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Promotion of reversible Li+ storage in transition metal
dichalcogenides by Ag nanoclusters
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Jim Yang Lee1

After years of development, improvement in the electrochemical properties of MoS2 through structural modifications has reached

its limit. Further improvements in the Li+ storage properties of MoS2 must be based on an understanding of the Li+ storage

mechanism in MoS2. On this basis, we have developed a novel ternary composite of graphene, MoS2 nanosheets and a small

amount (1 wt%) of silver nanoclusters (NCs; MoS2/G/Ag). The presence of the Ag NCs in the composite is, however, instrumental

and serves several purposes: immobilization of sulfur, increased association with Li+ and increased spacing between graphene

sheets. The presence of this small amount of Ag NCs was able to increase the Li+ storage capacity of MoS2 by 60% (with a

discharge capacity of ~ 1300 mAh g−1 at 0.5 A g−1 compared with 800–850 mAh g−1 for a MoS2/graphene composite without

the Ag NCs (MoS2/G)). The MoS2/G/Ag composite also exhibited a very impressive rate performance: discharge capacities of

1040 and 850 mAh g−1 at the very high current densities of 1 and 5 A g−1, respectively (the corresponding values from MoS2/G

without the Ag NCs are 790 and 580 mAh g−1).
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INTRODUCTION

It has been established in the lithium-ion battery (LIB) community
that layered two-dimensional nanomaterials are efficient structures for
the reversible storage of Li+. The common graphite anode is a good
example. Graphite, however, comes with the disadvantage of its
capacity being limited by the LiC6 stoichiometry (372 mAh g− 1).
There is, therefore, a strong motivation to search for high-capacity
alternatives to graphite. MoS2, a layered transition-metal dichalcogen-
ide, has drawn the most interest. MoS2 consists of a layer of
hexagonally packed Mo atoms between two S layers, which is repeated
ad infinitum. The Mo–S interaction is covalent in character and strong,
whereas the interaction between adjacent S layers is governed by weak
van der Waals forces.1–7 MoS2 has to be suitably exfoliated to be an
effective Li+ storage host. Exfoliated MoS2 has shown a capacity of
~ 950 mAh g− 1 at 50 mA g− 1 for at least 100 cycles.8,9

The electrochemical performance of MoS2 can be further improved
by the formation of a composite with graphene.10–14 Graphene (G), an
intrinsic two-dimensional material, is often introduced during the
MoS2 synthesis to guide the formation of MoS2 sheets and create a
sheet-on-sheet or sheets-on-sheets heterostructure. The compatible
geometry between transition-metal dichalcogenide and graphene leads
to a stable composite with good conductivity and very little capacity
fading during charge and discharge operations.15,16 Previous studies
have suggested that the electrochemical performance of MoS2/
graphene composites as a LIB anode material is strongly dependent

on the structure, especially the layer thickness.10,11 MoS2/graphene
composites with different layer thicknesses could be formed by
hydrothermal synthesis or reflux methods.17–20 The composites
with better performance can deliver a capacity of 1000–1200 mAh g− 1

at 0.1 A g− 1 and ~ 700–800 mAh g− 1 at 1 A g− 1. After years of
development, the improvement of the electrochemical perfor-
mance of MoS2 through structural modifications has probably reached
its limits. Further improvements of the Li+ storage properties of MoS2
would have to be based on an understanding of the Li+ storage
mechanism in MoS2. The reactions involved in the storage process
are still not well understood, although more is known today
than was known previously. There is increasing evidence for
MoS2 decomposition when it is discharged (lithiated) below 1.1 V vs
Li/Li+ (MoS2+4Li

+→Mo+2Li2S).
10,14,21 The reaction is irreversible

and yields Li2S and Mo. Subsequent charging and discharging,
therefore, cycles the battery like a Li-S cell (S+2Li+⇆Li2S). Amazingly,
the ‘Li-S cell’ formed as such is free from some of the greatest
challenges in the Li-S system: the low conductivity of S and the
notorious polysulfide shuttle effect during discharge and charge.
Although a MoS2-derived Li-S cathode does not have the high
gravimetric capacity of S (1672 mAh g− 1), its capacity fading is
significantly lower than that of a typical Li-S cell. It is believed that
the Mo from MoS2 decomposition contribute to the increase in
conductivity of an otherwise insulating Li2S matrix. Disperse Mo
atoms may also act as pinning sites for the polysulfides to suppress
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their migration from the cathode.10,21 The capacity of MoS2 based on
the S+2Li+⇆Li2S reaction is, theoretically, 669 mAh g− 1. The experi-
mentally measured specific capacities are often larger than this value,
with the extra capacity often attributed to the association of Li+ with
Mo.10,21 A recent review article noted that nanostructured molybde-
num particles may also participate in the lithiation reaction to some
extent, serving as physical adsorption sites for the Li ions.21 Such a
property may not be unique to Mo, and it is likely that other metal
nanoparticles, or even nanoclusters (NCs), may also associate with Li+.
We report here a further modification of the MoS2/graphene Li+

storage system based on the current understanding of the storage
mechanism and the additional presence of a small amount (1 wt%) of
Ag NCs. The new ternary composite prepared in this way, denoted as
MoS2/G/Ag, showed by far the best performance among the MoS2
family of LIB anodes (stable discharge capacity of ~ 1300 mAh g− 1 at
0.5 A g− 1 and ~ 850 mAh g− 1 at 5 A g− 1). The Ag NCs used in our
design are small (o2 nm) Ag nanoparticles that have been reported to
display molecular-like properties and some promising features for a
wide range of applications.22–27 Ag NCs were chosen for a number of
reasons, including (1) the strong binding between Ag and S, (2) the
large surface area of NCs compared with nanoparticles, which could
reduce the usage of Ag, and (3) the fact that the small size of Ag NCs
may allow them to be inserted into the gallery space between the MoS2
layer and the graphene layer. The measured high-capacity and high-
rate performance of the MoS2/G/Ag composite aptly demonstrated the
effectiveness of the NC modification in enhancing the performance of
transition-metal dichalcogenide-based LIB anode materials. The Ag
NC enhancement effects, including the immobilization of S, the
association of Li+, and the increase in the distance between the
graphene sheets (Figure 1), are presented in detail in the following
section.

MATERIALS AND METHODS

Materials synthesis and characterization
Preparation of graphene oxide (GO). GO was prepared from the oxidation of
natural graphite flakes using the modified Hummers’ method.28 In a typical
preparation, a mixture of graphite powder (0.1 g), potassium permanganate
(6 g) and concentrated sulfuric acid (40 ml) was placed in an ice-water bath
and stirred for 2 h. The mixture was then diluted with 50 ml of deionized
water, followed by the slow addition of 10 ml of H2O2 (30 wt% aqueous
solution). The suspension was filtered 10 min later, and the solid residue was
washed with deionized water four times. The washed solid was redispersed in
40 ml of deionized water and subjected to intense ultrasonication for 30 min.

Preparation of Ag NC decorated GO (GO/Ag). The preparation of Ag NCs was
based on the CO-reduction method.29 In a typical synthesis, an aqueous
AgNO3 solution (4 ml, 0.01 M) was added to a stirred GO suspension (80 ml,
0.625 mg ml− 1). Stirring continued for a further 30 min before CO gas at 1 bar
pressure was bubbled through the mixture at room temperature under vigorous
stirring for 5 min to saturate the mixture with CO. Later, the mixture was
sealed, and a GO/Ag composite could be formed after resting for 3 h.

Preparation of MoS2/G/Ag composite. A solution of 0.52 g (2 mmol) (NH4)2
MoS4 in 40 ml deionized water was introduced to the GO/Ag composite
solution prepared by the method described above. 10 ml of hydrazine hydrate
(85%) was then added as a reducing agent under constant stirring. The reaction
mixture was refluxed at 95 °C for 12 h. The solid product recovered from the
suspension by centrifugation was washed with deionized water and freeze dried.
Finally, the dry solid was heat-treated in flowing nitrogen at 800 °C for 2 h to
yield the Ag NC-MoS2-G ternary composite (denoted as MoS2/G/Ag). For
comparison, the Ag-free MoS2/graphene nanosheet composite was also
prepared by replacing GO/Ag with GO in the synthesis (denoted as MoS2/G).

The morphology of samples was examined by high-resolution transmission
electron microscopy (TEM) on a JEOL JEM-2100F microscope (JEOL, Tokyo,
Japan) operating at 200 kV and by field emission scanning electron microscopy
on a JEOL JSM-6700 F microscope (JEOL) operating at 5 kV. The identification
of phases in the composites was based on powder X-ray diffraction, which
was conducted on a Shimadzu XRD-6000 diffractometer (Shimadzu, Kyoto,
Japan) using a Cu-Kα source. Ultraviolet–visible spectra were recorded by a
Shimadzu UV-1800 spectrometer (Shimadzu).

Electrochemical tests. Two-electrode coin cells (type 2032) were assembled in
an argon-filled glove box using the MoS2 composite as the positive electrode, Li
metal as the negative electrode, a Celgard 2400 separator and an electrolyte of
1 M LiPF6 in EC+DEC (1:1 (w/w)) with a 5 wt% of fluoroethylene carbonate
additive. The positive electrode was fabricated by slurry coating using a mixture
of 80 wt% active material, 10 wt% acetylene black and 10 wt% polyvinylidene
fluorides in N-methyl-2-pyrrolidinone. The mass loading of the electrode was
~ 1.3 mg cm− 2. The cycle stability of the cells was tested on a battery tester
(NEWARE BTS-5 V, Neware Technology Co., Ltd., Shenzhen, China) at
different current densities in the 0.01–3 V voltage window. Cyclic voltammetry
at 0.1 mV s− 1 was used to identify the redox reactions in the 0–3 V (versus Li/
Li+) voltage window on an AutoLab Electrochemical System. The AutoLab was
equipped with a FRA2 type III attachment, and electrochemical impedance
spectroscopy was carried out in the 100 kHz–0.1 Hz frequency range using a
perturbation of 5 mV AC about the selected potentials. For the electrochemical
impedance spectroscopy measurements of the cycled cells, a cell was cycled to
the predetermined number of cycles at 0.5 A g− 1, and then electrochemical
impedance spectroscopy measurements were carried out.

RESULTS AND DISCUSSION

The fabrication of the MoS2/G/Ag composite involved a number of
sequential steps (Supplementary Figure S1): the preparation of GO
using a modified Hummer’s method, the decoration of the GO sheets
with Ag NCs formed using the carbon monoxide (CO)-reduction
method; the deposition of MoS2 nanosheets on GO sheets using the
interaction between the oxygen-containing functional groups of GO
and the Mo precursor to generate a sheet-on-sheet structure, and a
finishing heat treatment in N2 at 800 °C for 2 h to increase the MoS2
crystallinity. The preparation of GO sheets and the deposition of MoS2
sheets on them were based on previously published procedures.11,30

The uniform deposition of Ag NCs on the GO sheets is the key design
feature of this study. It is important to distinguish the product of this
step, the GO/Ag composite, from the common Ag nanoparticle/
graphene composites that are formed by reacting AgNO3 and GO with
poly(N-vinyl-2-pyrrolidone) or tannic acid reducing-cum-stabilizing
agent.31,32 The Ag nanoparticles in the latter are too large to be
stabilized in the sheet-on-sheet layered structure formed by graphene
and MoS2 nanosheets. Nano-Ag much smaller in size than the Ag
nanoparticles, that is, Ag NCs, can be formed by using gaseous CO to
reduce Ag+ ions. CO has been shown in previous studies to provide a
mild and controllable reaction environment suitable for the growth of
Ag(0) in the cluster size range.29,33 The NCs in our preparation were
stabilized using the GO functional groups (-COOH, -OH) as capping
agents to restrain the growth of Ag NCs and to provide fine control of
the cluster size. Hence, by simply bubbling CO through a GO

Figure 1 A schematic of MoS2/G and MoS2/G/Ag composite structures after
the first cycle.
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suspension containing AgNO3, a GO/Ag composite could be formed
quite readily. A representative TEM image of the GO/Ag composite
(Supplementary Figure S2a) confirms the presence of Ag NCs as small
(o2 nm), highly monodisperse particles on the GO sheets. The
existence of Ag NCs is also supported by ultraviolet–visible spectro-
scopy (Supplementary Figure S2b), which showed only absorption
peaks attributable to GO without the characteristic surface plasmon
resonance peak of Ag nanoparticles at ~ 420 nm.
Figure 2 shows the general morphology of MoS2/G (Figures 2a,b)

and MoS2/G/Ag (Figures 2c,d) by sampling over relatively large areas.
Both composites exhibited a 3D architecture that could be attributed
to graphene self-assembly during reflux. This is because the flexibility
of the GO sheets allowed partial overlap or coalesce into the third
dimension with relative ease before the reduction to graphene by
hydrazine.11 It can be seen from the TEM images that both composites
contained thin micrometre-long sheets. The TEM images also show
MoS2 layers with an interlayer distance of 0.62 nm. A closer
examination of the morphologies of MoS2/G/Ag and MoS2/G revealed
systematically smaller numbers of layers in the MoS2 sheets in the
former (5–10 layers) compared with the latter (5–20 layers). This is an
indication that Ag NCs had interfered with the stacking of MoS2 layers
during the synthesis of MoS2/G/Ag composite. The small Ag NCs in
the MoS2/G/Ag composite were difficult to observe directly in the
TEM images because they were located mostly between the graphene
and MoS2 layers and, as a result, were difficult to detect, even by high-
resolution TEM (Figures 2c,d). Their presence could, however, be
confirmed positively by XPS analysis in the Ag 3d binding energy
region (Supplementary Figure S3). The presence of Ag NCs in MoS2/
G/Ag could also be confirmed by energy-dispersive X-ray spectroscopy
(EDX) elemental mapping under the annular dark-field scanning
transmission electron microscopy mode. Figure 3 shows a typical
annular dark-field scanning transmission electron microscopy image
of a MoS2/G/Ag particle and the corresponding elemental maps of C,
Ag, Mo and S. The uniform distribution of Ag throughout the

composite was confirmed by comparing the elemental maps. The
elemental composition of MoS2/G/Ag is summarized in the Table in
the Figure. The calculated atomic ratio of S to Mo of 2.2 is close to the
molecular formula of MoS2. There was only 1 wt% of Ag in the
composite. Although the quantification of EDX elemental mapping
may be subject to some measurement errors, the calculated value of
1 wt% nonetheless indicates that the presence of Ag NCs in the
composite is small. The EDX elemental maps of (Ag-free) MoS2/G are
shown in Supplementary Figure S4. Other than the obvious omission
of Ag, its composition in terms of Mo, S and C was similar to that of
MoS2/G/Ag. The powder X-ray diffraction patterns of MoS2/G and
MoS2/G/Ag are shown in Supplementary Figure S5. All of the
diffraction peaks in the two composites could be indexed to hexagonal
MoS2 (JCPDS 37–1492). According to previous research, the absence
of the MoS2 (002) diffraction in MoS2/G and MoS2/G/Ag is an
indication of the limited stacking of MoS2 layers in the c-direction
upon integration with graphene.9,13,34 The literature also assigns the
peak at ~ 16° to the insertion of single-atom carbon between the MoS2
sheets.34 Similarly, the (002) diffraction peak of graphene was not
detectable because of the comingling of graphene and MoS2 layers in
these composites. No Ag diffraction peak was found in MoS2/G/Ag
because the amount of Ag NCs in this composite was too small to
produce to a coherent diffraction signal. Nonetheless, EDX elemental
mapping has confirmed the presence of Ag in this composite; hence, it
is reasonable to infer the existence of Ag NCs in MoS2/G/Ag.
The cyclability of MoS2/G and MoS2/G/Ag in the discharge

(lithiation) and charge (delithiation) processes was evaluated at
constant current density (50 mA g− 1 for the first cycle and
500 mA g− 1 thereafter; Figure 4a). The first cycle discharge and
charge capacities of MoS2/G/Ag were 1605 and 1064 mAh g− 1,
respectively (66% columbic efficiency). The corresponding values for
MoS2/G were 1156 and 833 mAh g− 1 (72% columbic efficiency). The
higher first cycle capacity loss in MoS2/G/Ag than in MoS2/G led
us to suspect that the Ag NCs might have catalyzed electrolyte

Figure 2 (a, b) Scanning electron microscopy, (c, d) high-resolution transmission electron microscopy images of MoS2/G (a, c) and MoS2/G/Ag (b, d). The
insets correspond to lower magnification images of the same areas.
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decomposition. For confirmation, we analyzed the capacities in
different voltage windows. Supplementary Figure S6 shows the voltage
profiles of MoS2/G/Ag and MoS2/G electrodes in the 1st, 2nd, 5th,
50th and 100th cycles (again, at 50 mA g− 1 for the first cycle and
500 mA g− 1 thereafter). Three voltage plateaus appeared in the first
discharge. The voltage plateau in the 1.2–0.75 V range should
correspond to electrolyte reduction and Li+ intercalation into MoS2
to form LixMoS2.

10,21 The voltage plateau in the 0.75–0.25 V region is

commonly attributed to the reduction of LixMoS2 to Mo metal and
Li2S via a conversion reaction.10,21 The lowest voltage plateau in the
0.25–0.01 V region matches well with the insertion of Li+ into the
graphene layers.10,21 The specific capacities in the 1.2–0.75, 0.75–0.25
and 0.25–0.01 V voltage windows were 160, 254 and 460 mAh g− 1,
respectively, for MoS2/G in the first discharge cycle and were 380, 683
and 300 mAh g− 1, respectively, for MoS2/G/Ag. The comparison
shows that the capacity in the 1.2–0.75 V region was higher for
MoS2/G/Ag. Because there is no feasible reason why the capacity due
to intercalation should differ between composites that contain the
same Li storage host, the higher value for MoS2/G/Ag was most likely
caused by a greater extent of electrolyte decomposition on this
composite. The measurements also showed that the capacity corre-
sponding to MoS2 decomposition (0.75–0.25 V) was much higher in
MoS2/G/Ag than in MoS2/G, which we rationalize as the catalyzed
decomposition of MoS2 by the Ag NCs. Metal-catalyzed electroche-
mical decomposition of a solid oxide is not common but has been
observed in the decomposition of GeO2 to Ge metal.35

In subsequent cycles, the discharge capacity of MoS2/G/Ag increased
from 935 mAh g− 1 in the 2nd cycle to ~ 1300 mAh g− 1 in the 70th
cycle and was stable thereafter. The discharge capacity of MoS2/G was
fairly constant at ~ 850 mAh g− 1 for the first 100 cycles and decreased
to ~ 800 mAh g− 1 by the 200th cycle. The average capacity difference
between MoS2/G/Ag and MoS2/G was 478 mAh g− 1 after 70 cycles.
Thus, the addition of only 1 wt% of Ag NCs to MoS2/graphene
composite was able to increase the Li+ storage capacity by 60%. The
columbic efficiency was the same for MoS2/G/Ag and MoS2/G in every
cycle. Hence, the dissimilarity was due to the difference in discharge
capacity (lithiation capacity) in each cycle. The analysis of the voltage
plateaus in different potential regions was again used to gain some
insights into the function of Ag NCs in capacity enhancement.
In contrast to the 1st cycle, there were four voltage plateaus in the

discharge curve from the 2nd to the 200th cycles. The voltage plateau
in the 2.5–1.5 V region should correspond to the formation of Li2S.
The voltage plateaus in the 1.5–0.75 V and 0.75–0.25 V regions have
been attributed to the association of Li+ with Mo.10,14 We thus
expected that the association of Li+ with Ag NCs would also occur in

Figure 3 Elemental mapping and composition of MoS2/G/Ag.

Figure 4 (a) Cycling performance of MoS2/G and MoS2/G/Ag (50 mA g−1 for
the first cycle and 500 mA g−1 for the subsequent cycles), (b) rate
performance of MoS2/G and MoS2/G/Ag.
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the same region. The voltage plateau in the 0.25–0.01 V region was the
same as before and hence could be assigned to the storage of Li+ in
graphene.10,14 From the comparison of the specific discharge capacities
in the four voltage regions for the 2nd and 50th cycles (Supplementary
Table S1), the effect of cycling on specific discharge capacity was not
large for MoS2/G. On the contrary, the specific capacities correspond-
ing to Li2S formation, the association of Li with Mo/Ag and the
insertion of Li+ into graphene layers had all increased significantly
with cycling in the presence of the Ag NCs. Taking the discharge
capacity in the 100th cycle as an example, the overall specific capacities
were 849 mAh g− 1 for MoS2/G and 1308 mAh g− 1 for MoS2/G/Ag.
Hence, the addition of a minute quantity of Ag NCs (1 wt%)
increased the overall Li+ storage capacity by 54%. Accordingly, the
specific capacity corresponding to Li2S formation increased from
232 mAh g− 1 for MoS2/G to 248 mAh g− 1 for MoS2/G/Ag, which
constitutes a 2% increase compared with the original MoS2/G. The
specific capacity corresponding to the association of Li+ with Mo was
416 mAh g− 1 for MoS2/G and increased to 671 mAh g− 1 for MoS2/G/
Ag due to the added possibility of associating with Ag. The increase of
the MoS2/G capacity was a rather substantial 30%. Finally, the specific
capacity for Li+ insertion into graphene also increased from
201 mAh g− 1 for MoS2/G to 390 mAh g− 1 for MoS2/G/Ag, which
constitutes a 22% increase over the original MoS2/G capacity. The
increase in capacity due to Li2S formation could be posited as Ag NC-
assisted immobilization of S. The increase in capacity in the Li-Mo
association region could be due to the association of Li+ with Ag NCs,
which have a large surface area for surface adsorption. The increase in
capacity corresponding to the insertion of Li+ in graphene could be

attributed to the pillaring effect of Ag NCs in expanding the interlayer
distance of graphene. Previous studies have shown that the Li storage
capacity of graphene could be increased by expanding the interlayer
distance.36 A schematic showing the various functions of Ag NCs in
MoS2/G/Ag is given in Figure 1.
The MoS2/G/Ag composite also exhibited improved rate perfor-

mance. For example, the discharge capacities were still as high as 1040
and 850 mAh g− 1 when the current densities were increased to 1 and
5 A g− 1, respectively. At these higher current densities, the capacities
of MoS2/G were only 790 and 580 mAh g− 1 (Figure 4b). The rate
performance of MoS2/G/Ag is much better than most reported MoS2-
based composites, according to our literature survey, as shown in
Supplementary Table S2. This may be due to the increased separation
of the graphene sheets in the presence of Ag NCs. Because the mole
ratio of Mo to C was approximately 1:6, the graphene sheets were few-
layer in structure, and the interlayer distance should have thus been the
same as that of graphite in MoS2/G. The presence of intervening Ag
NCs between adjacent graphene layers in MoS2/G/Ag, however, could
expand the interlayer distance to result in more facile Li+ transport.
When the current density was returned to 0.1 A g− 1, a discharge
capacity as high as ~ 1400 mAh g− 1 could still be obtained. This value
is higher than any previously reported for MoS2 composites. All
of the previously stated reasons (the immobilization of S by Ag, the
association of Li+ with Ag and the increase in the distance between the
graphene sheets) have contributed to the collective increase in storage
capacity beyond what is possible with only the conversion reaction
S+2Li+⇆Li2S.

Figure 5 Cyclic voltammograms of MoS2/G (a) and MoS2/G/Ag (b) at 0.1 mV s−1 for the first five cycles, (c) Nyquist plots of MoS2/G and MoS2/G/Ag
electrodes after 50 and 80 cycles.
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The electrochemical properties of the two composites were further
analyzed by cyclic voltammetry measurements in the 0–3 V potential
region at a scan rate of 0.1 mV s− 1 (Figures 5a,b). All reduction peaks
appeared within the discharge voltage plateau regions discussed in the
last section. There was only one strong oxidation peak at 2.3 V in the
first delithiation cycle, corresponding well with the oxidation of Li2S to
S. One more peak, which appeared from the 2nd cycle onwards,
may be associated with the disassociation of Li from Mo/Ag.10

A comparison of the voltammetric features shows an increase in the
peak intensities of the reduction peak at 1.9 V and of the oxidation
peak at 2.3 V with cycling for MoS2/G/Ag but shows no changes for
MoS2/G. This corroborates the earlier observation of an increase in the
capacity of the Li–S reactions with cycling in the presence of Ag NCs.
The MoS2/G and MoS2/G/Ag composites after being discharged and
charged for 50 and 80 cycles were also analyzed by electrochemical
impedance spectroscopy. The Nyquist plots (Figure 5c) of the MoS2/
G/Ag electrode show generally smaller high to middle frequency
semicircles characteristic of the overall charge transfer resistance in the
electrode reaction. Because the electrical conductivity of Ag NCs is not
high,37 the observed capacity increase was likely due to the contribu-
tions of Ag NCs in Li+ conduction and storage rather than electron
conduction. The Nyquist plots show a decrease in charge transfer
resistance with cycling for MoS2/G/Ag and a nearly invariant charge
transfer resistance for MoS2/G. This mirrors the trend of increasing
specific capacity of MoS2/G/Ag with cycling in the first 70 cycles.
Earlier, we mentioned that the higher capacity of MoS2/G/Ag was due
to the roles of Ag NCs in S immobilization, their association with Li+

ions and the increase in the interlayer distance between the graphene
sheets. The gradual capacity increase in the first 70 cycles has the
appearance of an activation process, the origin of which is unknown.
We suppose that the strong affinity between Ag and S may play a role
in this process.

CONCLUSIONS

A ternary composite of graphene, MoS2 nanosheets and silver NCs
(MoS2/G/Ag), was prepared by depositing Ag NCs on GO sheets
before the formation of MoS2 layers. Because the internalization of Ag
NCs in this system consists only of mixing GO and the silver precursor
in an aqueous solution followed by CO reduction, this additional
synthetic step is relatively simple and can be easily scaled up. A small
amount of Ag NCs (1 wt% Ag in MoS2/G/Ag) uniformly dispersed in
the composite was found to significantly improve the electrochemical
properties of MoS2/G as a Li+ storage host. When cycled at a current
density of 0.5 A g− 1, the discharge capacity of MoS2/G/Ag increased
from 935 mAh g− 1 in the 2nd cycle to ~ 1300 mAh g− 1 in the 70th
cycle and was stable thereafter. By comparison, the discharge
capacity of MoS2/G without the Ag NCs was fairly constant at
~ 800–850 mAh g− 1 in the same number of cycles. Hence, the average
increase in the capacity of MoS2/G after Ag NC modification was a
noticeable 478 mAh g− 1 at the steady state. The improved electro-
chemical performance of MoS2/G/Ag could be attributed to a number
of effects brought about by the Ag NCs: the immobilization of S, the
association of Li+ and the increase in the distance between the
graphene sheets. In addition to higher capacity, MoS2/G/Ag exhibited
enhanced rate performance: discharge capacities as high as 1040 and
850 mAh g− 1, even at the elevated current densities of 1 and 5 A g− 1,
respectively. These capacities compare very favourably with the
corresponding values from MoS2/G, which were only 790 and
580 mAh g− 1.
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