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Abstract
ZnS nanowalls, microspheres and rice-shaped nanoparticles have been successfully grown on graphene oxide (GO) sheets by 
the hydrothermal method. The morphologies, structures, chemical compositions and optical properties of the as-synthesized 
GO/ZnS have been characterized by X-ray power diffraction, energy dispersive spectrometer, scanning electron microscope, 
Raman spectra, photoluminescence spectroscopy and ultraviolet–visible absorption spectroscopy. It was found that the 
concentration of CTAB and the reaction temperature were important in the formation of GO/ZnS microstructures. The pho-
tocatalytic activity of the as-synthesized GO/ZnS was investigated through the photocatalytic degradation of textile dyeing 
waste. Results showed that the catalytic activity of the GO/ZnS porous spheres to methyl orange and methylene blue is higher 
than those of other samples. The degradation rates of methyl orange and methylene blue by porous spheres in 50 min were 
97.6 and 97.1%, respectively. This is mainly attributed to the large specific surface area of GO/ZnS porous spheres and high 
separation efficiency between photogenerated electron and hole pairs.
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1  Introduction

Graphene, a single layer of sp2-hybridized carbon atoms 
arranged in a two-dimensional hexagonal lattice, since 
2004 was first discovered and has aroused great interest 
[1, 2]. Because the surface of GO has a large number of 
hydrophilic functional groups, GO has good solubility in 
water and can be interspersed. GO has become the first 
choice for many preparation of graphene based nanocom-
posites [3, 4]. In addition, GO has good electrical con-
ductivity, great flexibility and good optical transparency, 
GO is also a potential material for electric, photonic and 
optoelectronic devices [5].

Zinc sulfide (ZnS) is an important II–VI group semi-
conductor compound with large direct wide band gap of 
3.72–3.77 eV (3.72 eV for the cubic phase and 3.77 eV for 
the hexagonal wurtzite phase) and large exciton binding 
energy (40 meV), etc. [6–8]. Thanks to these excellent 
properties, ZnS is widely used in various high-tech appli-
cations, to name a few, light-emitting diode [9], sensors 
[10], infrared windows [11], photocatalysis [12], elec-
troluminescent devices [13] and so on. In recent years, 
because the industry has developed rapidly, environmental 
pollution has become a major concern, especially water 
pollution which caused by the release of effluents and by 
waste dyes from the coloring industries. Therefore, an 
effective method is needed to degrade such toxic chemicals 
and waste dyes. It has been observed that photocatalytic 
degradation of organic dyes is one of the most effective 
ways to treat the water pollution [14–16]. In this respect, 
ZnS is considered one of the most effective photocatalyst 
degradation of organic pollutants. In the past few years, 
ZnS nano/micro-structures have been prepared by several 
preparation approaches including microemulsion method 
[17], solvothermal route [18], thermal decompose of pre-
cursor [19], hydrothermal method [20, 21] and solid–liq-
uid chemical reaction [22]. ZnS nanocrystals with multi-
ple morphologies, such as nanorods, nanowires [23, 24], 
nanobelts [23], whiskers [25], hollow nanospheres [26, 
27], hollow nanovessels [28], nanostructure arrays [29, 30] 
and nanotubes [31, 32] have been synthesized and used for 
photocatalytic degradation of organic dyes and pigments 
[33, 34]. However, it is still a challenge to produce GO/
ZnS composites in a facile and low-cost way for the deg-
radation of waste dyes.

In this paper, by adjusting the concentration of CTAB 
and the reaction temperature, ZnS nanowalls, micro-
spheres and rice-shaped nanoparticles have been suc-
cessfully synthesized on graphene oxide sheets (GOss) 
by the hydrothermal method. The characterization and 
photocatalytic degradation applications of GO/ZnS were 
studied. Among the as-prepared samples, GO/ZnS porous 

spheres exhibited outstanding photodegradation efficien-
cies towards two dyes, i.e. methyl orange and methylene 
blue.

2 � Experimental Procedure

2.1 � Chemicals

All chemicals were of analytical grade and used as received 
without further purification. H2SO4 (98 wt.%), KMnO4 (99.5 
wt.%), H2O2 (30 wt.%), HCl (37 wt.%), graphite powder 
(GP), sodium nitrate (NaNO3) (99.95 wt.%), Zinc acetate 
(Zn(CH3COO)2·2H2O) (≥ 99.0%), cetyl trimethyl ammo-
nium bromide (CTAB) (≥ 99.0%) and sodium thiosulfate 
pentahydrate (Na2S2O3·5H2O) (≥ 97.0%). All aqueous solu-
tions were prepared by using deionized water.

2.2 � Synthesis of GO

Graphene oxide sheets were prepared from natural graph-
ite by a modified Hummers method [35]. In short, 2 g of 
graphite powder and 2 g of sodium nitrate was dissolved in 
40 mL of H2SO4 (98 wt.%) in a conical flask. The solution 
was stirred with a magnetic stirrer for 30 min in an ice-water 
bath. Then, 6 g of KMnO4 (99.5 wt.%) was divided into 
6 parts and added slowly to the mixed solution while the 
temperature was kept at 20 °C for 2 h and followed by stir-
ring for 2 h at 35 °C. The mixed solution was diluted with 
160 mL of deionized water and stirred intensely for 0.5 h 
at 90 °C. After that, 12 mL of H2O2 (30 wt.%) was slowly 
added to the solution and stirred thoroughly. The mixed solu-
tion was washed repeatedly with 0.5 mol/L HCl solution and 
deionized water to remove the residual sulfate ions. Lastly, 
GO was freeze-dried at − 60 °C under vacuum conditions. 
GO powder was obtained by grinding and used for the fol-
lowing experiments.

2.3 � Synthesis of GO/ZnS

First, cut the silicon substrate into small pieces and clean it 
for about 30 min according to the steps of anhydrous etha-
nol, acetone, anhydrous ethanol and deionized water. At the 
same time, the GO powder was ultrasonically dispersed in 
anhydrous ethanol and stirred to form a uniform suspen-
sion. The uniform suspension was spin-coated on clean Si 
substrates. Finally, the silicon substrate is placed in a high 
temperature quartz furnace. Turn on the mechanical pump 
and start vacuuming, and then 100 sccm nitrogen gas is 
injected into the reaction chamber for 30 min. After that, 
set the temperature up to 650 °C within 1 h. When cooled 
to room temperature, graphene oxide sheets (GOss) can be 
formed on the surface of the silicon substrate.
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In this experiment, ZnS grown on GOss were prepared 
by hydrothermal method. Firstly, 0.003  mol (0.659  g) 
Zn(CH3COO)2·2H2O and 0.01 g of CTAB were dissolved 
in 40 mL of deionized water. The solution was stirred with 
a magnetic stirrer for 60 min. At the same time, 0.003 mol 
(0.745 g) Na2S2O3·5H2O were added into the solution men-
tioned above and the resulting solution was stirred thor-
oughly. After stirring, the final solution and GOss were put 
into a 100 mL autoclave and were hydrothermally processed 
for 16 h. The experimental conditions are shown in Table 1. 
After the solution was cooled down to room temperature, 
GOss were taken from the solution and washed repeatedly 
with deionized water and anhydrous ethanol to remove the 
unreacted chemicals [36, 37]. The final products were dried 
in a vacuum at 60 °C for 6 h. When the amount of CTAB is 
0.01, 0.02, 0.04 g and the temperature is 120 °C, the prod-
ucts obtained are named as Sample 1, Sample 2 and Sample 
3. The products obtained at 140, 160, 180 °C, and added 
amount of CTAB is 0.04 g are named as Sample 4, Sample 
5, and Sample 6, respectively in Table 1.

2.4 � Characterization

The crystalline phases of the as-prepared samples were 
characterized by X-ray power diffractometer (XRD; Rigaku 
D/max-2000) with Cu Kα (λ = 1.5406 Å) radiation oper-
ated at 40 kV and 200 mA in a 2θ range of 20–70°. The 
morphologies of the samples were analyzed by scanning 
electron microscope (SEM; Hitachi S-4800). The ele-
ments of the samples were examined by the energy dis-
persive spectroscope (EDS; Oxford IE 300X). The Raman 
spectra were measured using a dispersive Raman spec-
trometer (Jobin–Yvon XploRA). Room temperature pho-
toluminescence (PL) measurements were recorded by the 
luminescence spectrometer (PL; Edinburgh FLS 920). 
Optical absorptions of the samples were recorded at room 
temperature using a UV–Vis spectrophotometer (UV–Vis; 
PerkinElmer Lambda 35).

3 � Results and Discussion

3.1 � X‑Ray Diffraction Analysis (XRD)

Figure 1 shows the XRD pattern of ZnS nanowalls, micro-
spheres and rice-shaped nanoparticles on GOss. All the 
samples exhibit similar XRD patterns, in which three 
peaks at 28.56°, 47.84° and 56.58° correspond to the three 
crystal planes of (111), (220) and (311) of cubic phase of 
ZnS (JCPDS card no. 79-0043), respectively. In the mean-
time, three weak diffraction peaks at 2θ = 21.2, 24.5, 25.04 
are in agreement with the diffraction peak of GO [38], 
indicating that the ZnS grown on GOss. No diffraction 
from other crystalline forms was detected, indicating the 
high purity of the as-obtained GO/ZnS products. The nar-
rowness and sharpness of the diffraction peaks reflected 
the good crystallinity of the as-synthesized GO/ZnS [39]. 
Moreover, with the increase of temperature, the full width 
at half maximum (FWHM) of diffraction peaks are becom-
ing smaller, indicating the improving of crystallinity. The 
average crystallite sizes can roughly be estimated from the 

Table 1   The experimental 
conditions of all the samples

Sample Zn(CH3COO)2·2H2O (g) Chelating agent 
(CTAB) (g)

Na2S2O3·5H2O (g) T (°C) t (h)

1 0.659 0.01 0.745 120 16
2 0.659 0.02 0.745 120 16
3 0.659 0.04 0.745 120 16
4 0.659 0.04 0.745 140 16
5 0.659 0.04 0.745 160 16
6 0.659 0.04 0.745 180 16

Fig. 1   XRD spectra of GO/ZnS obtained with different CTAB addi-
tion in solution a 0.01 g, b 0.02 g, c 0.04 g at 120 °C; SEM images of 
GO/ZnS obtained at different temperatures, d at 140 °C, e at 160 °C, 
f at 180 °C and the added amount of CTAB is 0.04 g
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full width at half maxima (FWHM) of the (111) diffraction 
peak on the basis of the Scherrer formula:

where D is the average grain size, λ is the x-ray wavelength 
(= 0.15406 nm), θ is the (1 1 1) peak angle, and β is the full 
width at half maximum value. The average crystallite size 
of ZnS particles were about 2–4 μm.

3.2 � Component Analysis

The chemical element composition of the GO/ZnS smooth 
microspheres (sample 6) is researched by X-ray energy dis-
persive spectroscope (EDS), and the spectrum is shown in 
Fig. 2. According to the calculation of the peak areas the 
molar ratio of the ZnS is 51.4/48.5, which is pretty close 
to the stoichiometric ratio of ZnS. Besides, the C and O 
signals are detected from the EDS spectrum, which come 
from GOss. As in the previous X-ray diffraction results, the 
result of EDS also reveals that ZnS grown on GOss. Also, 
no other impurity peaks detected in EDS spectra shows the 
high purity of the as-synthesized GO/ZnS [40, 41].

3.3 � Morphological Analysis

Figure 3a–d show SEM images of the ZnS on GOss obtained 
at 120 °C and different CTAB concentrations. When CTAB 
addition is 0.01 g, the surface morphology of GO/ZnS nano-
walls on GOss is shown in Fig. 3a. As shown in Fig. 3a, the 
width of the ZnS nanowalls is approximately 400–600 nm. 
With increasing CTAB to 0.02 g, ZnS rice-shaped nanopar-
ticles were grown on GOss, as shown in Fig. 3b. Statistical 
analysis indicated that ZnS rice-shaped particles had a rela-
tively narrow size distribution with an average diameter of 
about 200 nm and the average length of rice grains is about 
600 nm. With the CTAB solution increasing to 0.04 g, ZnS 

(1)D = 0.89�∕� cos �

porous spheres were grown on GOss, as shown in Fig. 3c. 
The average diameters of ZnS porous spheres are about 
1 μm. It is observed that there are ZnS porous spheres on 
GOss, and the surface of porous spheres is not smooth and 
has many folds. And Fig. 3d is an enlarged figure of Fig. 3c. 
It can be found that the pore size is estimated to be 200 nm.

The above experimental results indicate that concentra-
tion of CTAB plays a key role in the formation of morpholo-
gies of as-synthesized ZnS microcrystals.

Figure  3e–h shows the SEM images of the products 
obtained at different hydrothermal temperatures with CTAB 
amount of 0.04 g. All the products exhibit sphere morpholo-
gies. Figure 3e is the SEM image of the product obtained at 
140 °C. And Fig. 3e shows that the obtained samples consist 
of fews ZnS porous spheres with an average diameter of 
800 nm and we can clearly observe GOss. Figure 3f is the 
higher magnification SEM image of Fig. 3e. It may be well 
observed that the wrinkling of ZnS porous spheres surface 
has been lost compared to the GO/ZnS sample obtained at 
120 °C. Figure 3g is the SEM image of the samples obtained 
at 160 °C. GOss can be clearly observed from the images 
and the average diameters of ZnS spheres are about 2–3 μm. 
And the hole on the surface of the ZnS spheres disappears as 
the temperature increases, but the ZnS spheres are the same 
as the samples prepared at 120 and 140 °C with the presence 
of conglutination between the sphere and the sphere. When 
the temperature rises to 180 °C, we can clearly observe from 
Fig. 3h, the spheres size are almost not changed, the average 
diameters of the spheres are still 2–3 μm. However, there 
is no conglutination between the spheres, the dispersion is 
better, and the surface of the sphere is smooth.

The above experimental results show that the surface 
roughness of the obtained product decreases with the 
increase of temperature, and the dispersion has been gradu-
ally improved.

3.4 � Raman Analysis

Raman spectroscopy is used to confirm the formation of ZnS 
phase structure and the existence of GO. Figure 4 shows 
a room temperature Raman spectra of ZnS smooth micro-
spheres on Goss prepared at a condition of 0.04 g of CTAB 
and a reaction temperature of 180 °C (sample 6). As can be 
seen from the inset figure, strong peaks at 257 and 344 cm−1 
can be assigned as the TO and LO phonon modes of ZnS 
zinc blende structure, which is in good agreement with the 
reported results for ZnS nanotubes and hollow nanovessels 
[22, 23, 27, 28]. Besides, the two additional prominent peaks 
located at around 1340 and 1576 cm−1 are attributed to the 
characteristic D band and G band of GO, which are ascribed 
to a breathing mode of κ-point photons of A1g symmetry and 
the first order scattering of the E2g phonon of sp2 C atoms, 

Fig. 2   EDS spectrum of ZnS smooth microspheres on GOss was pre-
pared at a condition of 0.04 g of CTAB and a reaction temperature is 
180 °C
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respectively [42]. All of the characteristics from Raman 
spectra indicated that ZnS microspheres are grown on Goss.

3.5 � Optical Properties

The room temperature photoluminescence (PL) spectra of 
GO/ZnS products are shown in Fig. 5 (the excitation wave-
length is 230 nm). From Fig. 5, GO/ZnS has two peaks, 
the peak near 360 nm is ZnS particle band edge absorption 
corresponding to the LUMO–HOMO (lowest unoccupied 
molecular orbital—highest occupied molecular orbital) as 
the electron transition. The other peak is located at about 

462 nm, corresponding to the emission peak of the sur-
face defect state of ZnS. The intensity of the fluorescence 
spectrum increases with the increase of defect density. The 
sample 3 has the highest intensity of PL emission, this is 
due to the fact that sample 3 contains more surface defects. 
The above results show that the optical properties of ZnS 
nanomaterials are very sensitive to specific reaction condi-
tions. Obviously, the synthetic conditions, crystal size, and 
shape of the sample strongly affect the optical quality of ZnS 
semiconductor microcrystals [43, 44].

The UV–visible absorption spectrum of ZnS smooth micro-
spheres on Goss is shown in Fig. 6. It can be seen from Fig. 6, 

Fig. 3   SEM images of GO/ZnS 
obtained with different CTAB 
addition in solution a 0.01 g, b 
0.02 g, c 0.04 g at 120 °C; SEM 
images of GO/ZnS obtained 
at different temperatures, e at 
140 °C, g at 160 °C, h at 180 °C 
and the added amount of CTAB 
is 0.04 g
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the absorption of ZnS microspheres for external and near 
ultraviolet light is remarkable. We can clearly find that GO/
ZnS microspheres showed a strong absorption band, and the 
maximum absorption located at 323 nm. In addition, the weak 
absorption peak at 231 nm attributed to GOss [45], indicating 
that the ZnS microspheres were grown on Goss.

3.6 � Mechanism

The possible mechanism can be illustrated in Scheme 1. In the 
hydrothermal environment, the concentration of CTAB and the 
reaction temperature play significant roles in the formation of 
ZnS microstructures. The mainly reactions in the process are 
shown as follows:

(2)Zn
2+ + CTAB → CTAB-Zn

2+

After adding surface active agent CTAB, Zn2+ ions in 
the reaction medium formed complex chelate with CTAB 
[46], as shown in the reaction (2). Sodium thiosulfate pen-
tahydrate reacts in subacidity under the conditions of high 
temperature and pressure, as shown in reaction (3). The H2S 
gas is generated and releasing S2− ions. A stronger bond of 
conjugation between S2− ions and Zn2+ ions causes Zn2+ 
ions to break away from the chelate complex CTAB-Zn2+ 
and form ZnS particle with S2− ions, as shown in reaction 
(4). At the same time, the chelating action of surface active 
agent can effectively reduce the concentration of free Zn2+ 
ions in the solution and slow down the formation rate of 
ZnS particles, thus preventing the non-directional growth 
of excessive particles, resulting in irregular morphologies 
of the accumulation bodies.

The aggregation of these nanoparticles to microspheres 
may be driven by the solvent–polymer–nanoparticle sur-
face interactions that change the mobility in solution 
finally inducing particles aggregation to form the Zn2+ 
ions covered complex spherical aggregates by minimi-
zation of energy [47]. Thus formed ZnS nanorods and 
provide nucleation centers for formation. When the con-
centration of CTAB increase in the above solution, more 
H2S can be decomposed and many S2− ions are released, 
then the nanorods grow in one direction and form the 
nanowalls perpendicular to the base, we can see from 
Fig. 3c. As the concentration of CTAB increases, the 
surface of the nanorods continues to aggregate S2− ions 
and Zn2+ ions form the ZnS rice-shaped particles. When 

(3)H
+ + S

2
O

2−
3

→ H
2
S + SO

2
+ SO

2−
4

(4)Zn
2+∕Zn(Ac)

2
+ S

2−∕H
2
S → ZnS + HAc

Fig. 4   Room temperature Raman spectra of ZnS smooth micro-
spheres on Goss was prepared at a condition of 0.04 g of CTAB and a 
reaction temperature is 180 °C

Fig. 5   Room temperature PL spectra of GO/ZnS obtained with differ-
ent CTAB addition in solution a 0.01 g, b 0.02 g, c 0.04 g at 120 °C; 
SEM images of GO/ZnS obtained at different temperatures, d at 
140 °C, e at 160 °C, f at 180 °C and the added amount of CTAB is 
0.04 g

Fig. 6   UV–Vis optical absorption spectrum of ZnS smooth micro-
spheres on Goss was prepared at a condition of 0.04 g of CTAB and a 
reaction temperature is 180 °C
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the concentration of CTAB in the above solution is high 
enough, the ZnS nanorods then nucleate, oriented grow 
up, and gathered on the surface of the Zn2+ ions cov-
ered aggregates. Finally, ZnS porous microspheres were 
formed. In addition, the increase in temperature can also 
promote Ostwald ripening, that is, the increase of voids 
and the decrease of shell thickness. At certain conditions, 
the porous spheres will break to form separated grains 
when the grain size and shell thickness reach a threshold, 
i.e., ZnS smooth microspheres [48].

3.7 � Photocatalytic Performance of GO/ZnS

This paper chose the most representative organic pollut-
ants in the printing and dyeing wastewater, methyl orange 
and methylene blue as targets for degradation. The photo-
catalytic degradation of methyl orange and methylene blue 
(50 mL; 20 mg/L) by GO/ZnS (20 mg) at room temperature 
and under UV light irradiation (8 W) was studied, and the 
following experimental results were obtained.

As shown in Fig. 7a, 20 mg/L methyl orange is irradiated 
by UV light for 50 min, the photocatalytic degradation effi-
ciencies of GO/ZnS (S3) is 97.6%, much higher than those 

Scheme 1   Schematic illustra-
tion of the formation mecha-
nism of GO/ZnS

Fig. 7   a Photocatalytic degradation of methyl orange in the presence 
of different samples; b Photocatalytic degradation of methylene blue 
in the presence of different samples; c UV–Vis spectra of methyl 
orange after degraded by ZnS porous microspheres on GOss was pre-
pared at a condition of 0.04 g of CTAB and a reaction temperature is 

120  °C for different intervals; d UV–Vis spectra of methylene blue 
after degraded by ZnS porous microspheres on GOss was prepared at 
a condition of 0.04 g of CTAB and a reaction temperature is 120 °C 
for different intervals; e The photo degradation efficiencies of two 
dyes after 40 min illumination
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of the GO/ZnS (S4) (90.1%), GO/ZnS (S6) (78.4%), GO/
ZnS (S5) (63.2%), GO/ZnS (S2) (18.6%), and GO/ZnS (S1) 
(11.2%). It is easy to see that from Fig. 7b, 20 mg/L meth-
ylene blue is irradiated by UV light for 50 min, the photo-
catalytic degradation efficiency of GO/ZnS (S3) achieves 
97.1% after 50 min. However, GO/ZnS (S4), GO/ZnS (S6), 
GO/ZnS (S5), GO/ZnS (S2) and GO/ZnS (S1) are only 89.7, 
77.1, 60.8, 18.9 and 10.7%, respectively.

GO/ZnS (S3) shows higher catalytic activity for the 
methyl orange and methylene blue degradation compared 
to other samples. The excellent photocatalytic properties 
of GO/ZnS (S3) can be attributed to its surface wrinkles 
and porous structure. As is known to all, the photoreaction 
mainly proceeds on the surface of photocatalyst. The porous 
GO/ZnS (S3) can provide more reactive sites at the surface 
for adsorbing methyl orange and methylene blue. In addi-
tion, because the particle size of ZnS microspheres in the 
sample 3 is smaller, the photogenerated electron and hole 
pairs diffuse from the inside to the surface more quickly, the 
separation effect of photogenerated charge is higher and the 
recombination probability of electrons and holes is smaller. 
All above reasons enhance photocatalytic activity.

Figure 7c shows a time-dependent spectrum of methyl 
orange solution in the presence of 50 mg GO/ZnS micro-
sphere (S3) under UV light irradiation. With the UV irra-
diation time increasing, the decrease in the intensity of 
absorbance peaks at 465 nm is attributed to photocatalytic 
degradation of methyl orange. An almost complete degra-
dation was achieved in about 50 min. Figure 7d shows the 
absorption spectrum of an aqueous solution of methylene 
blue with 50 mg GO/ZnS microsphere (S3) under UV light 
irradiation for various durations. The absorption peaks 
corresponding to methylene blue decrease rapidly as the 
exposure time increases and almost completely disappear 
after 50 min. The slight blue-shift of absorption peaks with 
increase of exposure time could be attributed to a de-ethyl-
ated process of methylene blue in a stepwise manner [49]. 
No new absorption bands appeared in the whole spectrum, 
indicating the complete decomposition of methylene blue.

Figure 7e illustrates a comparison of the photocatalytic 
degradation efficiencies of methyl orange and methylene 
blue under the same experimental conditions. The changes 
of the organic pollutants concentrations under UV light irra-
diation are calculated as follows:

Among them, C0 is the initial concentration of organic pol-
lutants when the ultraviolet light is turned on. The real time 
concentration of organic pollutants under UV light irradia-
tion is expressed by C. The photocatalytic efficiency of the 
organic dyes concentration change can be expressed by a 
relative ratio of C/C0. The results showed that ZnS porous 
microspheres on GOss (S3) possess the high catalytic 

(5)I = C∕C
0
× 100.

efficiency towards methyl orange under our experimental 
conditions. GO/ZnS porous microsphere has different degra-
dation properties to various dyes, the reason may be related 
to the molecular structure of dyes. Methyl orange contains 
easily degradable groups: –N=N– group. But methylene 
blue has different containing N groups, so the photocatalytic 
degradation efficiency is relatively low.

Scheme 2 illustrates the mechanism of photocatalytic 
degradation of organic dyes under UV irradiation. Based 
on the semiconductor excitation, the valence electrons of 
ZnS can be excited to the conduction band due to its narrow 
band gap, thus leaving holes in the valence band by absorb-
ing ultraviolet light. When photogenerated electron and hole 
pairs migrate on the surface of the ZnS, the internal elec-
tric field passes through the semiconductor. The photogen-
erated electrons react with dissolved oxygen molecules and 
produce reactive oxygen radicals, and the photogenerated 
holes can react with the hydroxide ion derived from water 
to form hydroxyl radicals [50]. These peroxy radicals and 
hydroxyl radicals may cause methyl orange and methylene 
blue oxidation to decompose into CO2, H2O and other min-
eralized products, resulting in degradation effects. It should 
be pointed out that, although UV radiation can also directly 
decompose some organic dyes, the UV light power used 
in this study is very low and UV light cannot affect the 
overall photocatalytic degradation efficiency. In the present 
experiments, GO was added to the composite can enhance 
the photocatalytic degradation performance for two reasons 
[51–53]. One is because GO has a two-dimensional planar 
structure, so GO has good conductivity, thus, accomplishing 
the rapid transport of photogenerated carriers and achieving 
an effective charge separation. Another reason is that GO 
has a large specific surface area and is capable of adsorbing 
organic dye molecules. The surface of GO contains a large 
number of π-π conjugated double bonds. Consequently, oxy-
gen radicals and hydroxyl radicals produced by GO/ZnS can 
degrade methyl orange and methylene blue dyes under UV 
light irradiation.

Scheme  2   Schematic for the degradation mechanism of methyl 
orange and methylene blue over GO/ZnS composites under light irra-
diation
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4 � Conclusions

In summary, ZnS nanowalls, microspheres and rice-shaped 
nanoparticles have been successfully grown on GOss by the 
hydrothermal method. The morphologies and size of the sam-
ples are influenced by the concentration of CTAB and the reac-
tion temperature. When the concentration of CTAB increases, 
surface morphology of ZnS transforms nanowalls into rice-
shaped ZnS nanoparticles and then becomes porous spheres. 
Besides, the surface roughness of the as-prepared samples 
decreases with the increase of reaction temperature, and the 
dispersity increases gradually. We find that low cost and envi-
ronmental friendly properties of GO are reasonable to grow 
ZnS composites. When the amount of CTAB is 0.04 g and 
the reaction temperature is 120 °C, the as-prepared GO/ZnS 
porous microsphere has better catalytic performance compared 
to other samples, can degrade various dyes. The degradation 
rate of methyl orange reached 97.6% and the degradation rate 
of methylene blue was 97.1% in 50 min. This is mainly attrib-
uted to GO/ZnS porous microspheres with large specific sur-
face area and an efficient charge separation. GO/ZnS porous 
microspheres are a potential material used in degrading textile 
dyeing waste.
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