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H I G H L I G H T S

• MoS2/ZnS nano-heterojunction is
firstly proposed as a catalyst for the
recovery of [Au(S2O3)2]3− from
leaching solution.

• [Au(S2O3)2]3− can be in-situ reduced
into Au0 and efficiently recovered by
MoS2/ZnS nano-heterojunction.

• The steps of [Au(S2O3)2]3− recovery
was simplified by using MoS2/ZnS
nano-heterojunction.

• A complete Au0 desorption from
MoS2/ZnS nano-heterojunction can be
quickly achieved.
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A B S T R A C T

Recovery of gold thiosulfate complex ([Au(S2O3)2]3−) from leaching solutions has been recognized as a tough
task, which limited the industrial promotion of eco-friendly thiosulfate leaching technique. In this work, MoS2/
ZnS nano-heterojunction as a catalyst was proposed for the recovery of [Au(S2O3)2]3− from leaching solution.
The results indicated that [Au(S2O3)2]3− could not only be efficiently recovered, but also in-situ reduced into
Au0 when MoS2/ZnS nano-heterojunction being used in the leaching solution. Mo0.45Zn0.10S exhibited an ex-
tremely high reduction capacity (1120.56 mg/g), which was 4.52 and 1.72 times of ZnS and MoS2, respectively.
The great improvement was resulted from the ZnS doping on MoS2, which brought stronger light absorption,
higher transferred efficiency and lower recombination of photogenerated electron-hole pairs of MoS2. In addi-
tion, the Au0 could completely desorpt from MoS2/ZnS nano-heterojunctions in Na2S solution in less than 4 min,
leading MoS2/ZnS nano-heterojunction to have remarkable cycling performances. This work provided a new
insight for enhancing the recovery and in-situ reduction of gold thiosulfate complex from leaching solutions.

1. Introduction

Over the past decades, gold was difficultly enriched from nature
ores due to its extremely low grade [1–3]. Up to date, the effective
method of extracting gold from ores was leaching by cyanide [4].

However, the cyanidation leaching would cause lots of environmental
problems because of the high toxicity of cyanide [5]. Under the ad-
vocating of green development in the whole world, ammoniacal thio-
sulfate leaching caused wide attentions owing to its relatively cheap
and nontoxic process [6,7]. Thiosulfate leaching possessed not only
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much less environmental influences and waste treatment costs, but also
technical advantages [8]. The mechanism of the application of thio-
sulfate leaching for extracting gold from ores could be proposed as
following equation:
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Nevertheless, thiosulfate leaching technique was very difficult to be
used in the industry owing to the difficulty in efficiently recovering gold
from the leaching solutions.

So far, various techniques had been explored for recovering [Au
(S2O3)2]3− from leaching solutions. Cementation with zinc resulted in
high reagent consumption and co-precipitation of other metals [9].
Metal displacement using copper powers was effective but not eco-
nomical feasible [10]. Ion-exchange resin was applied to adsorb [Au
(S2O3)2]3−, but easy pulverization of the resin and hard stripping of
[Au(S2O3)2]3− restricted the application [11]. More investigations had
been focused on adsorption of [Au(S2O3)2]3− because of its simplicity,
regeneration capacity and cost efficiency [12]. However, conventional
adsorbents such as active carbon [13], modified active carbon [14] and
thiol- and amine-functionalized mesoporous silica [6] exhibited poor
capacity in adsorbing [Au(S2O3)2]3−. In addition, conventional re-
ductive reagents such as ascorbic acid, sodium borohydride, etc. were
hardly applied in extracting [Au(S2O3)2]3− owing to strong reducing
property of reductive reagent. Kinds of ions would be reduced, resulting
the difficult separation of complex solid phase. Meanwhile, the present
gold recovery methods were complicated owing to the three steps in-
cluding adsorption, desorption and reduction.

Considering that the reduction potential of [Au(S2O3)2]3− to Au0

was 0.15 eV [8], the conduction band of MoS2 was around 0 eV [15],
which was more negative than the reduction potential of [Au
(S2O3)2]3−/Au0, indicating the great possibility of the reduction of [Au
(S2O3)2]3− into Au0. Meanwhile, according to the strong soft–soft in-
teraction between precious metal and sulfur atoms [16,17], rich sulfur-
containing MoS2 might be very beneficial for adsorption of [Au
(S2O3)2]3− and Au0. Based on the above considerations, it might be
assumed that the adsorption, desorption and reduction processes of
gold recovery from leaching solution could be accomplished by one-
step procedure using MoS2. Nevertheless, the tiny difference between
the conduction band value and the reduction potential of [Au
(S2O3)2]3−/Au0 might bring poor reduction performances.

In order to enhance the ability of reducing [Au(S2O3)2]3− into Au0

by MoS2, construction of heterogeneous junction on MoS2 was a good
method. Coupling another semiconductor with MoS2 to form a strad-
dling type band configuration was an effective approach to separate
and transfer the photon-generated electrons and holes for enhancing
photocatalytic activities [18–22]. Among the various semiconductors,
metal sulfides was a suitable candidate for coupling with MoS2 because
of the advantage of sulfide’s electronic and catalytic properties [23,24].
ZnS had wide applications in various fields, such as sensors [25–27],
photovoltaic cells [28,29], biodevices [30,31] and photocatalysts
[32–35] due to more negative potentials of its excited electrons, the
swift generation of electron-hole pairs upon photo-excitation, bio-
compatibility. Simultaneously, the lattice parameters of ZnS and MoS2
were well matched because of the formation of intimate interfaces.

To our knowledge, most materials concentrated on the adsorption
not reduction of gold in aqueous solutions. It was firstly proposed for
reducing [Au(S2O3)2]3− by nano-heterojunction used in extracting
gold. Thus, MoS2/ZnS nano-heterojunction was designed for high effi-
ciency and rapid recovery of gold from thiosulfate leaching solution in
this study. The adsorption, desorption and reduction processes were
accomplished by one-step using MoS2/ZnS nano-heterojunction. MoS2/
ZnS nano-heterojunction was synthesized through a simple hydro-
thermal route. The in-situ reduction behaviors of [Au(S2O3)2]3− on

MoS2/ZnS nano-heterojunction were studied in aqueous solutions. The
desorption and cycling performances of MoS2/ZnS nano-heterojunction
were also researched. The objective was to make a clear understanding
on the in-situ reduction behaviors of [Au(S2O3)2]3− on MoS2/ZnS nano-
heterojunction, further to put a new way for extracting gold in leaching
process.

2. Experimental

2.1. Materials

Ammonium thiosulfate (H8N2O3S2, 99%) was purchased from
Aladdin Co. (Shanghai, China). Standard stock solutions (1000 mg/L) of
chloroauric acid (HAuCl4) of analytical grade was obtained from Well
Group Scientific (USA) Ltd. Other reagents used in the experiment were
all of analytical grade purchased from Sinopharm Chemical Reagent
Co., Lsd (China). Milli-Q deionized water with a resistivity of
18.2 MΩ·cm (produced by Millipore Super Q system) was used in all the
experiments.

2.2. Synthesis of MoS2, ZnS and MoS2/ZnS nano-heterojunction

MoS2/ZnS nano-heterojunction was synthesized via a hydrothermal
route. 2 mmol ammonium molybdate tetrahydrate
((NH4)6Mo7O24·4H2O), 60 mmol thiourea (CN2H4S) and various do-
sages of zinc chloride (ZnCl2) were dissolved in 72 mL distilled water
under vigorous stirring for 30 min. Then, the solution was transferred
into a 100 mL Teflon-lined stainless-steel autoclave at 220 °C for 24 h.
After cooling down to room temperature, the products were filtrated
and washed with water for several times, followed by drying under
60 °C in vacuum. In the work, a series of MoS2/ZnS nano-heterojunction
samples with 0.2, 0.4, 0.6 and 0.8 g dosages of ZnCl2 were prepared.
According to the chemical component analysis, the prepared MoS2/ZnS
nano-heterojunction samples were named as Mo0.49Zn0.02S,
Mo0.47Zn0.06S, Mo0.45Zn0.10S and Mo0.43Zn0.14S, respectively. For
comparison, MoS2 and ZnS were prepared by the same procedure as
mentioned above without the addition of ZnCl2 or (NH4)6Mo7O24·4H2O.

2.3. [Au(S2O3)2]3− reduction experimental

[Au(S2O3)2]3− complex solution was prepared through dropwise
adding HAuCl4 into H8N2O3S2 solution under pH of 10 with the 4:1 mol
ratio. Reduction experiments were conducted to study the reduction
behaviors of [Au(S2O3)2]3− on the prepared samples. Firstly, 10 mg
sample was added into 150 mL 100 mg/L [Au(S2O3)2]3− solution with
pH of 10. Then the suspension was stirred with the rate of 500 rpm at
room temperature under natural light with the intensity of 0.432 kW/
m2. At different time intervals (0–1440 min), 1 mL suspension was
extracted and filtered with 0.22 μm filter membrane, followed by the
determination of Au(I) concentration. As for studying the effect of pH
on reduction, 10 mg reductants were added into 150 mL 100 mg/L [Au
(S2O3)2]3− solution with pH ranging from 8 to 12. To study the effect of
[Au(S2O3)2]3− concentration (50–150 mg/L) on the reduction, 10 mg
reductants were added into 150 mL [Au(S2O3)2]3− solution with pH of
10.

Au(I) reduction capacity was calculated by the following equation:

=
−q V C CV

m
0 0

(3)

where q meant the reduction capacity of the reductant, mg/g; C0 and C
exhibited the Au(I) concentration in the solution before and after re-
duction, respectively, mg/L; V0 and V were the solution volume of the
[Au(S2O3)2]3− solution before and after reduction, respectively, L; m
represented the mass of the reductant in the test, g.
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2.4. Desorption of Au0 from MoS2/ZnS nano-heterojunction

After reaction in [Au(S2O3)2]3− solution, MoS2/ZnS nano-hetero-
junction was separated from solution through filtering. Then MoS2/ZnS
nano-heterojunction was transferred into 50 mL 0.3 mol/L Na2S solu-
tion, and stirred at 200 rpm for 5 min. Finally, the solution was with-
drawn for the determination of Au element.

Desorption efficiency of Au0 from MoS2/ZnS nano-heterojunctions
was calculated as below:

= ×R V C
m

100%1 1

1 (4)

where R represented the desorption efficiency of Au0 from MoS2/ZnS
nano-heterojunction; V1 meant the volume of Na2S solution, L; C1 was
Au(I) concentration, mg/L; m1 exhibited the mass of MoS2/ZnS nano-
heterojunction in the desorption test, mg.

2.5. Characterizations

XRD patterns were acquired on a D8 Advance system (Bruker AXS,
Germany). SEM images were recorded with a Zeiss Gemini 300
(Germany). XPS was performed on an ESCALB 250Xi photoelectron
spectrometer (American) with Al Kα source (1486.6 eV) for detecting
the chemical state of sample. A contrAA700 continuum source atomic
adsorption spectrometry system was applied to detect the concentration
of Au(I). The high-resolution TEM (HRTEM) and the corresponding
energy dispersive spectra (EDS) were performed on a Titan G 260–300
transmission electron microscope. Chemical component analysis of
MoS2/ZnS was measured by inductively coupled plasma optical emis-
sion spectrometer (ICP-OES, Agilent 720ES). UV–vis was recorded on a
Lambda 750 S UV–vis spectrophotometer (America) using BaSO4 as
reference.

2.6. Electrochemical measurements

Electrochemical characterizations were conducted in three elec-
trode cell system by a CHI1030B electrochemical station. The ITO glass
deposited with reductants, Pt flake and saturated calomel electrode
were used as working electrodes, counter electrode and reference
electrode, respectively. 10 mg of sample was dispersed in 1 mL of
ethanol containing 0.5% of nafion under ultrasound for 1 h. Next, 10 μL
of the reductants dispersion was loaded onto a ITO glass serving as the
working electrode. Photocurrent measurements (i-t curves) were car-
ried out with xenon lamp with light intensity of 300 W. Na2SO4 (0.5 M)
was applied as the electrolyte. The interval of light on/off was 30 s.
Electrochemical impedance spectroscopy (EIS) was measured in a 1 M
potassium ferricyanide solution over the frequency range of
0.01–105 Hz with an alternating current voltage of 10 mV.

3. Results and discussion

3.1. Characterization of MoS2/ZnS nano-heterojunction

The XRD patterns of ZnS, MoS2 and a series of MoS2/ZnS nano-
heterojunction were exhibited in Fig. 1. The diffraction peaks observed
at 14.1° (0 0 2), 33.3° (1 0 0), 39.4° (1 0 3) and 59.0° (1 1 0) could be
well assigned to the 2H phase MoS2[36,37]. Meanwhile, the three
pronounced peaks at 28.6° (1 1 1), 47.6° (2 2 0) and 56.6° (3 1 1) were
contributed to cubic phase ZnS [38]. All the peaks of ZnS and MoS2
were detected in MoS2/ZnS nano-heterojunction, suggesting that little
effect occurred on the crystal structure of MoS2 and ZnS in coupling
each other. Moreover, the peak intensities of MoS2/ZnS nano-hetero-
junction varied with the component ratio.

The optical properties of ZnS, MoS2 and MoS2/ZnS nano-hetero-
junction were explored by UV–vis measurements, as showed in Fig. 2.
Two distinct absorption shoulders from 200 to 500 nm were observed in

MoS2. MoS2 had a wide adsorption in the visible light and ultraviolet
(UV) region. The adsorption edge of ZnS sample was located around
370 nm wavelength, which was accordance with other works [39].
MoS2 had a broader adsorption than ZnS in the visible light and ul-
traviolet (UV) region. MoS2/ZnS nano-heterojunction except
Mo0.43Zn0.14S also possessed good adsorption in the visible light and
ultraviolet (UV) region. Thus, MoS2/ZnS nano-heterojunction was
likely to be superior visible light and UV responsive photocatalysts for
reduction of [Au(S2O3)2]3−.

The chemical compositions and elemental valence states of the
products were investigated by XPS. XPS survey spectra clearly de-
monstrated the existence of Mo, S and Zn element in MoS2/ZnS nano-
heterojunctions (Fig. 3A). For pure MoS2, the Mo 3d3/2 and 3d5/2 peaks
were located at 232.68 and 229.48 eV (Fig. 3B), respectively, revealing
the + 4 state of Mo in MoS2 [40]. After coupling with ZnS, the Mo 3d
peaks shifted to 231.88 (3d3/2) and 228.98 eV (3d5/2), respectively,
which might be ascribed to the discontinuous growth of nanosheets due
to the existence of Zn. Meanwhile, the peak at 234.78 eV (MoVI)
probably originated from the interaction between ZnS and MoS2. S 2p
spectra (Fig. 3C) of the prepared samples were studied to further in-
vestigate the impact of ZnS on MoS2. The peaks of 2p1/2 and 2p3/2 at
163.48 and 162.28 eV were consistent with the S2− of MoS2 [41]. The
peaks observed at 162.73 and 161.18 eV could be assigned to ZnS [42].
After hybridization, S 2p peaks of MoS2/ZnS nano-heterojunctions
(162.98 eV, 161.78 eV) had a slight shift compared with MoS2 and ZnS.
In addition, the peaks of Zn 2p1/2 (1044.91 eV) and Zn 2p3/2

Fig. 1. XRD patterns of ZnS, MoS2 and MoS2/ZnS nano-heterojunction.

Fig. 2. UV–Vis absorbance spectra of ZnS, MoS2 and MoS2/ZnS nano-hetero-
junction.
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(1021.74 eV) of MoS2/ZnS nano-heterojunction exhibited a shift in
contrast to Zn 2p spectrum of ZnS (1045.18 eV, 1022.28 eV). These
phenomena could be explained by partial electron transfers from ZnS to
MoS2, which further demonstrated the existence of strong electronic
interactions between MoS2 and ZnS, promoting the separation and
transfer of photogenerated charges [23,43]. Therefore, the formation of
heterojunction and Zn-S-Mo bonds would be very beneficial for the
improvement of photocatalytic performances.

The morphologies and microstructures of ZnS, MoS2 and MoS2/ZnS
nano-heterojunction were characterized by SEM and TEM (Figs. 4 and
5). From the SEM images (Fig. 4A1-A2), pure ZnS formed as spheres

with plenty of small particles on the outer surface. The synthesized
MoS2 displayed as embroidered balls formed by countless ultrathin
nanosheets, as exhibited in Fig. 4B1-B2. As for MoS2/ZnS nano-het-
erojunction (Fig. 4C1-C2), it showed a similar morphology with MoS2
but different density of ultrathin nanosheets. TEM and corresponding
elemental mapping analysis were further provided for the investigation
of Mo, Zn and S distribution (Fig. 5). Fig. 5A exhibited a similar result
with SEM that the edges of MoS2/ZnS nano-heterojunction were con-
stituted by abundant of nanosheets. The high-resolution image clearly
showed that MoS2 with interlayer spacing of 0.651 nm [44,45] inter-
laced with ZnS with interlayer spacing of 0.313 nm [46] (Fig. 5B),

Fig. 3. XPS of ZnS, MoS2 and MoS2/ZnS nano-heterojunction: survey spectra (A), Mo 3d spectra (B), S 2p spectra (C) and Zn 2p spectra (D).

Fig. 4. SEM images of ZnS (A1-A2), MoS2 (B1-B2) and MoS2/ZnS nano-heterojunction (C1-C2) at different scales.
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proving the existence of MoS2 and ZnS. The selected area electron
diffraction (SAED) pattern (Fig. 5C) indicated that the as-prepared
sample consisted with polycrystal state of ZnS and hexagonal phase of
MoS2, which was consistent with the XRD results. The corresponding
EDS elemental mappings revealed the uniform Mo distribution, con-
centrated Zn distribution and overlapped S distribution on Mo and Zn
(Fig. 5D-F).

3.2. In-situ reduction of [Au(S2O3)2]3− on MoS2/ZnS nano-heterojunction

The photocatalytic reduction activities of [Au(S2O3)2]3− on MoS2/
ZnS nano-heterojunction were tested under natural light irradiation.
The photocatalytic performances of ZnS, MoS2 and MoS2/ZnS nano-
heterojunction were exhibited in Fig. 6. It could be seen that the re-
duction capacity of [Au(S2O3)2]3− on both ZnS and MoS2 were lower
than that on MoS2/ZnS nano-heterojunction. For instance,

Mo0.45Zn0.10S exhibited an extremely high reduction capacity of
1120.56 mg/g, which was 4.52 and 1.72 times of ZnS and MoS2, re-
spectively. The higher transferred efficiency and lower recombination
of photogenerated electrons-holes pairs would account for the reduc-
tion capacity MoS2/ZnS nano-heterojunction than that of ZnS and
MoS2. The reduction of [Au(S2O3)2]3− on all the samples increased
quickly as the increase of time and then reached balance. The balance
might result from the saturation of the active sites of samples. Also, it
was obvious that the reduction rate of [Au(S2O3)2]3− on Mo0.45Zn0.10S
was the quickest among all the samples. Table 1 exhibited the com-
parison of the [Au(S2O3)2]3− recovery capacity with same [Au
(S2O3)2]3− initial concentration by MoS2/ZnS nano-heterojunction and
other materials, which demonstrating the great recovery capacity of
MoS2/ZnS nano-heterojunction. The results demonstrated that MoS2/
ZnS nano-heterojunction had great potential in the recovery of gold
from leach solution. In addition, it was found that the [Au(S2O3)2]3−

reduction capacity of MoS2/ZnS nano-heterojunction increased with
the Zn content and then decreased with further increase of Zn, which
will be explained below.

Effect of pH on zata potential of Mo0.45Zn0.10S and the reduction
capacity of [Au(S2O3)2]3− on Mo0.45Zn0.10S were illustrated in Figs. 7
and 8, respectively. With the increase of pH, the negative potential
increased quickly and then slowly, which demonstrated that the elec-
trostatic interaction between H+ and the negative charge of un-
saturated S atoms in MoS2 fast decreased and balanced. The reduction
capacity increased quickly as increasing pH to 10 and then reached a
plateau. As a result, the catalytic activity of MoS2 principally originated
from Mo edges as well as unsaturated S atoms. H+ would compete with
[Au(S2O3)2]3− for the active sites, resulting in the decrease of [Au
(S2O3)2]3− reduction. Thus, [Au(S2O3)2]3− reduction capacity in-
creased as the decrease of H+ (increase of pH). After pH higher than 10,
very few H+ presented in aqueous solution it is thereby unconspicuous
effect on the reduction was observed. The reduction performances of
[Au(S2O3)2]3− on Mo0.45Zn0.10S were investigated at various initial
concentration. Fig. 9 illustrated that the reduction capacity increased
with increasing the initial [Au(S2O3)2]3− concentration.

Mo0.45Zn0.10S was explored by XRD, XPS and TEM after being

Fig. 5. TEM (A), HRTEM (B) and SAED (C) images of MoS2/ZnS nano-heterojunction and corresponding EDS elemental mapping (D-F).

Fig. 6. Photocatalytic reduction performances of [Au(S2O3)2]3− on ZnS, MoS2
and MoS2/ZnS nano-heterojunction as a function of time at pH of 10 and an
initial [Au(S2O3)2]3− concentration of 100 mg/L.
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applied as catalyst in the [Au(S2O3)2]3− aqueous solutions. Fig. 10
showed the XRD pattern and digital picture of Mo0.45Zn0.10S after [Au
(S2O3)2]3− reduction. From the digital picture, it was worth noticing
that a deposition layer with metal luster was formed on the surface of
Mo0.45Zn0.10S, which could be identified to be Au0. As for XRD pattern,
the clear diffraction peaks at 38.3°, 44.4°, 64.7° and 77.6° were assigned
to Au0 [47], which well demonstrated that [Au(S2O3)2]3− was in-situ
reduced into Au0 on Mo0.45Zn0.10S. Fig. 11A exhibited the wide-scan
XPS spectra of Mo0.45Zn0.10S after reduction of [Au(S2O3)2]3− on it.
Similar with XRD, high peaks of Au0 were detected. The Mo 3d, S 2p
and Zn 2p spectra shown in Fig. 11B, C and D revealed that no new
peaks appeared and no changes occurred on Mo, S and Zn after being
used for reducing [Au(S2O3)2]3−. Spectra of Au 4f was presented in
Fig. 11E. Two peaks at 83.78 eV and 87.48 eV were Au0 according to
previous work [48]. The [Au(S2O3)2]3− reduction on Mo0.45Zn0.10S was
further confirmed by the measurement of TEM-EDS. Fig. 12A–B dis-
played the morphological image of Mo0.45Zn0.10S after [Au(S2O3)2]3−

reduction on it. Obviously, many nanoparticles with size of about
80–400 nm loaded on the thin sheets of Mo0.45Zn0.10S. Fig. 12C–F was
the corresponding EDS elemental mapping of Mo, S, Zn and Au. It was
clear that Mo distributed integrally on Mo0.45Zn0.10S, while Zn con-
centrated in part of Mo0.45Zn0.10S, and S overlapped with both Mo and
Zn. The results well indicated that Zn presented in Mo0.45Zn0.10S
through heterojunction with MoS2 in the form of ZnS. Interestingly, the
distribution of Au was highly coincident with that of Zn, implying that
[Au(S2O3)2]3− preferred to be reduced into Au0 at region where both
Mo and Zn presented, further demonstrating that the MoS2-ZnS het-
erojunction indeed enhanced the reduction of [Au(S2O3)2]3−.

3.3. Origin of the enhanced [Au(S2O3)2]3− reduction on MoS2/ZnS nano-
heterojunction

The transient photocurrent response was displayed in Fig. 13 to

Table 1
Comparison of the recovery capacity of MoS2/ZnS nano-heterojunction and other materials.

Material Recovery capacity (mg/g) Recovery (%) References

Cupric ferrocyanide-impregnated activated carbon 1.474 75 [14]
AgFC-impregnated activated carbon 1.212 70 [21]
MoS2/ZnS 1120.56 91 This work

Fig. 7. Effect of pH on the zeta potential of Mo0.45Zn0.10S.

Fig. 8. Reduction capacity of [Au(S2O3)2]3− on Mo0.45Zn0.10S as a function of
pH at an initial [Au(S2O3)2]3− concentration of 100 mg/L.

Fig. 9. Reduction capacity of [Au(S2O3)2]3− on Mo0.45Zn0.10S at various initial
concentration and pH of 10.

Fig. 10. XRD pattern of Mo0.45Zn0.10S after [Au(S2O3)2]3− reduction, and in-
sert picture was digital picture of Mo0.45Zn0.10S after [Au(S2O3)2]3− reduction.
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investigate the separation efficiency of electrons and holes of ZnS, MoS2
and MoS2/ZnS nano-heterojunction. The nano-heterojunction enabled
MoS2/ZnS show higher photocurrent than ZnS and MoS2, which can be
ascribed to the fact that ZnS lowered the recombination rate of elec-
trons and holes in MoS2, indicating that MoS2/ZnS nano-heterojunction
had more photogenerated charges for the photocatalytic reduction. The
photocurrent of MoS2/ZnS nano-heterojunction first increased and then
decreased with the increase of Zn. Meanwhile, Mo0.45Zn0.10S possessed
the highest photocurrent among all the prepared MoS2/ZnS nano-het-
erojunction. The phenomenon was highly consistent with the [Au
(S2O3)2]3− reduction property of MoS2/ZnS nano-heterojunction
showing in Fig. 6. Therefore, it could be concluded that the photo-
catalytic performance of MoS2/ZnS nano-heterojunction was attributed
to the variation of photocurrent when MoS2 and ZnS are coupled.

Fig. 14 displayed the EIS result for a further investigation on the
photogenerated charges transfer and recombination of MoS2/ZnS nano-
heterojunction. The EIS Nyquist plots expressed that MoS2/ZnS nano-
heterojunction owed smaller semicircle than ZnS and MoS2, revealing a

faster photogenerated charges separation and transfer efficiency in
MoS2/ZnS nano-heterojunction. Similarly, Mo0.45Zn0.10S possessed the
fastest efficiency of photogenerated charges separation and transfer in
all the MoS2/ZnS nano-heterojunction samples.

To clarify the underlying mechanism of the enhanced photocatalytic
activity, apparent quantum efficiencies (AQE) of MoS2, ZnS and
Mo0.45Zn0.10S were calculated at λ = 420 nm. The catalytic mixture
was irradiated under a 300 W Xe lamp for 5 h. The average incident
irradiation of area was 3 cm2. The reduced amount of [Au(S2O3)2]3− in
5 h was mol for MoS2, ZnS and Mo0.45Zn0.10S, respectively. All the
calculations were given below.

=
×

×

−the number of
the mumber of incident photons

AQE(%)
(1 [Au(S O ) ] )

100%2 3 2
3

(5)

As calculated, AQE of MoS2, ZnS and Mo0.45Zn0.10S was 0.38%,
0.14% and 0.73%, respectively. It was indicated that Mo0.45Zn0.10S was
highly-efficient photocatalyst for reducing [Au(S2O3)2]3−.

Fig. 11. XPS spectra of Mo0.45Zn0.10S after [Au(S2O3)2]3− reduction: wide-scan spectra (A), Mo 3d spectra (B), S 2p spectra (C), Zn 2p spectra (D) and Au 4f spectra
(E).
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Based on the above results, the mechanism for highly effective re-
duction of [Au(S2O3)2]3− by using MoS2/ZnS nano-heterojunction as
catalyst was proposed and schematically illustrated in Fig. 15. Figure
showed the energy diagram indicating the formation of a Type I band
heterostructure. The enhanced photocatalytic reduction of [Au
(S2O3)2]3− on Mo0.45Zn0.10S was ascribed to the strong absorption of
light, high transferred efficiency and low recombination of photo-
generated electrons-holes pairs. Upon visible light irradiation, photo-
generated electrons-holes pairs were produced in ZnS due to wider
band gap than MoS2. Then, the separated electrons were quickly
transferred from ZnS to MoS2 because of the lower conduction band
(CB) positions.[23] Due to the strong interaction between gold and
sulfur atoms, [Au(S2O3)2]3− would be adsorbed on rich sulfur-con-
taining Mo0.45Zn0.10S. The electrons on MoS2 combined with [Au
(S2O3)2]3−, leading to the in-situ reduction of [Au(S2O3)2]3− into Au0.
In addition, large and intimate interfacial contact between ZnS and
MoS2 as exhibited in TEM results played an important role in benefiting
the transfer of electrons and retardation of photogenerated charges
recombination. According to previous work [49,50], (S2O3)22− could
act as sacrificial agent consume the photogenerated holes. The possible
chemical reactions of reducing [Au(S2O3)2]3− using MoS2/ZnS was

Fig. 12. TEM images of Mo0.45Zn0.10S after [Au(S2O3)2]3− reduction (A-B) and corresponding EDS elemental mapping (C-F).

Fig. 13. Photocurrent responses of ZnS, MoS2 and MoS2/ZnS nano-hetero-
junction.

Fig. 14. EIS of ZnS, MoS2 and MoS2/ZnS nano-heterojunction.

Fig. 15. Schematic illustration of photogenerated electrons transfer in MoS2/
ZnS nano-heterojunction and the photocatalytic reduction mechanism of [Au
(S2O3)2]3−.
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given in following equations.

→ +
− +S ZnS e hMo /

hv
2 (6)

+ →
− + −S O h S O2 22 3

2
4 6

2 (7)

+ →
+ −u e AuA 0 (8)

Thus, MoS2/ZnS nano-heterojunction would have great potential in
gold leaching fields.

3.4. Recycle experiments of [Au(S2O3)2]3− reduction on MoS2/ZnS nano-
heterojunction

Fig. 16 showed the removal of Au0 from Mo0.45Zn0.10S in Na2S so-
lution. It was obvious that the desorption of Au0 from Mo0.45Zn0.10S in
Na2S solution was relatively fast. A high desorption efficiency (91%) of
Au could be reached in only 1 min and a complete desorption in less
than 4 min. Five consecutive [Au(S2O3)2]3− reduction reactions were
performed to evaluate the stability of Mo0.45Zn0.10S (Fig. 17). No ob-
vious decrease of [Au(S2O3)2]3− reduction capacity was observed, de-
monstrating the high stability of Mo0.45Zn0.10S.

4. Conclusions

Synthesized MoS2/ZnS nano-heterojunction as a catalyst was pro-
posed for efficient in-situ recovery of [Au(S2O3)2]3− from leaching
solution. Mo0.45Zn0.10S exhibited remarkable high reduction capacity,

which was higher than pure ZnS and MoS2. The vast improvement
originated from the strong absorption of light, high transferred effi-
ciency and low recombination of photogenerated electrons-holes pairs
and the strong interaction between gold and sulfur atoms. The deso-
rption efficiency of Au0 from MoS2/ZnS nano-heterojunctions using
Na2S could realize a complete desorption in less than 4 min. MoS2/ZnS
nano-heterojunction had good cycling performances and stability.
Therefore, MoS2/ZnS nano-heterojunction was promising sustainable
material for revering gold from leaching solutions owing to its high in-
situ reduction capacity, excellent desorption efficiency and outstanding
stability.
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