocomposites. Furthermore, GR with high surface area can offer more
opportunities for the adsorption of the MB molecules on the surface of catalysts during
the photo degradation reaction. However, the photocatalytic activity decreases at the GR
content of 7%, which is probably due to the “shielding effect” caused by extra free GR
54.

Reusability is also important for the practical application of photocatalysts. The
durability of the catalyst for the degradation of MB under UV light irradiation was
studied. Following a simple step of washing with water, the recycled photocatalyst was
reused and the results of the photocatalyst degradation rate of MB are shown in fig. 8d.
The ZnS-5wt%GR nanocomposites does not exhibit a significant loss of activity after

five cycles of the degradation reaction, which indicates the stable structure of the

ZnS-5wt% GR nanocomposites throughout the photocatalytic process.

Conclusions:
In this paper, the ZnS-GR nanocomposites were fabricated successfully by the

electrostatic self-assembly method. The photocatalytic activity of ZnS NWs and

12

Page 12 of 28



Page 13 of 28

RSC Advances

ZnS-GR nanocomposites was evaluated by the degradation of organic dye MB under
UV light irradiation. It was found that ZnS-5wt% GR nanocomposites had the highest
photocatalytic activity and the Kkinetic rate constant of the ZnS-5wt% GR
nanocomposites was about 16 times higher than that of the ZnS NWs. The mechanism
of the highly enhanced photocatalytic property was attributed to the efficient separation
of the photogenerated electron-hole pairs and the high specific surface area of graphene.
Therefore, combining the good properties of 2D GR and 1D ZnS NWs would open up a
promising way to develop novel and highly efficient GR-based heterostructure

photocatalysts.
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Figure captions

Figure 1. XRD patterns of (a) graphene oxide and graphene; (b) ZnS and ZnS-GR
nanocomposites.

Figure 2. (a) (b) TEM and HRTEM images of graphene; (c) (d) TEM and HRTEM
images of ZnS NWs, the inset figure of (c) is the size distribution histogram of the NWs
obtained from counting 100 NWs; (e) (f) SAED and EDAX images of ZnS NWs.
Figure 3. (a) (b) TEM and HRTEM images of the ZnS-0.5wt% GR nanocomposites; (c)
(d) TEM and HRTEM images of the ZnS-5wt% GR nanocomposites; (e) (f) EDX
images of the ZnS-0.5wt% GR and ZnS-5wt% GR nanocomposites.

Figure 4. Raman spectra of GO and ZnS-5wt% GR nanocomposites.

Figure 5. FTIR spectra of the GO (red line) and ZnS-5wt% GR nanocomposites (blue
line).

Figure 6. (a) XPS survey spectrum of GO (red line) and ZnS-5wt% GR
nanocomposites (blue line); (b) (c) high-resolution binding energy spectrum of C 1s for
GO and ZnS-5wt% GR nanocomposites; (d) (e) high-resolution binding energy spectra
of Zn 2p and S 2p for ZnS-5wt% GR nanocomposites.

Figure 7. Room temperature PL spectra of ZnS (red line), ZnS-0.5wt% GR (green line)
and ZnS-5wt% GR (blue line) nanocomposites.

Figure 8. (a) Photocatalytic degradation of MB under the irradiation of UV light with
ZnS and ZnS-GR nanocomposites; (b) degradation efficiency of ZnS and ZnS-GR
nanocomposites on the photodegradation of MB as a function of time; (c) plot of In
(Co/C) as a function of UV irradiation time for the photocatalysis of MB solution
containing ZnS and ZnS-GR nanocomposites; (d) reusability of the ZnS-5wt% GR
nanocomposite in the UV light degradation of MB solution. (e) (f) the color variations

of the MB solution for the ZnS and ZnS-5wt% nanocomposites as the photocatalysts

19



RSC Advances Page 20 of 28

under the irradiation of UV light.
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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