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a b s t r a c t   

The necessity for application of molybdenum disulfide (MoS2) in photocatalytic reduction field required 
speedy improvement with high reduction and adsorption performance. Here, manganese (Mn) and oxygen 
(O) dual-doping strategy were taken for demonstrating that enhancing photocatalytic reduction could 
achieve simultaneous modulation of the reduction and adsorption parameters by optimizing the electronic 
configuration and hydrophilicity ability in MoS2. Benefiting from the Mn and O dual-doping collective ef
fect, the developed Mn,O-MoS2 exhibited outstanding photocatalytic reduction and recovery performances 
of gold(I) from thiosulfate leaching solutions with reduction capacity of 1386.98 mg/g and the corre
sponding recovery of 92.50%. Besides, Mn and O atoms dual doping in MoS2 accelerated the recovery rate, 
which was 3 folds higher compared with that of MoS2. Experimental and first-principle approaches sug
gested that the reduction and adsorption ability of MoS2 were strengthened through tuning the electronic 
structure and surface property with Mn and O dopants: (1) Mn atoms notably enhanced the conductivity 
and optimized the electronic structure for facilitating the reduction performance; (2) The incorporated O 
atoms greatly promoted the adsorption of [Au(S2O3)2]3- by improving the affinity of water molecules and 
Mn,O-MoS2. The work provides a promising strategy to manipulate two-dimensional materials for various 
applications about catalysts and adsorbent. 

© 2022 Published by Elsevier B.V.    

1. Introduction 

MoS2, a typical earth-abundant transition metal dichalcogenides 
(TMDs), had emerged as a strong candidate for photocatalytic re
duction of heavy metal ions [1] such as chromium(VI) [2], silver(I)  
[3] and gold(I) [4] with the aim of removal or recovery because of 
their favorable photocatalytic properties. Take photocatalytic re
duction of gold(I) for example, a new method to extract gold from 

thiosulfate leaching solutions. Thiosulfate leaching [5] was the most 
potential technique to replace cyanidation leaching [6] for leaching 
gold from natural ores, alluvial deposits or urban mines[7] through 
conversing gold into a water-soluble coordination compound ([Au 
(S2O3)2]3-) [8]. However, the recovery of gold(I) from thiosulfate 
leaching solutions was current a bottleneck problem for its in
dustrial application. 

Even though tremendous techniques including cementation [9], 
metal displacement [10], adsorption [11] and ion-exchange [12] had 
been applied for recycling gold(I) from thiosulfate leaching solu
tions, the cost or recovery was still unsatisfied. Lately, photocatalytic 
reduction of [Au(S2O3)2]3- by MoS2 was an efficient method for re
cycling gold(I), and simultaneously simplifying the traditional re
covery steps [13]. Although the recovery of [Au(S2O3)2]3- was 
improved using MoS2 compared with traditional materials, the 
performances were yet unsatisfactory. The photocatalytic reduction 
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performances were related with reduction and adsorption activity. 
Lots of previous researches had verified that the conductivity of 
MoS2 was low, limiting the transfer of photo-generated electrons  
[14–16]. In addition, the surface of MoS2 was hydrophobic, which 
was not available for the hydrated gold(I) bound with sulfur atoms. 

An alternative approach to solving the above problems was 
through tuning the electronic and surface structure of MoS2, such as, 
by heteroatoms doping [17–19], thus improving the ability of pho
tocatalytic reduction. Transition metal doping engineering had been 
regarded as a promising method to regulate the electronic structure. 
In previous studies, metal-doped catalysts, for example, Co-doped  
[20], Ni-doped [21], Mn-doped [22], Zn-doped MoS2 [23], had out
standing reduction activity. While the metal doping was effective in 
inducing active site and optimizing the electronic structure for re
duction, their adsorption toward hydrated ions was poor due to the 
hydrophobic property of MoS2. Anion doping, especially hydrophilic 
oxygen doping, had been reported that could modulate the affinity 
between MoS2 with water molecules [24]. Besides, Xie and co- 
worker [25] found that the incorporation of oxygen into MoS2 with 
numerous defects could increase the active sites. Whereas, it was 
still a question whether the structure engineering by atoms doping 
technique could simultaneously influence the reduction and ad
sorption factors for photocatalytic reduction ability. 

Herein, the structural engineering of MoS2 by Mn and O doping 
through a facile one-pot hydrothermal method was successfully 
achieved and systematically studied in this work. Mn and O dopants 
as regulatory factors were adopted to optimize the electronic status 
and surface property of MoS2 for achieving highly active catalytic 
centers being most favorable to the photocatalytic reduction of [Au 
(S2O3)2]3-. The photocatalytic reduction behaviors of [Au(S2O3)2]3- on 
Mn and O codoped MoS2 (Mn,O-MoS2) was studied in aqueous so
lutions. The aim was to understand the photocatalytic reduction 
behaviors of [Au(S2O3)2]3- on Mn,O-MoS2, thus to pave a new way 
for the recovery of precious metal through photocatalytic reduction. 

2. Experimental section 

2.1. Materials 

Chloroauric acid (HAuCl4, 1000 ppm) was purchased from Well 
Group Scientific Ltd. (USA). Ammonium thiosulfate (H8N2O3S2) was 
obtained from Aladdin Co. (Shanghai, China). Other reagents used in 
the experiment were all purchased from Sinopharm Chemical 
Reagent Co., Ltd. (China). The water used in all the experiments was 
produced by Millipore Super Q system with a resistivity of 
18.2 MΩ·cm. 

2.2. Materials Synthesis 

Mn,O-MoS2 was synthesized through one-step hydrothermal 
reaction. Typically, 1 mmol ammonium molybdate tetrahydrate 
((NH4)6Mo7O24.4 H2O), 30 mmol thiourea (CN2H4S) and 0.05 mmol 
manganese chloride (MnCl2.4 H2O) were dissolved into 32 mL of 
water under magnetic stirring for 1 h. Followed on, the solution was 
transferred into a 50 mL Teflon-lined stainless-steel autoclave and 
kept in an oven at 180 °C for 24 h. After naturally cooled down to 
room temperature, the resultant precipitates were collected by fil
tration, washed with water and ethanol several times, and finally 
dried at 60 °C in vacuum oven. For comparison, O-MoS2 was pre
pared following similar synthesized route with the absence of 
MnCl20.4 H2O. Mn-MoS2 was synthesized by the same procedure but 
heated through hydrothermal reaction at 220 °C. MoS2 was yielded 
under hydrothermal reaction at 220 °C without MnCl20.4 H2O. 
According to the chemical component analysis through inductively 
coupled plasma-optical emission spectrometry (ICP-OES), the 
component of obtained MoS2, Mn-MoS2, O-MoS2 and Mn,O-MoS2 

sample is Mo0.5002S, Mo0.4911Mn0.004S, Mo0.5218O0.4146S and Mo0.5213 

Mn0.005O0.2946S, respectively. 

2.3. Reduction experiments 

Initial [Au(S2O3)2]3- solution (150 mL, 100 mg･L−1) was prepared 
by dropwise adding HAuCl4 (15 mL) in H8N2O3S2 (45 mg) under pH 
of 10, as reported in previous work [22]. Subsequently, samples 
(10 mg) were added into [Au(S2O3)2]3- solution under the natural 
light with the intensity of about 0.04 KW/m2. At various time in
tervals (0–1200 min), 1 mL reaction suspension was sucked and then 
filtered. In the experiment about pH effect on [Au(S2O3)2]3- solution, 
[Au(S2O3)2]3- solutions with pH ranging from 8 to 12 were taken on. 
For investigating the initial [Au(S2O3)2]3- concentration on reduc
tion, [Au(S2O3)2]3- solutions with various initial concentration (50, 
75, 100, 125 and 150 mg･L−1) were performed. 

The Au (I) reduction was calculated as the following equation: 

= C V CV
m

R 0 0
(1)  

The recovery rate in the first 120 min was calculated by the fol
lowing equation: 

=g min
R
t

Recovery rate(mg· · )1 1
(2)  

And the recovery in 1200 min was calculated using the following 
equation: 

= ×C C
C

Recovery(%) 100%0

0 (3) 

where, R was the Au (I) reduction on sample, mg/g; C0 and C ex
hibited [Au(S2O3)2]3- reduction before and after reduction, respec
tively, mg･L−1; V0 and V were volume of solution before and after 
reduction, respectively, L; m meant the mass of sample, g; t was the 
time, min. 

2.4. DFT calculations 

All the DFT calculations were carried out using DMol3 program. 
The plane wave cutoff energy was 340 eV, and k-point calculation in 
the Brillouin zone was set to 5ⅹ5ⅹ1. Lattice geometries and atomic 
positions were totally relaxed until the atomic force doesn’t exceed 
0.002 Hartree/Å, and the convergence threshold for energy was 10−6 

eV. The non-local exchange and correlation effects was described 
used the Perdew-Bruker-Ernzerh functional within the Generalized 
Gradient Approximation (GGA), which is an auxiliary proof of in
teraction between Au and Mn,O-MoS2 [26]. Spin-polarized density 
functional theory is employed in the electronic structure calcula
tions. In all calculations, the vacuum layer was set as 20 Å for 
eliminating periodic interaction. Mn-MoS2 was built through sub
stituting one Mo atom with Mn atom. To account for different O 
dopant concentrations, a single dopant and two dopants in Mn-MoS2 

supercell were considered. All the possible configurations of Mn,O- 
MoS2 were exhibited in Fig. S1. Before the explorations in the in
teraction among H2O, Au(I) and catalysts, the stability of Mn,O-MoS2 

was evaluated by the formation energies (Eform) showed below: 

µ µ µ µ= + +E E E n m( ) ( )form doped pure Mo Mn S O (4) 

where Edoped and Epure were the total energy of Mn,O-MoS2 and MoS2, 
respectively; µMo, µMn, µS and µO were the chemical potentials of Mo, 
Mn, S and O, respectively. n and m meant the numbers of removed Mo 
and S atoms, respectively. µMo and µS are the total energy per atom of 
the bcc Mo and orthorhombic α-S, respectively. µO is the single O 
atom in the total energy of O2 molecule. According to the definition, 
the formation energies were calculated as exhibited in Table S1. The 
formation energy of MoS2-Mn-1 O(1) and MoS2-Mn-2 O(1) was the 
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highest in the single O dopant and two O dopants in Mn-MoS2 

models, respectively, demonstrating that the stable structure and O 
atoms preferred to connect with Mn atoms. In addition, in the elec
tron density maps of Mn,O-MoS2 after structure optimization (Fig. 
S2), Mn and O atoms could well incorporate into the structure of 
MoS2. In the following experiment, MoS2-Mn-1 O(1) and MoS2-Mn- 
2 O(1) were used for investigating O dopant on the structure and Au(I) 
adsorption on Mn,O-MoS2. The adsorption energy between Au(I) and 
catalysts was calculated as below: 

=E E E Ecatalyst Au I catalyst Au I catalyst Au I/ ( ) / ( ) ( ) (5)  

=E E E nE n( )/catalyst H O catalyst H o catalyst H O/ /2 2 2 (6)  

=E E E nE n( )/Au I H O Au I H o Au I H O( )/ ( )/ ( )2 2 2 (7) 

where catalyst meant MoS2, Mn-MoS2, O-MoS2 or Mn,O-MoS2, 
Ecatalyst Au I/ ( ) was the adsorption energies between catalyst and Au(I), 
Ecatalyst H O/ 2 and EAu I H O( )/ 2 represented the interaction energy be

tween H2O and catalyst (or Au(I)), n was the number of H2O mole
cules in the system, Ecatalyst Au I/ ( ), Ecatalyst , EAu I( ) , Ecatalyst H o/ 2 , EH O2 and 
EAu I H o( )/ 2 were the energy of catalyst-Au(I) system, catalyst system, an 
isolated Au(I) system, catalyst-H2O system, H2O system and Au(I)-H2O 
system in a vacuum box, respectively. 

2.5. Materials characterizations 

The phase structures of all samples were identified by a D8 
Advance system with Cu-Kα radiation (Bruker AXS, Germany). XPS 
was recorded on a Thermo ESDALB 250 Xi spectrometer. The Zeta 
potential was measured by a Malvern Zeta-sizer Nano ZS90 (UK). 
The contact angle is determined by a goniometer (JC2000DM). 
Chemical component analysis of samples was detected with ICP-OES 
(Leeman Prodigy 7, America). Photoluminescence spectrum were 
performed on excitation with a wavelength of about 325 nm using a 
Xe lamp as the excitation source (Edinburgh FLS1000, UK). Surface 
morphology was detected by scanning electron microscope (SEM) 
(Phenom ProX G6, Netherlands). The morphologies and micro
structures of samples and corresponding energy dispersive spectra 
(EDS) were observed by a JEM-2100 F transmission electron micro
scope. Atomic structure was directly observed using Titan Cubed 

Themis G2 300 (Thermo Fisher Scientific, America). UV-Vis was 
performed on a Lambda 750 S UV-Vis spectrophotometer (America). 
An Agilent 200 series AA atomic adsorption spectrophotometer 
(AAS) was used for detecting the concentration of Au(I). 

2.6. Electrochemical measurements 

All the electrochemical measurements were conducted in a three 
electrode system with 0.5 M H2SO4 as electrolyte using an electro
chemical station (CHI1030B, China). For preparation of the working 
electrodes, 10 mg sample was dispersed in 1 mL of ethanol. Saturated 
calomel electrode, Pt flake and ITO glass deposited with samples 
were used as reference electrode, counter electrode and working 
electrode, respectively. Photocurrent measurements were carried 
out under xenon lamp with 300 W light intensity, and the interval of 
light on/off was set to 30 s. Electrochemical impedance spectroscopy 
(EIS) analysis was attained in a 1 M potassium ferricyanide solution 
with an alternating current voltage of 10 mN over the frequency 
range of 0.01–105 Hz. Mott-Schottky (M-S) analysis was performed 
with the test frequency of 1000 Hz. 

3. Results and discussion 

3.1. Morphology and structure analysis 

A facile hydrothermal reaction was applied for fabricating Mn,O- 
MoS2 (more details in the Experimental Section), as depicted in  
Fig. 1a. In the strategy of hydrothermal doping, ammonium mo
lybdate tetrahydrate, thiourea and manganese chloride were used as 
Mo, S and Mn source, respectively, while the introduction of O re
source was through adjusting the hydrothermal temperature. Phase 
structures were detected by X-ray diffraction (XRD), as shown in  
Fig. 1b. The diffraction peaks of all prepared samples could be in
dexed into the crystalline planes of MoS2 phase[27]. No other peaks 
appeared, confirming that the structure of MoS2 hadn’t been affected 
as incorporating Mn and O atoms. When oxygen atoms were in
corporated into MoS2, all the peaks were broadened and the (103) 
diffraction peaks of MoS2 shifted to a lower angle, resulting from the 
declined crystallinity in accordance with previous work[28]. 

Fig. 1. a) Schematic illustration of the synthetic approach for Mn,O-MoS2; b) XRD patterns and c) UV-Vis absorbance spectra of MoS2, O-MoS2, Mn-MoS2 and Mn,O-MoS2.  
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According to the diffraction theory, the diffraction peaks will be 
broadened by the declined crystal structure and the crystal defects. 
After Mn atoms doping, the width of all diffraction peaks broadened 
owing to the created defects by the dopant[28]. When O oxygen 
atoms were introduced, the reduced crystallinity broadened all the 
diffraction peaks[25]. And the (103) diffraction peaks of MoS2 shifted 
to a lower angle, resulting from the declined crystallinity. It was 
indicated that the synthesized temperature played an important role 
in the formation crystal structure. The analyses reveal that in
sufficient reaction leads to the incorporation of O atoms[29]. Contact 
angle of MoS2, Mn-MoS2, O-MoS2 and Mn,O-MoS2 was tested as 
shown in Fig. S3. The hydrophilcity of MoS2 and Mn-MoS2 was poor, 
but that was dramatically improved after O atoms doping like O- 
MoS2 and Mn,O-MoS2. Ultraviolet-visible absorption (UV-Vis) mea
surements were applied for measuring the optical properties of 
MoS2, O-MoS2, Mn-MoS2 and Mn,O-MoS2, as showed in Fig. 1c. All 
the samples had a broad adsorption in the visible light and ultra
violet (UV) region. It was worth noticing that Mn,O-MoS2 possessed 
highest adsorption intensity among the prepared samples, thus 
Mn,O-MoS2 was likely to be a superior visible light and UV re
sponsive photocatalyst. 

To get insights into the morphology and microstructure of Mn,O- 
MoS2, SEM, transmission electron microscope (TEM) and aberration- 
corrected scanning transmission electron microscope (STEM) mea
surements were carried out. As Fig. S4 implied, all the samples 
(MoS2, O-MoS2, Mn-MoS2 and Mn,O-MoS2) exhibited similar flower- 
like morphology, indicating that incorporated Mn and O atoms 
wouldn’t affect the morphology. In the TEM images (Fig. 2a), it could 
be seen that Mn,O-MoS2 showed ultrathin nanosheet morphology 
and obvious ripples. No particles were observed, which excluded the 
possibility of other impurity formation. The high-resolution TEM 
(HRTEM) image of Mn,O-MoS2 (Fig. 2b) revealed an interplanar 
spacing of 0.63 nm, which could be assigned to the (002) crystal 
facet of MoS2. Large crystal defects (as marked by the cycles) were 
observed, benefiting the photocatalytic reduction of [Au(S2O3)2]3- 

[30]. The structure of Mn,O-MoS2 was further verified by its selected 
area electron diffraction (SAED) tests (Fig. 2c). Additionally, corre
sponding EDS elemental mapping images (Fig. 2d) manifested the 
presence of Mo, S, Mn and O elements in Mn,O-MoS2. The homo
genous distribution of Mn and O elements demonstrated their co- 
doping into MoS2 nanosheets. 

Furthermore, the atomic structure and Mn substitutional doping 
were directly observed in the high-angle annular dark-field STEM 
(HAADF-STEM) image (Fig. 2e). Honeycomb lattice clearly visualized 
meant the structure model of 2 H-MoS2, as indicated by the rec
tangle. 1 T phase MoS2 could be observed as displayed in Fig. S5. The 
higher the atomic number, the brighter the reaction appears on the 
image[31]. Because of the difference in atomic number in Mn and 
Mo atoms, Mn atoms marked by a white dotted circle were doped at 
Mo sites, exhibiting single atom substitutional doping[32]. It should 
be noted that some lattice disorder regions could be detected, re
sulting from the existence of defects, which well matched the ex
istence state of S elemental measured by XPS (Fig. 3b). The existence 
of defects may strengthen the interaction between MoS2 and Au[33]. 
Taken together, these atomic resolution STEM images directly prove 
that Mn atoms have been incorporated in the MoS2 lattice. 

Apart from the above techniques, X-ray photoelectron spectro
scopy (XPS) was performed as well to further probe the surface- 
chemical states of component elements in Mn,O-MoS2. The spin- 
orbit MoIV 3d3/2, MoIV 3d5/2 and S 2 s orbitals of Mo and S modes 
were observed at 232.58, 230.48 and 226.28 eV, respectively 
(Fig. 3a), and this matched well with 2 H-MoS2 phase [34]. The peak 
at 235.78 eV in Mo 3d spectra could be ascribed to high-oxidation- 
state Mo in the Mo 3d spectra (Mo6+), which was consistent with the 
previous results [35,36]. Particularly, the deconvolution of Mo 3d 
peaks displayed the components at 232.38 and 229.18 eV that 

belonged to the 1 T-MoS2 phase in accord with previous work  
[37,38]. Normally, metallic 1 T-MoS2 benefited the enhancement of 
photocatalytic ability, compared with 2 H-MoS2. In Fig. 3b, it was 
obvious that the S 2p region implied doublet peaks at 163.38 and 
162.18 eV, belonging to the typical binding energy of S 2p1/2 and S 
2p3/2, respectively [39]. Meanwhile, an additional peak at 164.68 eV 
could be identified as the edge S in line with related literature [37]. 
At the same time, the presence of O 1 s signal at 530.18 eV provided 
solid evidence for O doping in Mn,O-MoS2 (Fig. 3c)[40]. What’s 
more, Mn 2p signal was detected at 641.08 eV (Fig. 3d), confirming 
the doping of Mn in Mn,O-MoS2 [41]. The results revealed that the 
successful co-doping of Mn and O atoms in the structure of 
Mn,O-MoS2. 

3.2. Recovery performances 

To evaluate the performances of Mn,O-MoS2 as an efficient 
photocatalyst for photocatalytic reducing [Au(S2O3)2]3-, a series of 
measurements were carried out. The photocatalytic reduction per
formances of [Au(S2O3)2]3- on MoS2, O-MoS2, Mn-MoS2 and Mn,O- 
MoS2 as function of time were tested under natural light irradiation, 
and the results were showed in Fig. 4a. The reduction of [Au 
(S2O3)2]3- boosted at first and then balanced at around 500 min. It 
was clear that the incorporation of single atoms e.g. O or Mn atoms 
in MoS2 would benefit the reduction of [Au(S2O3)2]3-. Mn and O co- 
doping into MoS2 dramatically enhance the reduction ability with 
high reduction capacity of 1386.98 mg/g, which was 2.5 times than 
MoS2. Besides, Mn and O atoms dual doping in MoS2 accelerate the 
recovery rate, which was 3 folds higher compared with that of MoS2 

(Fig. 4b). Remarkably, about 95% recovery was achieved for [Au 
(S2O3)2]3- solutions in 1200 min using Mn,O-MoS2, while the re
covery by MoS2 was only 37.84% (Fig. 4c). For further studying about 
the reduction reaction, the reduction experiment was carried out in 
dark environment, as shown in Fig. S7. The reduction capacity of [Au 
(S2O3)2]3- in sunlight irradiation was about 2.26 times than that in 
dark condition. The result revealed that the reduction reaction in 
dark condition might be consisted of adsorption and chemical re
duction [13], but catalytic reduction was in the dominant position. In  
Fig. 4d, the reduction capacity of [Au(S2O3)2]3- on Mn,O-MoS2 in
creased with the increase of initial concentration, demonstrating 
that Mn,O-MoS2 could be well applied for recovering [Au(S2O3)2]3-. 
pH was considered as an impact factor for investigating the reduc
tion performance of [Au(S2O3)2]3- on Mn,O-MoS2, as displayed in  
Fig. 4e. The reduction of [Au(S2O3)2]3- increased quickly firstly and 
then slowly as pH increasing. More importantly, zeta potential ex
hibited the same results, the negative potential fast and then slowly 
(Fig. 4f). Thus, it could be concluded that interaction between H+ and 
unsaturated S atom decreased, exposing more active sites on Mn,O- 
MoS2 for interacting with [Au(S2O3)2]3- when pH increased. 

After being applied as catalyst for reducing and recovering [Au 
(S2O3)2]3-, Mn,O-MoS2 was explored using XRD, XPS and TEM. XRD 
pattern of crystal structure about Mn,O-MoS2 after reduction was 
depicted in Fig. 5a. Four diffraction peaks at 38.19°, 44.39°, 64.66° 
and 77.58° were assigned to the crystal plane of Au0 [42]. The 
characteristic peaks of Mn,O-MoS2 were not observed after reducing 
[Au(S2O3)2]3- might owing to its quite small proportion. Wide-scan 
XPS spectrum of Mn,O-MoS2 after reducing [Au(S2O3)2]3- was ex
hibited in Fig. S6a, and Au0 could be found. The Mo 3d, Mn 2p, O 1 s 
and S 2p spectra in Fig. S6b-e, and revealed that no new peaks and 
changes occurred on Mo, Mn, O and S, which demonstrated no 
chemical reaction happened. The Au 4 f5/2 and Au 4 f7/2 peaks at 
87.40 and 83.75 eV in Fig. 5b were assigned to Au0, further demon
strating the reduction of [Au(S2O3)2]3- into gold nanoparticles. Lots 
of gold nanoparticles could be obviously observed in Fig. 5c. In the 
HRTEM images (Fig. 5d), it was found that Au0 interacted closely 
with Mn,O-MoS2, and the structure of Mn,O-MoS2 was not affected. 
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From Fig. 5e, the corresponding EDS elemental mappings indicated 
that Mo, S, Mn and O owned same distribution area, and Au was 
evenly distributed on nanoparticles, further exhibiting the reduction 
of [Au(S2O3)2]3- into Au0. 

3.3. Catalytic reduction mechanism 

To explore mechanism of the enhancement in recycling [Au 
(S2O3)2]3- using Mn,O-MoS2, the electronic structure properties and 
adsorption behaviors were researched. Transient photocurrent re
sponse and EIS were applied to investigate the transfer efficiency of 
photo-generated charges. In Fig. 6a, incorporating Mn or O atoms in 
MoS2 would increase photocurrent intensity, indicating the quicker 
transfer of photo-electrons. Also, the photocurrent response of Mn- 
MoS2 was higher than O-MoS2. Mn,O-MoS2 exhibited greatest pho
tocurrent intensity among the prepared samples, illustrating the 

beneficiation of Mn and O co-doping in photocatalytic performance. 
Photoluminescence emission spectroscopy was used to explore the 
charge transfer as emissions result from recombination of charge 
carriers associated with energy gap[43,44]. In the Fig. S8, Mn,O- 
MoS2 owned the lowest emission in the samples, which resulted 
from slow recombination of photo-generated electrons and holes, 
thus improving the photo catalytic activity. EIS tests revealed the 
smallest semicircle of Mn,O-MoS2 in the prepared samples, which 
indicated the lowest charge-transfer resistance (Fig. 6b). Further, the 
charge-transfer resistance of Mn-MoS2 was smaller than O-MoS2. 
Based on the above discussions, Mn-MoS2 was more conductive to 
catalytic reduction than O-MoS2. However, the reduction capacity of 
[Au(S2O3)2]3- on O-MoS2 was higher than that of Mn-MoS2, which 
might originate from the enhanced adsorption ability. The efficient 
reduction of [Au(S2O3)2]3- on Mn,O-MoS2 could be ascribed to the 
super transfer photoelectrons and low charge-transfer resistance. 

Fig. 2. Morphological and structural characterizations. a) TEM, b) HRTEM, c) SAED, d) corresponding EDS elemental mapping, and e) HAADF-STEM images of M,O-MoS2.  
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With the aim of studying the reduction mechanism in detail, the 
Kubelka-Munk transformed reference spectra (Fig. 6c) and Mott- 
Schottky plot (Fig. 6d) of Mn,O-MoS2 were obtained to investigate 

the band structure and conduction band, respectively. The band 
energy of Mn,O-MoS2 was calculated as blow equation [45]: 

= A hv E( hv) ( )n
g (8) 

Fig. 3. a) Mo 3d XPS spectrum, b) S 2p XPS spectrum, c) O 1 s XPS spectrum, and d) Mn 2p XPS spectrum of Mn,O-MoS2.  

Fig. 4. Photocatalytic reduction performances. a) Reduction as a function of reaction time; b) Recovery rate in the first 120 min; c) Recovery in 1200 min; d) Effect of initial gold 
concentration on reduction performance; e) Effect of pH on reduction performance; f) Zeta potential of Mn,O-MoS2. 
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where , h, v, A and Eg represented absorption coefficient, Planck’s 
constant, light frequency, a constant and band gap, respectively, the 
index =n 2 was used in the work. The bandgap (Eg) of Mn,O-MoS2 

was estimated as 1.48 eV, which expressed the quick generation of 
photo-electrons that attributed to the introduction of Mn and O 

atoms. Furthermore, the flat-band potential (Efb) of Mn,O-MoS2 was 
found to be at − 0.42 V in the Mott-Schottky result. The slop of the 
curve was positive, indicating the n-type characteristic of Mn,O- 
MoS2. As n-type semiconductor, Efb was close to conduction band. 
Therefore, the conduction band value of Mn,O-MoS2 was roughly 

Fig. 5. Structure and morphology characterization of Mn,O-MoS2 after reduction. a) XRD pattern; b) Au 4 f XPS spectrum; c) TEM image, d) HRTEM images, e) corresponding EDS 
elemental mappings. 

Fig. 6. a) Photocurrent responses, b) EIS results of MoS2, O-MoS2, Mn-MoS2 and Mn,O-MoS2; c) Kubelka-Munk transformed reference spectrum, d) and Mott-Schottky plot of 
Mn,O-MoS2; e) schematic illustrating the band structure and relevant redox potential. 
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calculated to be about − 0.62 eV. And the valance band (VB) edge was 
calculated according to following formula: 

= +E EEV g C (9)  

According to the equation, the valance band edge of Mn,O-MoS2 

was around 0.86 eV. The schematic illustration of redox potential 
and the band structure of Mn,O-MoS2 were exhibited in Fig. 6e. 
Under visible light irradiation, photo-generated electrons-holes 
pairs were produced. The conduction band of Mn,O-MoS2 was more 
negative than the reduction potential of [Au(S2O3)2]3-/Au0 (0.15 eV), 
demonstrating that [Au(S2O3)2]3- could be photocatalytic reduced 
into Au0 on Mn,O-MoS2. 

DFT calculations were then carried out for fundamentally un
derstanding the enhanced photocatalytic reduction performances of 
the Mn and O co-doped MoS2. Conductivity and intrinsic activity 
were considered to be the important impacts on improving the 
photocatalytic reduction activity. Pristine MoS2 had a bandgap of 
1.82 eV (Fig. S9a), which was in line with previous results [46]. The 
value of bandgap became narrower to 0.95 eV after displacing one 
Mo atom by a Mn atom (Fig. S9b), revealing that the transfer of 
photo-electrons enhanced. When one O atom was incorporated into 
the structure of Mn-MoS2, the bandgap presented a slight decrease 
of 0.03 eV (Fig. S9c). In addition, the density of state (DOS) was 
calculated and showed in Fig. S9d-f. It was clear that doping Mn and 
O atoms affected the band structure near the Fermi level. Reduced 
bandgaps of doped MoS2 might effectively contribute to the im
provement in conductivity thus to enhance the photocatalytic ac
tivity. Compared with Mn atoms, the incorporation of O atoms had 
little influence on the catalytic performances. 

It was well-known that adsorption was another key factor to 
directly determine the photocatalytic reduction ability, so the in
teraction between Au(I) and catalysts was calculated. Adsorption 
energies between Au(I) and catalysts in isolated and water system 
were given in Fig. 7a. Whether in isolated or water system, the ad
sorption energy of Au(I) on MoS2 was enhanced as incorporating Mn 
or O atoms. Doping O atoms could better strengthen the adsorption 
of Au(I) on MoS2 than incorporating Mn atoms, exhibiting that O 
atoms possessed strong affinity to Au(I). The phenomenon could be 

ascribed to the stronger electronegativity of oxygen atoms. Ac
counting for the effects of water, the adsorption energies of Au(I) on 
MoS2 and Mn-MoS2 decreased compared with that in isolated 
system, but opposite in Au(I) adsorption on the surface of Mn,O- 
MoS2. To understand the observations better, interaction energies 
between H2O and catalysts (Fig. 7b) and interaction energies be
tween H2O and Au(I) (Fig. 7c) were studied. In adsorption of Au(I) on 
pure MoS2 system, H2O strongly interacted with Au(I) but less with 
MoS2, revealing the hydration of Au(I) and the hydrophobicity of 
MoS2 (Fig. 7d). After doping Mn atoms, the interaction between H2O 
and MoS2 slightly enhanced, resulting in the decreased interaction 
between Au(I) and H2O (Fig. 7e). When O atoms were doped into 
Mn-MoS2, the affinity between H2O and MoS2 was greatly improved, 
which might originate from the hydrogen-bond interaction between 
H atoms (H2O molecules) and O atoms (Mn,O-MoS2). Meanwhile, the 
interaction between Au(I) and H2O weakened, leading to the de
struction of hydration of Au(I) (Fig. 7f-g). As a consequence, the 
absorbed H2O would drag Au(I) close to the surface of Mn,O-MoS2, 
thereby dramatically facilitating the adsorption of Au(I) on 
Mn,O-MoS2. 

To further clarify the interaction between Au(I) and Mn,O-MoS2, 
electron density maps, partial density of states (PDOS) and Milliken 
atomic charges were calculated. In Fig. S10, the electron cloud be
tween Au(I) and O atoms overlap (in both H2O and Mn,O-MoS2), 
indicating strong affinity of Au(I) to H2O and also to Mn,O-MoS2. For 
studying the interaction mechanism among Au(I), H2O and Mn,O- 
MoS2, PDOS of the interaction among Au(I), O (oxygen atoms in 
Mn,O-MoS2) and H (hydrogen atoms in H2O molecules) was given in  
Fig. S11. It was obvious that Au d orbitals strongly bonded with O s 
orbitals in the range of − 10–0 eV, exhibiting the interaction between 
Au and O atoms on the surface of Mn,O-MoS2. There existed sparse 
overlap between H orbitals and O orbitals, which meant that the 
interaction between H2O molecules and Mn,O-MoS2 might be due to 
hydrogen bonding. Milliken atomic charge changes (ΔQ) of Au(I) and 
S atoms were investigated before and after interaction between Au(I) 
and the catalysts in the presence of water (Fig. 7h). It was found that 
Au(I) was positively charged after adsorption but opposite in S 
atoms, demonstrating the interaction between Au(I) and S atoms. 

Fig. 7. a) Interaction energy between Au(I) and catalysts in isolated and water system; b) Interaction energy between H2O and catalysts in the water system; c) Interaction energy 
between Au(I) and H2O in water system; d-g) side views of configuration with Au(I) and H2O on the surface of MoS2, Mn-MoS2 and Mn,O-MoS2; h) Milliken atomic charge changes 
of Au(I) and S atoms. 
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After incorporating Mn atoms, the charges of Au(I) slightly increased 
but remarkably improved when Mn and O atoms were both doped 
into MoS2, which demonstrated the strong interaction between Au(I) 
and Mn,O-MoS2. Also, the charges change of S atoms had the same 
tendency with that of Au(I), which exhibited that the incorporation 
of O atoms could facilitate the interaction between Au(I) and S 
atoms. As a result, Mn,O-MoS2 had a strong adsorption of Au(I), 
benefiting the photocatalytic reduction of [Au(S2O3)2]3-. 

4. Conclusion 

In summary, Mn,O-MoS2 nanosheets were successfully synthe
sized using a simple one-pot hydrothermal method. The structure of 
MoS2 had been tuned to achieve favorable properties for photo
catalytic reduction of [Au(S2O3)2]3-. Specifically, the reduction ca
pacity of [Au(S2O3)2]3- by Mn,O-MoS2 were 1386.98 mg/g, and the 
corresponding recovery was 92.50%. Mn and O dopants optimized 
the electronic status and surface property of MoS2 for achieving 
highly adsorption and catalytic reaction, thus to be most favorable to 
photocatalytic reduction of [Au(S2O3)2]3-. This work could be po
tentially extended to other transition metal dichalcogenides, aiming 
at gaining desired strategies for various applications. 
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