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G R A P H I C A L A B S T R A C T

The amorphous interface acts as an express way for Li-ion migration.
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A B S T R A C T

The enhancement of lithium ion conductivity is observed in the composite solid electrolyte LiI-MoS2, which was
synthesized by ball milling of the mixture of LiI and MoS2. The composite electrolyte shows an ionic conductivity
as high as 7.1 × 10−5 S cm−1 at room temperature which is nearly three orders of magnitude higher than the
pristine LiI and can be ascribed to the formation of the amorphous interface between the two phases. In addition,
the composite electrolyte LiI-MoS2 exhibits a wide apparent electrochemical stability window of −1 to 5 V. X-
ray diffraction measurements on the composite inform that original phases are well maintained after ball milling
process. Transmission electron microscopy (TEM) and field emission scanning electron microscopy (FE-SEM)
reveal the homogeneous distribution of LiI over the surface of MoS2 and the favorable interface for Li-ion mi-
gration between the two phases. Our work proposes a novel strategy to design solid electrolytes with high Li-ion
conductive, and also provides some possibility for two-dimensional materials to be applied in superior solid
electrolytes.

Huge demands in many energy storage systems have accelerated the
development of high-performance rechargeable lithium-ion batteries
[1,2]. However, numerous accidents in cell phones and electric vehicles

turn peoples’ attention to batteries’ safety [3]. Studies have shown that
liquid organic electrolytes are liable to cause accidents. They suffer
from some serious drawbacks such as lithium dendrite growth,
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electrolyte leakage, low chemical stability, flammability and poor
compatibility to electrolytes [4,5]. Therefore, alternative high-perfor-
mance solid electrolytes have drawn considerable attention for repla-
cing organic liquid electrolytes and improving safety of all-solid-state
batteries (ASSB) during last decades [6–8]. As far as inorganic solid
electrolytes, a few categories with high ionic conductivity have been
extensively investigated, including some oxide electrolytes such as
perovskite and garnet type materials [9–13] and sulfide electrolytes
[14–19]. Both exhibit a high ionic conductivity (10−3–10−4 S cm−1)
which approaches to that of commercial liquid organic electrolytes.
However, critical drawbacks like low electrochemical decomposition
potential, high electrode-electrolyte interfacial resistances and the poor
compatibility against lithium of these solid electrolytes hamper their
further application in ASSB. LiI has been studied as a solid electrolyte
material in the ASSB systems, which is chemically compatible with li-
thium anodes and has extremely low electronic conductivity. However,
the relatively low ionic conductivity (10−7 S cm−1 at room tempera-
ture) of LiI limits its further application [20,21]. In an attempt to in-
crease the ionic conductivity of LiI, Liang and co-workers studied the
ionic conductivity of LiI doped with various calcium compounds. The
freshly quenched lithium iodide containing 1 mol percent (m/o) of
calcium iodide shows a conductivity of 10−5 S cm−1 at room tem-
perature. However, the conductivity would decrease with time and
reach 10−6 S cm−1 after about 500 hr [22].

Further investigations on the polycrystalline lithium iodide revealed
that the conductivity of the lithium iodide based solid electrolyte can be
stabilized at 10−5 S cm−1 at room temperature by the incorporation of
Al2O3 [23]. However, a dispersion of insoluble dielectric oxide particles
such as Al2O3 in certain ionic conductors is known to increase total
electrical conductivity. Maekawa and co-workers [24] observed a high
surface area and pore size controlled mesoporous-Al2O3 which lifts the
ionic conductivity (2.5 × 10−4 S cm−1) from previously known LiI-
Al2O3. The enhancement of the conductivity seems to depend on the
pore size, in which smaller pore sizes result in an increase of the con-
ductivity. A formation of the interfacial amorphous phase and its size
effect was suggested to be responsible for the enhanced conductivity
[25]. Inspired by above work, we paid much attention to the interface
which seems more beneficial for Li-ion migration.

In recent years, MoS2 draws much attention owing to its lamellar
structure, large specific area, high chemical stability [26,27] and low
electronic conductivity [28]. These made it possible to load solid
electrolytes, and likely to be composite electrolytes with high Li-ion
migration.

Thus, we synthesized a composite of LiI and 2D material MoS2 with
high Li-ion conductive interfaces by ball milling. A greatly enhanced
ionic conductivity (7.1 × 10−5 S cm−1 at room temperature) has been
achieved in comparison with pristine LiI. Furthermore, the composite
electrolyte presents a wide electrochemical window from −1 V to 5 V.

MoS2 (98%, Aladdin), LiI (99.99%, Alfa Aesar) were used as re-
ceived. LiI-MoS2 with different molar ratios of 1:1, 1.5:1, 2:1, 3:1, 1:1.5,
1:2 were synthesized by grounding at a rate of 500 rpm for 10 h under
0.1 MPa argon using a QM-3SP2 planetary mill. The weight ratio of ball
to powder was 40:1. In order to avoid the effect of moisture and air to
the sample, all operations were operated in a glove box (Etelux
lab2000) full of high-purity Ar (purity of 99.9999%, 0.1 MPa,
H2O < 0.1 ppm and O2 < 0.1 ppm). The phases of the sample were
identified via X-ray diffraction (XRD) measurements on a Rigaku Smart
Lab TM 3 kW diffractometer with Cu Kα radiation at a scan rate of
5°min−1. To protect the sample from air and humidity, the samples
were covered by an amorphous polymer film (Scotch 810# Magic
Tape). Field emission scanning electron microscopy (FE-SEM, Sirion)
and Transmission electron microscopy (TEM, FEI Tecnai G2 T20) were
used to observe the micro morphologies of the sample. 7Li Magic Angle
Spinning Nuclear Magnetic Resonance (MAS NMR) experiments were
conducted to study the Li-ion mobility in the composite. We in-
vestigated the electrochemical performances of the composite by

alternating current (AC) impedance spectroscopy, direct-current (DC)
polarization cyclic voltammetry (CV) and galvanostatic cycling. The
details can be seen in the supporting information.

Phases’ structures in the LiI-MoS2 composite are characterized via X-
ray diffraction (XRD). Fig. 1 informs that both phases are well main-
tained in the composite after ball milling. Any intermediate phases
were not detected in the composites, indicating that LiI and MoS2 have
not experienced any interaction or self-decomposition during the ball
milling process. The micro-structure of the composite is observed by the
transmission electron microscopy (TEM). As shown in Fig. 2(a), well
defined layered structures with layered spacing of 0.62 nm of MoS2 was
exhibited, which should be indexed to the (0 0 2) crystal plane of 2H
MoS2 phase. In addition, a lattice fringe of 0.35 nm corresponding to
the (1 1 1) crystal plane of LiI phase can be identified as well. It suggests
that both LiI and MoS2 are in perfect crystallinity, which is corre-
sponding to the result of XRD. However, compared to the crystal LiI and
MoS2 phases, the interface between the two phases is identified exactly
as an amorphous phase through the analysis of the micro-structure,
indicating that LiI is dispersed over the surface of MoS2. And the in-
terface is in an amorphous state owing to the high energy ball milling
process. Through ball milling, the bulk LiI will cover the specific surface
of MoS2 and forms a large area of amorphous interface which is more
beneficial for the mobility of lithium ions [29–32].

The morphology and elemental distribution were further revealed
by the application of field emission scanning electron microscopy (FE-
SEM) and energy dispersive X-ray spectroscopy (EDS) mapping. The
layered structure of MoS2 can also be detected in the SEM images as
shown in Fig. 2(b). In Fig. 2(d–f), we did mapping examination on
elements of S, Mo, I, respectively, on the layers. The images suggest that
the surface of layered MoS2 was covered by LiI which was in a homo-
geneous distribution.

The ionic conductivities of LiI and LiI-MoS2 with different molar
ratios (1:1, 1.5:1, 2:1, 3:1, 1:1.5, 1:2) were measured by electro-
chemical impedance spectroscopy (EIS) respectively. Nyquist diagrams
of LiI-MoS2 composite samples and the equivalent circuits are shown in
Fig. S1. Those semi-circles of Nyquist plots can be well fitted by an
equivalent circuit. In the equivalent circuit, components of a resistor R
and a capacitance Q are in parallel. The pellet resistance R is defined by
the intersection of the semicircle with the Zreal axis in the low-frequency
limit, which contributes to the conductivity of the electrolyte. As shown
in Fig. 3, compared to pristine LiI, LiI-MoS2 composite samples with
different molar ratios (1:1, 1.5:1, 2:1, 3:1, 1:1.5, 1:2) all show higher
conductivities than LiI especially at low temperature ranges. When the
molar ratio reaches 1:1, the ionic conductivity of the composite attains
the highest value of 7.1 × 10−5 S cm−1 at room temperature. It is

Fig. 1. XRD patterns of LiI-MoS2 samples after ball milling.
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nearly three orders of magnitude higher than that of LiI. However when
the amount of LiI or MoS2 increases continuously, its ionic conductivity
would decrease to 1.5 × 10−5 S cm−1 for 1.5LiI-MoS2, 8.8 × 10−6 S
cm−1 for 2LiI-MoS2, 4 × 10−6 S cm−1 for 3LiI-MoS2, 5 × 10−5 S cm−1

for LiI-1.5MoS2 and 2 × 10−5 S cm−1 for LiI-2MoS2, respectively. This
phenomenon suggests that excessive LiI or MoS2 is not helpful for fur-
ther improving ionic conductivity. They might not form a homogeneous
amorphous interface in the composite which is high Li-ion conductive.
Excessive LiI or MoS2 possessing low ionic conductivities may result in
the decrease of ionic conductivity. Therefore, 1:1 might be the most
proper molar ratio for LiI-MoS2 composite. The activation energies of
LiI and the composite electrolyte LiI-MoS2 with different molar ratios
were calculated (Fig. S2) according to the Arrhenius equation (Eq. (1))

= E
kT

exp a
0 (1)

All LiI-MoS2 composite electrolytes show lower activation energies
than that of LiI. The LiI-MoS2 (1:1) exhibits the lowest activation energy
of 0.44 eV, which is a favorable activation energy value for superior
ionic conductors (< 0.5 eV) [33]. The electronic conductivity of the
composite was evaluated via the application of DC polarization (as
shown in Fig. S3). The electronic conductivity of the composite elec-
trolyte LiI-MoS2 is 1.3 × 10−8 S cm−1, which is over three orders of
magnitude lower than the ionic conductivity of the composite, in-
dicating that the electronic transference is nearly negligible and the
migration of Li-ion contributes the majority of the charge transference
of the composite electrolyte LiI-MoS2.

Electrochemical stability of the composite electrolyte LiI-MoS2 was
characterized by cyclic voltammetry of Li|LiI-MoS2|stainless steel at
5 mV S−1 (Fig. 4). For the sample measured in the initial 5 cycles, no
additional current emerged in the curve. Only apparent current peaks
near 0 V can be observed, which correspond to the Li plating and Li
stripping on the stainless steel electrode. It means that the unexpected

Fig. 2. (a) TEM image of LiI-MoS2; (b, c) SEM images of LiI-MoS2; (d–f) EDS elemental mappings of S, Mo, I on the layers, respectively, of (c).

Fig. 3. Temperature dependencies of ionic conductivity for pristine LiI, MoS2
and different LiI-MoS2 samples.
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Fig. 4. Cyclic voltammetry curves of LiI-MoS2 composite. The potential range is
from −1V to 5 V at a scan rate of 5 mV s−1 and at a temperature of 303 K.
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electrochemical reaction against the lithium foil should not take place
in the sample, which demonstrates the electrochemical stability of the
LiI-MoS2 composite. Galvanostatic cycling curve in Fig. S4 shows long
term cycling stability (20 h) without significant voltage fluctuations,
suggesting a good electrochemical stability of the LiI-MoS2 composite
against the lithium foil.

Li-ion mobility of the LiI-MoS2 composite and pristine LiI were
evaluated by solid-state nuclear magnetic resonance (Fig. 5). For solid
state sample, the transverse relaxation time (T2), which is inversely
proportional to the full width at half maximum (FWHM) of the NMR
peaks, is closely related to the ionic mobility of the sample, because
high ionic mobility can average the anisotropic dipolar and quad-
rupolar interactions [34]. Therefore, in this case, the narrow peak is an
indication of higher Li-ion mobility. The MAS NMR spectrum of 7Li in
LiI exhibits broad peak with a high FWHM value, corresponding to low
Li-ion mobility in the bulk LiI. Meanwhile, the spectrum of composite
comprises two components, a broad peak and a narrow peak. The
overlapping of a broad Gaussian component and a sharp Lorentzian
component suggests the co-existence of Li ions with both high mobility
and low mobility [35]. In this case, with the utilization of Gaussian
Fitting and Lorentzian Fitting on the curve, the spectrum of the com-
posite can be broken down into a broad peak and a narrow peak. The
broad peak of the composite is similar to that of pristine LiI, while the
narrow one of the composite hints the presence of Li-ions’ high mobi-
lity, which can be ascribed to the remarkable enhancement in the Li-ion
mobility at the interface of LiI and MoS2.

In summary, a novel composite solid electrolyte LiI-MoS2 has been
successfully synthesized by ball milling the mixture of LiI and MoS2,
which shows an ionic conductivity as high as 7.1 × 10−5 S cm−1 at
room temperature and a negligible electronic conductivity. From the
result of NMR spectra, we can understand that the great enhancement
of the ionic conductivity may be assigned to the formation of the highly
amorphous interface between the two phases, which acts as a pathway
for fast lithium ion conduction. In addition, the composite electrolyte
LiI-MoS2 exhibits a wide apparent electrochemical stability window of
−1 to 5 V and demonstrates excellent electrochemical stability against
Li foil.
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