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Graphical Abstract 

 

 

 

MoS2 nanosheets decorated with gold nanoparticles show enhanced specific capacity 

and cycle efficiency for rechargeable Li-O2 batteries. 
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We demonstrate here a facile one-step hydrothermal synthesis to prepare 

molybdenum disulfide nanosheets decorated with gold nanoparticles 

(MoS2/AuNP) for rechargeable Li-O2 batteries. The fabricated Li-O2 battery 

exhibits enhanced specific capacity and cycle efficiency, which are ascribed 

to the two-dimensional structure of MoS2/AuNP nanohybrids and the 

synergistic catalytic effects of both MoS2 nanosheets and AuNPs. 

Rechargeable lithium-oxygen (Li-O2) batteries with high theoretical 

specific energy density have shown enormous scientific and 

technological applications.
1,2

 According to the overall 

electrochemical reaction (2Li
+
 + O2 + 2e

-
 ↔ Li2O2, 2.96 V vs. Li

+
/Li), 

both oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER) are the two main processes during the rechargeable 

process.
3-5

 Though much advance has been made, the application of 

rechargeable Li-O2 batteries is still prevented by some challenges or 

problems such as poor cyclability, low energy efficiency and poor 

stability.
6-8

 To overcome these problems, many efforts have been 

performed, in which the easiest and most popular solution is using 

a catalyst to promote the catalytic activities of electrode materials.
9-

15
 Many catalysts, such as non-noble metals,

9
 metal compounds,

10,11
 

noble metals,
12-14

 and carbon materials,
15 

have been used for the 

cathode catalysts of Li-O2 batteries in order to reduce the 

overpotential, facilitate the reaction process, and suppress the 

decomposition of the electrolyte. 

Inspired by the great success of graphene materials, recently 

other two-dimensional (2D) graphene-like transition metal 

dichaleogenides (TMDs) like WS2, TiS2, and MoO3 have been 

synthesized and utilized for various applications.
16-18

 TMD 

nanosheets exhibit unusual properties and offer a broad view of 

study due to their high surface area, controlled exposed crystal 

facets, and diverse compositions. As a member of the TMD family, 

molybdenum disulfide (MoS2) possesses excellent thermal stability 

and high electrocatalytic activity, which enable its wide applications 

such as biosensor,
19

 electrocatalyst,
20,21

 supercapacitor,
22,23

 and 

energy storage.
24,25

 Hybridization of MoS2 nanosheets with noble 

metals, metal oxides, and carbon materials is an ideal strategy to 

overcome the weaknesses and optimize the performances of MoS2 

for electronic devices.
26-30

 For example, Singh et al. produced 

layered free-standing papers composed of acid-exfoliated few-layer 

MoS2 and reduced graphene oxide flakes for using as a self-standing 

flexible electrode in sodium-ion battery.
30

 Recently, Bruce et al. 

improved the performances of Li-O2 battery with dimethyl sulfoxide 

by using the porous Au as an cathode.
7
 A synergistic catalytic effect 

between MoS2 and gold nanoparticles (AuNPs) has been achieved 

for a highly efficient ORR.
31

 The catalytic behavior of AuNPs in the 

ORR has already been fully investigated.
31-35

 For instance, Li and co-

workers developed a facile strategy to construct a AuNP film 

decorated with MoS2 nanoparticles and found that the fabricated 

catalytic interface shows a synergistic effect on the ORR process.
31

 

In this work, to know the combined advantages of AuNPs and 

MoS2 nanosheets, for the first time we synthesized a novel MoS2 

nanosheets decorated with AuNPs (MoS2/AuNP) through a facile 

one-step hydrothermal synthesis, and further explore the potential 

application of the synthesized MoS2/AuNP as a promising cathode 

material for Li-O2 battery. 

 

Fig. 1 Schematic presentation of the one-step hydrothermal synthesis of MoS2 

nanosheets decorated with AuNPs for rechargeable Li-O2 batteries. 
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Fig. 2 Morphological and elemental characterizations: (a, d) SEM and TEM 

images of MoS2 nanoflowers, (b) SEM, (c) EDX, and (e, f) HR-TEM images of 

MoS2/AuNP nanohybrids. 

 

Fig. 1 shows the synthesis strategy of MoS2/AuNP nanohybrids 

and the potential reaction mechanism of a Li-O2 battery. We utilized 

hydrazine to reduce (NH4)2MoS4 and HAuCl4 synchronously in an 

aqueous solution at 200 
o
C by a one-step hydrothermal reaction to 

prepare MoS2/AuNP nanohybrids (the experimental details are 

provided in Electronic Supplementary Information). During this 

process, the HAuCl4 precursor was reduced to AuNPs, which are 

attached onto the MoS2 nanosheets produced by the synchronous 

reduction of (NH4)2MoS4 precursor with S-Au bond. Our strategy for 

producing MoS2/AuNP material has several advantages, such as 

economic, highly-efficient, and simple. 

The morphology of the as-prepared MoS2/AuNP nanohybrids was 

characterized with scanning electron microscopy (SEM) and high 

resolution transmission electron microscopy (HR-TEM). Fig. 2a 

shows the typical SEM image of pure MoS2 synthesized in a 

hydrothermal system without adding HAuCl4 precursors. The 

created MoS2 are uniform nanoflowers with a size of 100-150 nm. 

The folded feature can be clearly seen, which can be confirmed by 

the corresponding TEM image in Fig. 2d and the corresponding 

inset. After adding HAuCl4 precursors to the reaction system, the 

size of MoS2 nanostructures decreased and the morphology of 

MoS2 was transferred from nanoflowers to nanosheets, as shown in 

the SEM image (Fig. 2b). The corresponding TEM image indicates 

that the synthesized MoS2 nanosheets were uniformly decorated 

with AuNPs (Fig. 2e). The morphological difference highlights the 

important role of AuNPs as a novel inhibitor material for mediating 

the growth of layered MoS2-related nanomaterials. 

 

Fig. 3 Property and structure characterizations of MoS2 nanoflowers and 

MoS2/AuNP nanohybrids: (a) Raman spectra, (b) XRD patterns, and (c, d) XPS 

spectra. 

 

Energy dispersive X-ray spectroscopy (EDX) was used to 

characterize the elemental composition of the synthesized 

MoS2/AuNP nanohybrids (Fig. 2c). It is found that the signals from 

all three elements, Au, Mo, and S, were detected clearly. The size of 

AuNPs for the decoration of MoS2 nanosheets is calculated to be 

about 10 nm and the HR-TEM image of MoS2/AuNP nanohybrids 

demonstrates the (111) lattice face of AuNPs (Fig. 2f). 

The structural characterizations of the synthesized MoS2 

nanoflowers and MoS2/AuNP nanohybrids were then performed 

with Raman spectroscopy, X-ray diffraction (XRD), and X-ray 

photoelectron spectroscopy (XPS). As shown in Fig. 3a, Raman 

spectrum of MoS2 reveals characteristic peaks of MoS2 at 379.0 and 

403.5 cm
-1

, which agree well with the previously reported data.
36,37

 

In addition, the intensities of the two bands in the spectrum of 

MoS2/AuNP nanohybrids are enhanced by ~250%. This low 

enhancement for the MoS2/AuNP nanohybrids indicates the 

presence of a chemical interaction or bonding between MoS2 and 

AuNPs.
38

 Fig. 3b presents the XRD patterns of the prepared MoS2 

nanoflowers and MoS2/AuNP nanohybrids. Both samples possess 

the broad diffraction peaks of MoS2 nanosheets, which reveal the 

typical crystal domains with hexagonal structure (JCPDS card No. 

47-1320). In addition, five strong diffraction peaks for MoS2/AuNP 

nanohybrids are observed, which could be associated with the 

(111), (200), (220), (311), and (222) planes of the synthesized 

AuNPs.
14

 Fig. 3c presents the XPS spectra of MoS2 nanoflowers and 

MoS2/AuNP nanohybrids. For both samples, the bands located at 

285.0, 393.5, and 532.0 eV are associated to the characteristic 

peaks of C 1s, N 1s, and O 1s, respectively. In addition, the Mo 3d 

shows two peaks at 232.0 (Mo 3d3/2) and 228.7 eV (Mo 3d5/2), while 

the S 2p locates at 162.8 (S 2p1/2) and 161.7 eV (S 2p3/2), as shown in 

Fig. S1. The Mo and S binding energies are consistent very well with 

each other, indicating that the decoration of MoS2 nanosheets with 

AuNPs does not change the crystallinity of MoS2, and the MoS2 

nanosheets are chemically stable with HAuCl4 solution.
27

 Fig. 3d 

shows the Au 4f spectrum, and the peaks shown in 87.8 (Au 4f5/2) 

and 84.2 eV (Au 4f7/2) provide direct evidence for the formation of 

AuNPs on MoS2 nanosheets.
14
 On the basis of the N2 adsorption-
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desorption measurement, the specific surface area of the Super P 

and MoS2/AuNP nanohybrids were calculated to be about 62.0 and 

213.6 m
2
·g

-1
, respectively (Fig. S2a). The high surface area of 

MoS2/AuNP nanohybrids can be ascribed to the binding of dense 

and small AuNPs. In addition, the pore-size distributions of Super P 

and MoS2/AuNP nanohybrids show the similar pore size, which may 

benefit for lithiation and delithiation (Fig. S2b). 

 

Fig. 4 Li-O2 battery performance: (a) Discharge/charge profiles of the Li-O2 

battery with the pristine Super P, MoS2 nanoflowers, and MoS2/AuNP 

nanohybrids at a current density of 70 mA·g
-1

c. (b) The first discharge/charge 

profiles of the Li-O2 battery with Super P, MoS2 nanoflowers, and MoS2/AuNP 

nanohybrids at current densities of 200 and 500 mA·g
-1

c. (c) Curtailing capacity at 

a current density of 300 mA·g
-1

c. (d) Terminal discharge voltage. 

 

Recently, MoS2-based nanomaterials have been found to have 

excellent performance in energy applications.
28-34

 Taking this fact 

into consideration, we further investigated the performance of Li-

O2 batteries fabricated with MoS2/AuNP nanohybrids as cathodes in 

a non-aqueous system. 

Fig. S3 shows the cyclic voltammograms (CVs) of MoS2 

nanoflowers and MoS2/AuNP nanohybrids. Compared with the 

electrode without a catalyst, the MoS2/AuNP nanohybrid-based 

electrode exhibits a higher ORR onset potential (~2.9 V) and a more 

positive current peak. Besides, the MoS2/AuNP nanohybrid-based 

electrode shows a much obvious current during anodic scans (>3.0 

V). These findings indicate the effective catalytic activity of 

MoS2/AuNP nanohybrid in the nonaqueous phase.
39,40

 The first 

discharge-charge curves of the Li-O2 battery with MoS2/AuNP 

nanohybrids are compared with those with Super P and MoS2 

nanoflowers at the same current density in Fig. 4a to enable an 

understanding of the effect of MoS2/AuNP nanohybrid on its ORR 

and OER kinetics.
41

 The cell composed with Super P shows 

discharge and charge overpotentials of 0.30 and 1.48 V, 

respectively, which leads to a low round-trip efficiency. The 

delivered specific capacity reaches a value of 2760 mAh·g
-1

c. 

However, the cell with MoS2 nanoflowers presents discharge and 

charge overpotentials of 0.26 and 1.31 V, respectively. The 

delivered specific capacity achieves a relative high value of 3007 

mAh·g
-1

c. In contrast, the cell with MoS2/AuNP nanohybrids exhibits 

discharge and charge overpotentials of 0.21 and 1.28 V, 

respectively, which resulted in the highest round-trip efficiency and 

a specific capacity of about 4336 mAh·g
-1

c. The discharge voltage of 

the cell with MoS2/AuNP nanohybrids was about 0.09 and 0.05 V 

higher than that of the cell with the pristine Super P and MoS2 

nanoflowers, suggesting that MoS2/AuNP nanohybrids have a 

better ORR catalytic activity than the Super P and MoS2 

nanoflowers. Moreover, the average charge voltage for MoS2/AuNP 

nanohybrids was about 4.24 V, which is substantially lower than 

that of the battery with pristine Super P (ca. 4.44 V) by 0.2 V and 

MoS2 nanoflowers (ca. 4.27 V) by 0.03 V, which indicates the 

superior OER catalytic activity of MoS2/AuNP nanohybrids over 

Super P and MoS2 nanoflowers. 

The effects of current density on the discharge/charge voltages 

were further investigated based on MoS2/AuNP nanohybrids. The 

AuNPs on the surface of MoS2 nanosheets have a crucial function in 

the OER, and the MoS2 nanosheets provide facile electron 

conduction and support for AuNPs. The performance of Li-O2 

battery with MoS2/AuNP nanohybrids was further investigated on 

the basis of the total mass of the MoS2/AuNP nanohybrid-

composite cathode. As depicted in Fig. 4b, the Li-O2 battery with 

MoS2/AuNP nanohybrids delivered a specific discharge capacity of 

3567 mAh·g
-1

c and a charge capacity of 3570 mAh·g
-1

c at a current 

density of 200 mA·g
-1

c. At a higher current density of 500 mA·g
-1

c, 

the specific discharge capacity of MoS2/AuNP nanohybrids 

decreased to 2985 mAh·g
-1

c, which is much higher than that of 

Super P and MoS2 nanoflowers. The improved performance can be 

attributed to the large specific surface area and pore structure of 

the layered MoS2/AuNP nanohybrid sample, which was confirmed 

by the N2-adsorption-desorption data shown in Fig. S2. In addition, 

the combination of MoS2 nanosheets with high electrocatalytic 

activity and AuNPs with good catalytic activity displays the 

synergistic catalytic effect and plays an important role in the 

catalytic performances of the fabricated Li-O2 batteries. 

The cyclability is one of the most important indices in Li-O2 

batteries, which could be promoted when utilizing a stable 

electrolyte and an effective catalyst. For the cyclic tests, the cells 

were discharged and charged at a current density of 300 mA·g
-1

c, 

and the cells showed good performances up to 50 cycles without 

apparent voltage degradation (Fig. 4c and d).
42
 The capacity decay 

may be caused by the degradation of the electrolyte which is can be 

attacked by the oxygen-containing intermediates. Moreover, the 

exhaust of the electrolyte caused by the volatilization also 

contributes to the capacity decay. In addition, during the 

discharge/charge processes, the change of morphology and 

structure of MoS2/AuNP nanohybrids can have great influences on 

the reversible performance. Future work will be focused on 

exploring a stable electrolyte. 

We conducted SEM, Raman spectra and XRD analysis 

measurements to identify the discharge products of Li-O2 batteries 

with MoS2/AuNP nanohybrids. After discharge, many small particles 

aggregated on the surface of the cathode, which are considered to 

be Li2O2 (Fig. S4). Furthermore, the Raman spectrum indicates that 

the peaks of Li2O2 could be clearly observed in the discharged 

electrode (Fig. S5a). In addition, According to the XRD pattern (Fig. 

S5b), new diffraction peaks were observed for the discharged 

electrode, which can be reasonably assigned as the (100), (101), 

and (110) peaks of Li2O2. Furthermore, the typical diffraction peaks 

of MoS2, AuNPs, and Super P can be also seen. These results 
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indicate that Li2O2, as the major discharge product, is reversibly 

formed in a discharging process. 

Conclusions 

In summary, we demonstrated a facile one-step economic 

hydrothermal synthesis of MoS2/AuNP nanohybrids and 

investigated the potential application for the cathode of 

rechargeable Li-O2 batteries. Hydrazine, as the strong 

reductant, can reduce (NH4)2MoS4 and HAuCl4 synchronously 

in an aqueous solution just by a one-step hydrothermal 

reaction. Compared to previous reports, our strategy for 

producing MoS2/AuNP nanohybrids has several advantages, 

such as highly-efficient, economic, and simple. With the large 

specific surface area and highly exposed edges of MoS2 

nanosheets, AuNPs were attached onto them with ultrafine 

size. Governing by the excellent electrocatalytic activities of 

MoS2 and AuNPs, the MoS2/AuNP nanohybrids as catalyst 

exhibited superior Li-O2 battery performance with low 

discharge overpotential, high specific capacity, and good 

cyclability. Therefore, we expect this one-step economic 

hydrothermal synthesis method can be utilized to prepare 

other functional materials based on layered TMD materials 

and metal nanoparticles, and further applied in catalysis, 

surface-enhanced Raman scattering, energy storage, and 

biosensors. 
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