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A germanium nanoparticles/molybdenum
disulphide (MoS,) nanocomposite as a high-

a1 capacity, high-rate anode material for lithium-ion

batteries}
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A facile synthesis of Ge/MoS, nanocomposites is developed by blending Ge nanoparticles into MoS,

nanosheets in solution at room temperature followed by annealing at 350 °C. The decoration with Ge

nanoparticles in this compound can synergistically improve the electrochemical performance of LIBs

because of increased conductivity and structure stability. Ge/MoS, nanocomposites exhibit a high

reversible capacity of 1362 mA h gt cycled at 0.2 A g~* after 50 cycles. Even at high rate capability
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(>1 A g%, the battery performance of Ge/MoS, from 0.2 A g~ to 15 A g™' is superior to the

performances of the reported graphene-based and other nanoparticle-decorated MoS, anodes. Finally,
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Introduction

To date, rechargeable Li-ion batteries (LIBs) play an important
role in powering portable electronic devices (PEDs) such as
laptops, smart phones and tablets. Since the rapid development
of hybrid electric vehicles (HEV) and electric vehicles (EV), LIBs
with a high energy density are very much required."* LIBs with
a high energy density can be achieved by replacing the tradi-
tional graphite anode with other electrode materials, which
have higher capacity than graphite (372 mA h g~ ").3*

Recently, two dimensional (2D) layered structures have
attracted tremendous attention for their use in LIBs, optoelec-
tronic devices and hydrogen evolution catalysis due to their
unique properties.>® Among them, layered transition-metal
dichalcogenides, including MoS,, MoSe,, WS, and WSe,, attract
much attention due to their sandwich structure (chalcogen-
metal-chalcogen). MoS, is a suitable candidate for replacing
commercial graphite owing to its high theoretical capacity
(670 mA h g~ ') and weak van der Waals forces between Mo and
S layers. Due to the weak binding energy between the S-Mo-S
layers, Li-ions can easily intercalate and de-intercalate into the
layered structure.”” Despite the fact that bulk MoS, has these
advantages, the practical application of the bulk MoS, anode for
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a coin-type full-cell with a high areal capacity (~3 mA h cm™) and a high volumetric capacity
(~1700 mA h cm™3) was also achieved with a Ge/MoS, anode and a Li(MnCoNi)O, cathode.

LIBs still faces some challenges such as inferior electrochemical
performance and rapid decay in capacity because of the poor
electronic conductivity, and less active sites.'®"* Therefore,
considerable research efforts have been devoted to improving
the above-mentioned problems of bulk MoS,. Various nano-
structures of MoS, like nanospheres, hollow nanospheres,
nanosheets>'>** and carbon-based composites*** are adopted
to improve the electronic conductivity, add the active sites and
shorten the diffuse path of Li-ions. Nevertheless, the methods
above-mentioned are usually involved in complicated manu-
factural procedures and under harsh reaction conditions to
hamper its practical application in industries.

Currently, one feasible strategy is to design effective
hybridization of two species electrochemically active anode
materials as many literature studies reported.>*>* By blending
other electrochemically active constituents, synergistically
improved electrochemical properties such as electrical/ionic
conductivity, mechanical stability, and high energy density
which are difficult to achieve in a single energy storage system
were manifested. In this smart integrated composite, the elec-
trode can absorb the volume variation of the active material
during lithium insertion/removal, similar to the concept of
intermetallic alloying compounds,”**® and host reversibly
a larger amount of lithium. Meantime, electrochemical activi-
ties of individual components are fully presented, and the
interface/chemical distributions are homogeneous in the
nanocomposites.

Germanium (Ge) nanoparticles and nanowires have been
proposed as a potential candidate for LIBs owing to their high
theoretical capacity and high rate capability.”>*” In this study,

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 |Illustration of a facile process and structure evolution after
cycles of the Ge/MoS, composites.

we developed Ge/MoS, composites to address the issue of high
rate capability (>1 A g~ ') of MoS,-based electrodes. Ge nano-
particles are introduced into the Ge/MoS, composites because
they are favourable for high rate tests. Ge/MoS, nanocomposites
exhibit an outstanding performance with a reversible capacity
of 1362 mA h g ' at 0.2 A g after 50 cycles and high rate
capability (>1 A g~ '). By building up the integrated architecture,
there are several advantages as follows. First of all, both MoS,
and Ge can store lithium ions so that the overall energy density
of the electrode was improved with a volumetric capacity of
1700 mA h cm ™2, about 3 times than that of graphite.*® Besides,
structure evolution after cycles of the Ge/MoS, with well-distri-
bution of Ge nanoparticles is shown in Scheme 1, which makes
electrons easily transfer contributing to excellent high rate
capability. In terms of germanium, the huge volume variance
issue during the process is effectively tackled through the frame
of the product of MoS, (Li,S and Mo). In other words, the
rational hybridization of MoS, and Ge is mutually beneficial to
address their individual inherent defects in electrochemical
behaviour. For practical application, the coin-type full-cell
(CR2032) of Ge/MoS, composites as an anode and Li(MnCoNi)
O, as a cathode had been fabricated with a high reversible areal
capacity (~3 mA h cm™?) and a high volumetric capacity
(~1700 mA h g™') and used to power the electronic device.

Experimental section
Chemicals

All chemicals and solvents were used as received. Ammonium
molybdate tetrahydrate ((NH4)sM0,0,,4-4H,0, 81.0-83.0%

This journal is © The Royal Society of Chemistry 2017
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MoO; basis), thiourea (NH,CSNH,, 99%), germanium(u)
bromide (GeBr,, 97%), oleylamine (OLA, C;sH3,N, 70%),
poly(acrylic acid) (PAA, average My ~ 450 000), carboxymethyl-
cellulose sodium salt (CMC, C,3H3,Nag0,;), ethanol (C,H;0H,
99.8%) and toluene (C¢HsCHj, reagent grade) were purchased
from Sigma-Aldrich. Lithium hexafluorophosphate (LiPFy), flu-
oroethylene carbonate (FEC, C3H3FO3), diethyl carbonate (DEC,
C5H;1(,03), super P carbon black, lithium metal foil, copper
metal foil, Celgard membrane and coin-type cell CR2032 were
purchased from Shining Energy Co., Ltd.

Synthesis of MoS, nanosheets

Synthesis of the MoS, nanosheets was based on a previous
literature study.* In the beginning, 0.143 mmol ammonium
molybdate tetrahydrate and 4.28 mmol thiourea were dissolved
in 5 ml deionized water under vigorous stirring for 30 minutes.
During stirring, the solution gradually became transparent.
The solution was transferred to a batch reactor and heated at
180 °C for 24 h. The hot reactor was removed from the heater
followed by rapid cooling to room temperature. The
as-synthesized products were cleaned three times by centrifu-
gation at 8000 rpm for 5 minutes with 5 ml deionized water and
35 ml ethanol. After the cleaning step, the products were
annealed at 800 °C for 2 h under an argon atmosphere.

Synthesis of Ge nanoparticles

Ge nanoparticles were synthesized using procedures from
a previous study.***! In a typical synthesis, 1 mmol GeBr, and
20 ml OLA were added to a 50 ml three-necked flask in an argon-
filled glovebox. After removal of the three-necked flask from the
glovebox, one neck was quickly connected to the Schlenk line.
Another was connected to a thermocouple for monitoring the
temperature. The other was connected to a rubber septum for
sealing. Then, the mixture was vigorously stirred and degassed
under argon atmospheres at 120 °C for 30 minutes. After
purging, the mixture was heated to 260 °C and maintained for
2 h. Finally, the black colloidal solution was formed and the
flask was cooled to room temperature. By adding 5 ml of toluene
and 35 ml of ethanol, the mixture was washed three times at
8000 rpm for 5 minutes. After washing, GeNPs were dispersed in
toluene for further application.

Synthesis of Ge/MoS, composites

Ge nanoparticles and MoS, were mixed in a 50 ml three-necked
flask with a 2 : 1 weight ratio and then OLA (15 ml) and toluene
(30 ml) were also added into the three-necked flask. After the
solution was vigorously stirred for 12 h at room temperature,
the Ge/MoS, composites were obtained by centrifugation with
5 ml toluene and 35 ml ethanol at 8000 rpm for 5 minutes for
three times. Moreover, unnecessary oleylamine ligands, which
can result in poor electrical conductivity, on the surface of Ge
nanoparticles were eliminated by heating to 350 °C for 2 h in
a furnace under an argon atmosphere. After annealing, the
Ge/MoS, composites were collected and applied to the following
characterization and electrochemical tests.

J. Mater. Chem. A, 2017, 5, 4114-4121 | 4115
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Lithium ion battery assembly

80 wt% active materials (Ge/MoS,), 10 wt% super-p carbon
black, 5 wt% PAA and 5 wt% CMC were mixed in ethanol and
deionized water to form a homogeneous slurry, which was tape-
cast on a copper foil and dried in an oven to fabricate the
electrode of Ge/MoS,. Before assembling, the electrode was
dried at 150 °C for 2 h under an argon atmosphere to remove the
residual water. The coin-type half-cell (CR2032), which con-
tained 0.5 mg Ge/MoS, composites electrodes, a lithium metal
foil and a PP/PE/PP membrane soaked in an electrolyte, was
assembled in an argon-filled glovebox. The electrolyte consisted
of 1 M LiPF, in a mixture of fluoroethylene carbonate/diethyl
carbonate (FEC/DEC) (3:7 v/v). For the coin-type full-cell
(CR2032), Li(MnCoNi)O, was used as a cathode instead of the
lithium metal and the Ge/MoS, composite was used as an
anode.

Electrochemical characterization

All materials were characterized by field emission scanning
electron microscopy (FESEM), transmission electron micros-
copy (TEM), high-resolution transmission electron microscopy
(HRTEM) and X-ray diffraction (XRD). For SEM imaging, images
were characterized by using a FESEM (HITACHI-SU8010) at an
accelerating voltage of 10-15 kV with an 8 mm working
distance. The TEM samples were prepared by dispersing the
powder in ethanol and drop-casting onto a carbon-coated
copper grid. The TEM and HRTEM images were acquired by
using an accelerating voltage of 200 kV with a Philips TECNAI 20
and an accelerating voltage of 300 kV with a JEOL JEM-3000F,
respectively. XRD patterns were recorded by using a Shimadzu
XRD-6000 diffractometer, which was equipped with CuK
radiation.

Results and discussion

The Ge/MoS, nanocomposites were prepared by mixing the
as-synthesized Ge nanoparticles and the as-synthesized MoS,
for 12 h at room temperature. The SEM images of the Ge/MoS,
composites are shown in Fig. 1(a and b). Obviously, the MoS,
nanosheets were densely covered by a large amount of Ge
nanoparticles. In Fig. 1(c and d), the low-magnification and
high-magnification TEM images of the Ge/MoS, composites
clearly show the overall shape, which is composed of abundant
Ge nanoparticles and MoS, nanosheets. In addition, the
HRTEM image of the Ge/MoS, composites in Fig. 1(e) shows
that the obvious interplanar spacing of the Ge and the MoS,
corresponds to the (111) and (220) crystalline planes of Ge and
the (002) crystalline plane of MoS,, respectively. The SAED
pattern of the Ge/MoS, composites in Fig. 1(f) clearly exhibits
the different ring patterns, which are consistent with the (111),
(220) and (311) crystalline planes of Ge and the (002), (101),
(103), (105) and (008) crystalline planes of MoS,.

To remove the unnecessary oleylamine ligands, the Ge/MoS,
composites were annealed at 350 °C for 2 h under an argon
atmosphere. Herein, the Ge/MoS, composites, which are not
specially mentioned, indicate that the composites had
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Fig.1 (a and b) SEM images, (c and d) TEM images, (e) HRTEM image
and (f) SAED pattern of the Ge/MoS, composites prepared by mixing
Ge nanoparticles and MoS, nanosheets at room temperature.

undergone the annealing process. The morphology of the
Ge/MoS, composites is still unchanged as shown in Fig. 2(a and
b) in comparison with the one of Ge/MoS, composites before
annealing in Fig. 1(a and b). A high density of Ge nanoparticles
are uniformly scattered on the MoS, nanosheets. TEM images of
the Ge/MoS, composites in Fig. 2(c and d) also maintain the
same morphology like the Ge/MoS, composites before anneal-
ing in Fig. 1(c and d). SEM and TEM images in Fig. 2(a-d) prove
that the annealing process cannot cause any change of struc-
ture. Energy-dispersive spectroscopy (EDS) elemental mappings
of the Ge/MoS, composites clearly show the homogeneous
distribution of the Mo, S and Ge elements (red, green and yellow
represent the elements of Mo, S and Ge, respectively) as shown
in Fig. 2(e and f). Moreover, the HRTEM image of the Ge/MoS,
composites in Fig. 2(g) clearly shows the interplanar spacing,
which is 0.32 nm and 0.63 nm, corresponding to the (111)
crystalline plane of the Ge and the (002) crystalline plane of the
MoS,, respectively. The SAED pattern of the Ge/MoS, compos-
ites in Fig. 2(h) shows several rings, which are consistent with
the ring patterns of Ge/MoS, composites before annealing as
shown in Fig. 1(f). According to the XRD patterns of the
Ge/MoS, composites before and after annealing in Fig. 3, both
of them are similar and are indexed to the JCPDS database of

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (aandb) SEMimages, (c and d) TEM images, (e and f) EDS elemental mappings (Mo (red), S (green) and Ge (yellow)), (g) HRTEM image, and

(h) SAED pattern of the annealed Ge/MoS, nanocomposites.

the Ge (#895011) and the MoS, (#371492). From the result of
interplanar spacing, SAED and XRD patterns, the composites
still maintain the original phase after the annealing process.
Galvanostatic cycling performance of the Ge/MoS, compos-
ites with a current density at 0.2 A g~ " is shown in Fig. 4(a). In
the beginning, the current density at 0.1 A g~ ' was used to form
a dense solid electrolyte interfere (SEI) layer. The first discharge
and charge specific capacities are 1600 and 1282 mA h g,
corresponding to a nearly 80% coulombic efficiency. The irre-
versible capacity was mainly caused by forming a SEI layer on
the electrode during the first discharge and charge process.
After the first cycle, the subsequent cycles show a high reversible
capacity without apparent fading after 50 cycles. The 50th cycle
exhibits that the specific capacity of charge is 1362 mA h g *,
which maintains a nearly 100% charge capacity of the 2™ cycle.
The voltage profile of the Ge/MoS, composites in Fig. 4(b)
exhibits several potential plateaus observed in the first
discharge (lithiation) process at 1.1, 0.6-0.7 and 0.1-0.5 V and in

—Ge #895011
— MoS) #371492

before annealing

after annealing

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Fig. 3 XRD patterns of the Ge/MoS, composites before and after
annealing.

This journal is © The Royal Society of Chemistry 2017

the first charge (delithiation) process at 2.2 and 0.4-0.6 V. In the
following cycles, the plateaus can be observed at 2 and 0.1-0.2 V
in the discharge process and at 2.2-2.3 and 0.5 V in the charge
process. Fig. 4(c) shows the differential capacity curves at
various cycles, including the 1st, 10th and 20th cycle. The peaks
indicate the lithiation and delithiation of the composite. In the
first discharge cycle, the sharp peak at 1.1 V is the formation of
Li,MoS, and the broad peak at 0.6-0.7 V is the reaction of
Li,MoS, to metallic molybdenum (Mo) and Li,S through
conversion reactions based on the previous studies.**> Mean-
while, the broad peak at 0.6-0.7 V is probably attributed to the
formation of the SEI layer from electrochemical reduction of the
electrolyte. The SEI reaction, which occurs at nearly 0.6 V, will
disappear after forming a passivating SEI layer on the surface of
the electrode.” The other peaks at the first discharge cycle
between 0.1 and 0.5 V are the formation of the various Li-Ge
alloy phases according to the literature.****** In the first charge
cycle, the peaks evident upon 2.2 V and 0.4-0.6 V is the deli-
thiation of Li,S and Li-Ge alloys, respectively. For the following
discharge cycles, the main peaks appear on nearly 2 V and
0.1-0.2 V corresponding to lithiation of S and Ge, respectively.
The peaks in the following charge cycles (2.2-2.3 V and 0.5 V)
are related to the delithiation of Li,S and Li-Ge alloys.

In summary, MoS, in the composite irreversibly uptakes
lithium ions at first and then decomposes into Mo and Li,S
through conversion reactions around at 0.6 V. During lithium
intercalation, germanium itself reversibly forms an alloy with
lithium. While in the discharge process, the molybdenum and
lithium disulfide were oxidized near a potential of 2.2 V. For the
following cycles, the reaction with lithium for the Ge/MoS,
composite includes conversion reactions and alloying reactions
(Ge alloy/dealloy reaction) as described as follows.

J. Mater. Chem. A, 2017, 5, 4114-4121 | 4117
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Fig.4 (a) Cycling performance of the Ge/MoS, composites at a rate of
0.1 A g~ for the initial cycle and following cycles at a rate of 0.2 Ag™2.
(b) Voltage profiles of the Ge/MoS, composites at 1st, 2nd and 10th
cycle. (c) Differential capacity curves of the Ge/MoS, composites at
1st, 10th and 20th cycle.

MoS, + xLi — Li,MoS, — Mo + 2L,S (~0.6 V vs. Li/Li")
Mo + Li,S © 2Li + S + Mo (~2.2 V vs. Li/Li*)

Ge + xLi < Li,Ge (~0.3 V vs. Li/Li")

The Ge/MoS, composites have to be examined by various
current densities. Fig. 5(a) shows the rate capability of the
Ge/MoS, composites in a wide range of current density from 0.1
to 15 A g~ ' and the current density at 0.1 A g~ ' was only used in
the first cycle. Then, all of the discharge and charge current
densities were kept the same. The first discharge and charge
specific capacities are 1524 mA h g ' and 1213 mA h g,
respectively. In the rate capability test, the Ge/MoS, composites
exhibit that the average specific capacity of charge is 1306
(02Ag™),1247 (0.5A¢g 1), 1169 (1 Ag "), 1064 (2 Ag™ 1), 958
(B3Ag™),790 5Ag "), 658(7A¢g "), 511 (10 A g ') and 333
(15 A g7') mA h g ', respectively. After Ge/MoS, composites
were tested at different current densities, the rate was quickly
returned to 0.2 A g~ ' for 10 cycles and the average charge
capacity is nearly equivalent to the initial average capacity
(1306 mAhg ')at02Ag .
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Fig.5 Rate capability of the Ge/MoS, composites from 0.1to 15A g™
(a) All of the discharge rates are equal to the charge rates. (b) Discharge
and charge at low rates (0.1, 0.2, 0.5 and 1 A g~ ) are kept the same and
the discharge rate is fixed to 1 A gt at high charge rates (2, 3, 5, 7, 10
and 15 A g7

The rate capability of the Ge/MoS, composites was also
evaluated from 0.1 to 15 A g~ " in Fig. 5(b). Under the experi-
mental conditions, the current density of discharge and charge
at 0.1,0.2,0.5 and 1 A g~ ' is maintained the same. In addition,
the current density of charge is changed to 2, 3, 5, 7, 10 and
15 A g~ ' with the fixed discharge rate (1 A g™ ). For the first cycle
(0.1 A g™ "), the discharge and charge capacities are 1451 and
1147 mA h g%, respectively. The average charge capacity of the
Ge/MoS, compositesis 1285 mAhg " (0.2A¢g "), 1235 mAhg™"
(05Ag7 "), 1172mAhg ' (1Ag "), 1147mAhg " (2Ag™ Y,
1106 mAhg ' (3Ag "),974mAhg ' (5Ag "),87mAhg™"
(7Ag™"),809mAhg ' (10Ag )and 777 mAhg ' (15Ag "),
respectively. To prove the effect of hybridization of two active
anode materials, the rate capability of bare MoS, was deter-
mined and is shown in Fig. S7.f Under a variety of current
densities including 0.1C, 0.5C, 1C, 2C, 3C, 5C, 7C, 10C, and
back to 0.1C (1C = 1A g '), the first cycle charge/discharge
capacity of bare MoS, is 943 mA h g~" and 821 mA h g7/,
respectively, showing a coulombic efficiency of 87%. Capacity
decreased swiftly over cycles at 0.5C, and even worse results at
higher rates from 1C to 10C were obtained, implying poor
conductivity of bare MoS, nanosheets. Besides, the composite
with excess Ge nanoparticles was blended to show poor elec-
trochemical performance as depicted in Fig. S8(b).t Theoreti-
cally, the rate performance will be increased as the amount of
Ge nanoparticles increases. We speculate that the situation is
probably caused by nanoparticle aggregation during the cycling
process. All the results clearly demonstrate the excellent cycling
stability and rate capability of the as-prepared Ge/MoS,
electrode.

This journal is © The Royal Society of Chemistry 2017
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Performance and stability at high rates (>1 A g™ ') are
significant challenges for the MoS,-based anode due to the
effects of low electrical conductivity of the MoS, nanosheets.
The galvanostatic discharge/charge cycles are tested with the
current density at 5 and 7 A g~'. As shown in Fig. 6(a), the
cycling performance of the Ge/MoS, composites shows high
stability and reversible capacity at 5 A g~ . For the first cycle, the
current density at 0.1 A g~ " is used and the discharge and charge
capacities are 1481 and 1175 mA h g~ ' with a nearly 79%
coulombic efficiency. After 100 cycles, the Ge/MoS, composites
still exhibit high stability and reversible capacity. Then, the
average charge capacity at 5 A g~ ' is approximately 790 mAh g~
Fig. 6(b) shows the capacity of the Ge/MoS, composites with
a higher current density at 7 A ¢~ and the average charge
capacity is nearly 594 mA h g~ ". After 100 cycles, the Ge/MoS,
composites also show good stability and capacity. The insets of
Fig. 6(a and b) present the voltage profile of the Ge/MoS,
composites at 1st, 10th and 100th cycles and the potential
plateaus are similar to the above result with the current density
at 0.2 A g~ " in Fig. 4(b).

The structure evolution of the Ge/MoS, composites with
a current density at 7 A g~ after 100 cycles is shown in Fig. 7(a).
After galvanostatic discharge and charge cycles for 100 cycles,
the Ge/MoS, composites exhibit an agglomerate structure,
which will cause a fast fading in capacity due to the decreasing
active sites. However, superior performance and stability of the
Ge/MoS, composites can be attributed to the Ge nanoparticles,
which act as spaces in the agglomerate structure to make the
electrode accessible for the penetration of the electrolyte. EDS
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Fig. 6 Galvanostatic discharge and charge cycles between 0.01 and

3V of the Ge/MoS, composites. The current density at 0.1 A g~ for the

first cycle followed by a rate of (a) 5 A g~ and (b) 7 A g~* for total

100 cycles. The insets in (a) and (b) show the voltage profile at 1st, 10th

and 100th cycles.
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Fig. 7 (a) Structure evolution and (b—e) EDS elemental mappings of
the Ge/MoS, composites with a current density at 7 A g% after
100 cycles.

elemental mappings of the Ge/MoS, composites after 100 cycles
are shown in Fig. 7(b-e). Obviously, elements of Ge (yellow), Mo
(red) and S (green) are uniformly dispersed in the agglomerate.
In particular, homogeneous distribution of Ge nanoparticles
can play an important role in stabilizing the structure and
preventing the restack. Due to the stable and integrated struc-
ture, Ge/MoS, composites exhibit superior cycling performance.

To verify the feasibility of the Ge/MoS, composites for practical
application, the coin-type full-cell (CR2032) was assembled with
a Ge/MoS, anode and a Li(MnCoNi)O, cathode. As shown in
Fig. 8(a), the cycling performance of the coin-type full-cell with
a current density at 0.3 A cm ™ for 30 cycles is nearly 3 mA h cm 2.
From Fig. 8(a), the volumetric capacity of the Ge/MoS, electrode
was also calculated around 1700 mA h ecm™* (thickness of the
Ge/MoS, electrode is nearly 18 pm) which is at least five times
higher than that of the commercial graphite (330-430
mA h em3).* High volumetric capacity can effectively reduce the
volume of the anode and enhance the energy density based on the
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Fig. 8 (a) Areal and volumetric capacity of coin-type full-cell (CR2032)
with a Ge/MoS, anode and a Li(MnCoNi)O, cathode with current
density at 0.3 A cm~2 for 30 cycles. (b) Voltage profile of the coin-type

full-cell with current density at 0.3 A cm™~2 at 10th and 20th cycles. (c)
Coin-type full-cell was used to power the green LEDs (87 bulbs).
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Fig. 9 Cycling performance of the Ge/MoS, anode in comparison
with those of the studies about graphene-based and nanoparticle-
decorated MoS,. The red star symbolizes our data, which were
calculated based on the active material, from 0.2 to 15 A g~ (discharge
and charge rates were kept the same).

same volume. The voltage profile of the coin-type full-cell at 10th
and 20th cycle shown in Fig. 8(b) exhibits several potential
plateaus during the discharge and charge cycles. In the discharge
process (lithiation of the Ge/MoS, composites), potential plateaus
at 1.5-3.2 V are contributed by the MoS,. On the other hand,
potential plateaus at 3.2-4.2 V are attributed to the reaction of the
Ge nanoparticles. In the charge process (delithiation of the
Ge/MoS, composites), the voltage curve at 1-2.5 Vand at 2.5-4.2 V
is the reaction of the MoS, and Ge, respectively. For further
application, the coin-type full-cell had been used to power a LED
board with the green LED (87 bulbs), which displays the words
“Ge/MoS,” in Fig. §(c).

Conclusions

In summary, Ge/MoS, composites with densely covered Ge
nanoparticles on MoS, nanosheets were successfully synthe-
sized through a mixing process. By a series of electrochemical
tests, Ge/MoS, composites deliver superior cycling perfor-
mance, reversible capacity and rate capability. Ge nanoparticles
successfully prevent the restack of the structure and effectively
enhance the specific capacity at high rates (>1 A g ). In Fig. 9,
Ge/MoS, composites show superior battery performance from
0.2 Ag 'to 15 A g ! (discharge and charge rates were kept the
same) in comparison with those in the previous studies based
on graphene-based'** and nanoparticle-decorated MoS,.>*>*
Excellent performance can be attributed to a robust structure,
which consisted of Ge nanoparticles and MoS, nanosheets. In
this structure, Ge nanoparticles act as the spacers to effectively
prevent the restack of MoS, nanosheets and make the adjacent
MoS, nanosheets accessible to the electrolyte. Moreover, high
areal capacity and high volumetric capacity of full cells have
been achieved, which are critical for practical applications.
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