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Abstract To synthesize ZnS/RGO nanocomposite via one-

step solvothermal method with graphene oxide (GO)

aqueous solution as precursor, we selected sodium sulfide

and thiourea as S2- donor, respectively, with the aim to

evaluate the effect of different S2- sources on the synthesis

and degrading properties of the composite. The photocat-

alytic activity of the nanocomposite was investigated

through the photocatalytic degradation of methylene blue

in aqueous solution. Results showed that ZnS/RGO

nanocomposites were synthesized using both sodium sul-

fide and thiourea as S2- donor, respectively. Compared to

pure ZnS, the nanocomposites exhibited higher photocat-

alytic activity; furthermore, the nanocomposite prepared

with sodium sulfide as the S2- source exhibited much

better photocatalytic degradation efficiency than that with

thiourea as the S2- source. The surface reaction rate con-

stant of the former was two times higher than that of the

latter and was six times higher than that of pure ZnS

sample.

1 Introduction

The optical catalyst of semiconductors has received much

attention in the field of organic pollutant degradation,

because these catalysts can convert light energy into

chemical energy without regenerating pollution in the

environment [1, 2]. Photocatalysts usually depend on the

capability of semiconductor materials to absorb light and to

produce photo-generated electronic e- and hole h? under

the excitation light condition. A series of redox reactions

then occur with the adsorption of organic pollutant mole-

cules on the surface of the catalyst to generate a degrada-

tion effect.

ZnS, a direct band gap semiconductor, exhibits strong

oxidation and no secondary pollution. The photocatalytic

reaction of ZnS can be catalyzed by ultraviolet (UV) light

to degrade organic pollutants [3]. However, the photocat-

alytic efficiency of ZnS is not satisfactory owing to the fast

recombination of photo-generated electron–hole pair.

Some researches showed that combining the conventional

photocatalyst with other materials can effectively reduce

this recombination phenomenon, such as precious metals

[4, 5], compound semiconductors [6, 7], and carbon nan-

otubes [8].

Graphene owns a 2D sp2 carbon network and attracted

much interest because of its unique electronic, mechanical,

and thermal properties [9, 10]. Furthermore, the high car-

rier mobility, mechanical flexibility, optical transparency,

and chemical stability of graphene generate much oppor-

tunity for the development of high-performance compos-

ites [11, 12]. Owing to this unique nanostructure, the

photocatalytic performance of the graphene-composite

catalyst can be improved; for example, researches on the

development of loading ZnS with graphene have been
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reported, which exhibited an improved photocatalytic

property [13, 14].

For the preparation of ZnS nanoparticles via ‘‘One-step

solvothermal method’’ which is one of the main techniques

for preparing nanocomposites based on graphene, a single

sulfur source was usually used as a reaction precursor.

However, the hydrolysis rate of different reaction precur-

sors may affect the morphology and surface distribution of

the nanoparticles; for instance, the hydrolysis rate of

sodium sulfide (Na2S�9H2O, 186 g/L, 20 �C) is higher than
that of thiourea (SC(NH2)2, 137 g/L, 20 �C). Therefore, it
is important to elucidate the effect of different S2- donors

on the synthesis and photocatalytic degrading properties of

ZnS nanocomposite.

In the current study, ZnS/RGO nanocomposites were

synthesized via one-step solvothermal method with gra-

phene oxide (GO) aqueous solution as precursor. Na2-
S�9H2O and SC(NH2)2 were considered as S2- donor with

the aim to evaluate the effect of different S2- sources on

the synthesizing and degrading properties of the

nanocomposites. Furthermore, the photocatalytic perfor-

mance of the composites prepared under different reaction

conditions is evaluated using methylene blue (MB).

2 Experimental

2.1 Materials

GO aqueous solution (2 mg/mL) was purchased from the

Shanxi Coal Research Institute, Chinese Academy of Sci-

ences. Zn(Ac)2�2H2O, Na2S�9H2O, SC(NH2)2, MB, (CH2-

OH)2, and C6H14O4 were purchased from Sinopharm

Chemical Reagent Co., Ltd, and used without further

purification. All laboratory reagents employed in the

analysis were pure with deionized water being utilized in

all experiments.

2.2 Preparation of ZnS–RGO nanocomposites

In a typical synthesis process, ZnS/RGO nanocomposites

were prepared with the one-step solvothermal method

using (CH2OH)2 as a solvent, along with Na2S�9H2O and

SC(NH2)2 as two sulfur ion sources. As shown in Fig. 1,

110 mg of Zn(Ac)2�2H2O was first dissolved in 20 mL of

(CH2OH)2. Then, 20 mL (2 mg/mL) GO aqueous solution

was added into the solution and subjected to ultrasonic

treatment for 30 min to produce a light brown solution.

Subsequently, 120 mg of sodium sulfide and 38 mg of

thiourea were added separately into 20 mL solvents under

ultrasonic treatment. This solution was then added into the

previously light brown solution and stirred for 30 min.

Finally, the mixture was autoclaved in a Teflon-lined

stainless steel vessel at 180 �C for 10 h. The reaction

products were centrifuged and washed with deionized

water and anhydrous ethanol; then, the products were dried

in a vacuum oven at 60 �C.

2.3 Characterization

The phase and crystallite size of the ZnS/RGO composites

were characterized with an automated X-ray diffractometer

(XRD, Rigaku D/max 2400) with a monochromated CuKa
radiation (k = 0.154056 nm). The surface morphology,

particle size, and composition of photocatalysts were

examined using a transmission electron microscope (TEM,

TECNAI 20). Raman spectra were detected by a Raman

Spectrometer (Jobin–Yvon LabRAM, HR800). The UV–

vis absorption spectrum was recorded with a UV–vis

spectrophotometer (INESA, UV757CRT/PC).

2.4 Photocatalytic performance experiments

The photocatalytic activity levels of different composite

photocatalysts were estimated by monitoring the degrada-

tion of MB in a self-assembled apparatus with a UV lamp

(8 W) as the radiation source. Typically, 20 mg of photo-

catalysts is suspended in a beaker containing an aqueous

solution that consists of model dye (50 mL; 20 mg/L) in

the photocatalytic experiment. First, the suspension was

subjected to ultrasonic treatment for 30 min to reach

adsorption–desorption equilibrium without UV light

exposure. Subsequently, a photocatalytic reaction was ini-

tiated by the exposure to UV light under continuous

Fig. 1 Proposed scheme for

ZnS/RGO fabricated processes
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magnetic stirring. At specific time intervals, 3 mL sus-

pensions were sampled, and centrifuged. Then, the super-

natants were collected for analysis with the UV–vis

absorption spectrometer.

The intensity of the maximum absorption peak (663 nm)

of the MB dye was regarded as a measure of residual MB

dye concentration. According to Lambert–Beer law, Ct/

C0 = At/A0, where C0 is the concentration of the MB

solution after dark adsorption, Ct is the concentration of the

MB solution after illumination time t, A0 is the absorbance

of the MB solution after dark adsorption, and At is the

absorbance of the MB solution after illumination time t.

3 Results and discussion

3.1 Characterization of ZnS/RGO nanocomposites

Figure 2 depicts the representative XRD patterns of the

ZnS/RGO nanocomposites with either sodium sulfide

(ZnS/RGO-1, Fig. 2c) or thiourea (ZnS/RGO-2, Fig. 2d) as

sulfur sources, and the XRD patterns of graphite (Fig. 2a,

here for reference) and GO (Fig. 2b) are also provided for

comparison. As shown in Fig. 2c and d, three strong peaks

are detected at 2h around 28.61�, 47.62�, and 56.51�; these
peaks are assigned to the (111), (220), and (311) reflections

of the face-centered cubic ZnS (JCPDS 05-0566), respec-

tively. According to Scherrer’s equation, the average size

of ZnS nanoparticles is estimated to be 5–10 nm, which is

in good agreement with the TEM observation, as shown in

Fig. 3.

The crystallinity of the ZnS nanoparticles is similar to

that of pure ZnS. By contrast, no characteristic peaks were

assigned to GO (001) or graphite (003) in the nanocom-

posites. If the regular stacks of graphene are destroyed,

such as by exfoliation, their diffraction peaks weaken or

may even disappear [15]. The crystallinity of a sample is a

key factor in the utilization of the photocatalytic properties

of the sample, and the better the crystallinity, the better the

properties. It is seen that ZnS/RGO-1 showed stronger

diffraction intensity and narrower full-width at half-maxi-

mum than ZnS/RGO-2, implying the better crystallinities.

Figure 3 presents the TEM images of the ZnS/RGO

nanocomposites prepared with sodium sulfide and thiourea.

ZnS nanoparticles were uniformly distributed on the sur-

face of the graphene sheets, whose edge position was

clearly distinguishable from the 2D structures displaying

surface wrinkles. Such sheets play an important role in

promoting the growth and surface distribution of ZnS

nanoparticle, and the agglomeration phenomenon can be

effectively prevented [16]. However, owing to the high

concentration of graphene sheets in solution, a large

number of tiny primary nanoparticles tended to condense

and aggregate to form larger particles [17].

It can be seen that the ZnS nanoparticles of ZnS/RGO

with sodium sulfide as S2- donor (Fig. 3a) were distributed

more uniformly than that with thiourea as S2- donor

(Fig. 3b). This may result from different hydrolysis rates of

the two S2- donors. It was reported that the hydrolysis rate

of sodium sulfide is significantly higher than that of

thiourea (186 vs. 137 g/L, 20 �C); hence, sodium sulfide

can be hydrolyzed rapidly to produce S2- during the

reaction in hydrothermal synthesis. Then, S2- ions com-

bine to Zn2? on the GO layer to generate zinc sulfide nuclei

through the reaction, and many small, initial zinc sulfide

nuclei condense on the surface to form ZnS nanoparticles.

Figure 4 exhibits the Raman spectra of the pristine

graphite, GO, ZnS/RGO-1, and ZnS/RGO-2. The following

observations can be made. First, the Raman spectrum of the

pristine graphite, as expected, displays a prominent G peak

as the only feature at 1583 cm-1 (Fig. 4a), corresponding

to the first-order scattering of the E2g mode [18]. Second,

GO exhibits a G band shift to approximately 1589 cm-1

(Fig. 4b), which corresponds to an E2g graphite mode

related to the vibration of the sp2-bonded carbon atoms in a

2D hexagonal lattice. Another dominant peak detected at

roughly 1345 cm-1 (D band) is related to the defects and

disorder in the hexagonal graphitic layers [19, 20]. Third,

two typical peaks are observed on both the curves of ZnS/

RGO-1 (Fig. 4c) and ZnS/RGO-2 (Fig. 4d). However, the

typical peaks of the nanocomposites shift to different val-

ues as a result of the reduction of GO.

Compared with GO, the D band of ZnS/RGO

nanocomposites is blue-shifted, while the G band showed a

slight red shift. These shifts in the Raman spectra indicate

that interactions existed between ZnS and graphene, and

the interactions are not only beneficial to improving the

stability but also favorable to enhancing the photocatalytic

activity of ZnS [21]. The degree of disorder of the two

nanocomposites can be derived from the intensity ratios of

the D and G bands. As shown in Fig. 4, the ratio of ZnS/

Fig. 2 Typical XRD patterns of ZnS/RGO nanocomposites with

sodium sulfide (ZnS/RGO-1) and thiourea (ZnS/RGO-2) as sulfur

sources
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RGO-1 is lower than that of ZnS/RGO-2. This result

implies that the nanocomposite prepared with sodium sul-

fide as S2- donor is less defective than that prepared with

thiourea as S2- donor [22].

3.2 Photocatalytic performance of ZnS/RGO

nanocomposites

The photocatalytic properties of the ZnS/RGO nanocom-

posites prepared with different S2– ion sources were eval-

uated based on the efficiency of MB photocatalytic

degradation under UV irradiation (Fig. 5). It can be seen

that pure graphene sample substantially exhibited no pho-

tocatalytic activity. The pure ZnS sample showed a certain

photocatalytic activity. In contrast, the ZnS/RGO

nanocomposites showed a significantly improved photo-

catalytic degradation efficiency. This indicates that the

introduction of graphene into ZnS plays an important role

in improving the photocatalytic performance. In addition,

the photocatalytic degradation efficiency of ZnS/RGO-1

was higher than that of ZnS/RGO-2, and this may result

from the higher hydrolysis rate of sodium sulfide than that

of thiourea.

The photocatalytic degradation of organic dye mole-

cules on the surface of the ZnS/RGO nanocomposites can

be considered as two inseparable and mutually promoted

processes. For one thing, contaminant molecules are

adsorbed on the surface of graphene and this process will

reach the adsorption equilibrium soon. However, the

adsorption equilibrium will be destroyed due to the

occurrence of the oxidation reaction which degrades the

organic pollutants. Thus, the organic pollutant molecules

would be continuously adsorbed on the surface of the

composites and be photocatalytically degraded due to

ultraviolet radiation effect. For another, the photo-gener-

ated electrons and holes can be effectively separated by

graphene, and thus, the quantum yield is significantly

improved. Photo-generated electrons and holes further

react to generate a variety of active substances, and the

organic dye molecules adsorbed on the surface of the

nanocomposites are oxidatively degraded. Consequently,

the nanocomposites show a significantly enhanced photo-

catalytic activity resulting from the synergistic effect of

adsorption–photocatalytic degradation. It should be pointed

out that for the improved photocatalytic degradation

property of the composite, the enhancement of adsorption

Fig. 3 TEM images of ZnS–

RGO composites prepared with

sodium sulfide (a) and thiourea

(b) as sulfur sources

Fig. 4 Raman spectra of ZnS/RGO nanocomposites with sodium

sulfide (ZnS/RGO-1) and thiourea (ZnS/RGO-2) as sulfur sources
Fig. 5 Photocatalytic degradation curves of MB in the presence of

ZnS and ZnS/RGO composites under UV light irradiation (ZnS/RGO-

1 by sodium sulfide, ZnS/RGO-2 by thiourea)
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capacity is just an influencing factor; however, the photo-

catalytic reaction of the composite itself is the main

degrading mechanism.

Figure 6 shows the comparison diagram of surface

reaction rate constant which can be expressed by the

Langmuir–Hinshelwood model [23]. The photocatalytic

degradation of MB by the nanocomposites under UV light

obeyed pseudo-first-order kinetics with respect to the

concentration of MB:

ln
C0

Ct

� �
¼ kc � t ð1Þ

where kc is the surface reaction rate constant, which is used

as the basic kinetic parameter for different photocatalysts.

The surface reaction rate constant values could be deduced

from the linear fitting of lnðC0=CtÞ vs. t. The results show

that kc was enhanced by the introduction of graphene, and

the surface reaction rate constant of ZnS/RGO-1 was two

times higher than that of ZnS/RGO-1 and was six times

higher than that of pure ZnS sample [24].

Recently, there are several reports in the synthesis and

application of ZnS/RGO nanocomposites. Feng et al. [14]

prepared a ZnS/RGO composite using a one-pot

hydrothermal synthesis system, in which the pH value of

solution was adjusted by the addition of ammonia solution.

Sookhakian et al. [17] developed ZnS/RGO composites

through a one-step solvothermal method without using

templates or surfactants, resulting in improved photocat-

alytic degradation for MB. However, in these works, high

power excitation light sources were required in the pho-

tocatalytic degradation experiments. In the present study,

the same degradation effect was achieved using a small

power excitation light source. Hence, it is urgent for us to

synthesize ZnS/RGO nanocomposites with high-efficiency

degradation under the condition of weak excitation light

source.

Figure 7 illustrates the photocatalytic degradation

mechanism of organic dyes by the semiconductor catalyst

under UV light irradiation. Based on the excitation of the

semiconductor, the valence electrons of ZnS can be excited

to the conduction band due to its narrow bandgap, which

leaves behind a hole in the valance band by absorbing UV

light. When the photo-generated electron–hole pair is

migrated on the surface of the ZnS nanoparticles through

the internal electric field of the semiconductor, the photo-

generated electrons react with dissolved oxygen molecules

and produce active oxygen radicals, and the photo-gener-

ated hole can react with the hydroxide ion derived from

water to form hydroxyl radicals. These oxygen peroxide

radicals and hydroxyl radicals may cause the oxidative

decomposition of MB to CO2, H2O, and other mineral-

ization products, which result in the degradation effect. It

should be pointed out that although the UV radiation is also

able to decompose some of the organic dyes directly, it

could not affect the overall photocatalytic degradation

efficiency owing to the low power of the UV light source

adopted in the present study.

It was reported that the enhancement of the photocat-

alytic degradation properties of the ZnS/RGO nanocom-

posites can be attributed to two aspects [25–27]. One is that

graphene possesses excellent conductivity owing to its two

dimensional planar structure; thus, the rapid transport of

photo-generated carriers could be achieved, and an effec-

tive charge separation is subsequently accomplished. The

another is that graphene is capable of adsorbing organic

dye molecules on the surface due to its great specific sur-

face area with a large number of p–p conjugated double

bonds. As a result, the ZnS/RGO nanocomposites gener-

ated the oxygen peroxide radicals and hydroxyl radicals

which degraded the MB dye in the ultraviolet irradiation.

4 Conclusions

ZnS/RGO nanocomposites were successfully synthesized

with GO aqueous solution as precursor, and Na2S�9H2O

and SC(NH2)2 as S2- donor, respectively. During the

synthesis process, GO was reduced into RGO and ZnS

Fig. 6 Surface reaction rate constant of MB photodegradation in the

presence of various catalysts under UV light irradiation (ZnSRGO-1

by sodium sulfide, ZnS/RGO-2 by thiourea)

Fig. 7 MB photodegradation mechanism of MB by ZnS–RGO

composites under UV light irradiation
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nanoparticles with a diameter of 5–10 nm were deposited

on the surface of graphene sheets. The ZnS/RGO

nanocomposite exhibits a significantly enhanced photo-

catalytic activity compared to pure ZnS, attributing to the

efficient charge separation and the improved adsorption

capacity on the surface of nanocomposite due to the

introduction of graphene. The photocatalytic degradation

efficiency of the nanocomposites prepared with Na2S�9H2O

as S2- donor was better than that of SC(NH2)2, because the

former possesses higher hydrolysis rate than the latter, and

the surface reaction rate constant of the former was two

times higher than that of the latter and was six times higher

than that of pure ZnS sample.
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