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Hollow MoS; Nanospheres as Electrode Material for “Water-

in-Salt” Li-lon Batteries

Ting Quan,” Yaolin Xu,** Michael Tovar,” Nicolas Goubard-Bretesché,” Zhaolong Li,"
Zdravko Kochovski,” Holm Kirmse,” Kai Skrodczky,” Shilin Mei,” Hongtao Yu,”
Daniel Abou-Ras,” Marnix Wagemaker, and Yan Lu*®¢

The use of “water-in-salt” electrolyte (WISE) (i.e., a highly
concentrated aqueous solution) in rechargeable batteries has
received increasing attention due to the significantly expanded
electrochemical window compared to the limited voltage of
conventional aqueous electrolytes. It enables the use of more
positive/negative electrode material couples in aqueous bat-
teries, resulting in an enhanced output voltage. However, one
of the challenges is to identify promising anode materials for
the “water-in-salt” Li-ion batteries (WIS-LIBs). Herein we for the
first time demonstrate that MoS;, an amorphous chain-like
structured transitional metal trichalcogenide, is promising as
anode in the WIS-LIBs. In this work, hollow MoS; nanospheres
were synthesized via a scalable room-temperature acid precip-
itation method. When applied in WIS-LIBs, the prepared MoS;
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achieved a high specific capacity of 127 mAh/g at the current
density of 0.1 A/g and good stability over 1000 cycles. During
operation, MoS; underwent irreversible conversion to Li,MoO,
(with H,S and H, evolution) during the initial Li ion uptake, and
was then converted gradually to a more stable and reversible
Li,MoO, (2 <y <4)) phase along cycling. Amorphous Li-deficient
Li,.,M00,/MoO, was formed upon delithiation. Nevertheless,
MoS; outperformed MoO; in WIS-LIBs, which could be accred-
ited to its initial one-dimensional molecular structure and the
amorphous nature of the delithiated product facilitating charge
transport. These results demonstrated a novel routine for
synthesizing metal sulfides with hollow structures using a
template-based method and push forward the development of
metal sulfides for aqueous energy storage applications.

1. Introduction

Among all the energy storage systems for portable electronic
and electrical vehicles, rechargeable lithium ion batteries (LIBs)
are dominating the market due to their high energy density,
long lifetime, and high energy efficiency.! However, the safety
issues related to the flammable, thermally unstable and
electrode-/chemically reactive liquid organic electrolytes limit
their adoption in many applications, e.g. large-scale grid
electricity storage.” Aqueous electrolytes are an attractive
alternative, which allows to manufacture batteries in the
natural environment and systems,” but their electrochemical
stability window is narrow due to water splitting at >1.23V,
limiting their energy and power density. Particularly, at low
potential values (typically 2.2 to 3.0V vs. Li*/Li depending on
the pH value), the hydrogen evolution reaction (HER) occurs,
which severely deteriorates the electrode structure and also
presents safety challenges.”

Recently, LM. Suo etal” reported that a significantly
expanded voltage window up to ~3V can be achieved for a
super-concentrated aqueous electrolyte, namely a “water-in-
salt” electrolyte (WISE). The WISE extends the operational
voltage, enables more choices of electrode materials, and
suppresses the safety issues (e.g., gas-evolution) of conven-
tional aqueous batteries.” The expanded potential window is a
consequence of the very small molecular ratio of water-to-salt
in the electrolyte, which leads to a low fraction of free water
molecules and increases the oxidative stability of water
molecules and electrolyte anions.” In addition, the salt-rich
interface in these electrolytes serves as an electron barrier

747 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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preventing the reduction of water while allowing Li*
migration.®? Such a wide voltage window provides unprece-
dented flexibility in selecting the anode-cathode couples,
enabling the utilization of many electrode materials that are
unsuitable in traditional aqueous electrolytes.”” As a result,
WISEs have attracted intensive research interest.'”

The electrode material is one of the key factors that
influence the electrochemical performance of LIBs."" Transition
metal sulfides (TMSs) are promising due to their high specific
capacity and structure merits."? Among TMSs, for LIBs, MoS,
has drawn special attention due to the facile Li ion intercalation
in the layered structure.'*' However, it suffers from severe
volume change during charge/discharge resulting in limited
cycling stability. In addition, MoS, based nanomaterials are
usually prepared through a hydrothermal method,™ which is
costly and energy intensive. As an alternative, MoS; has
recently been widely explored,™ which was introduced as an
electrode material in LIBs in 1979"% but was rarely studied in
LIBs in the following 30 years. MoS; exhibits superior properties
for LIBs compared to MoS,. Firstly, MoS; consists of chains of
Mo atoms bridged by two ligands, one sulfide (5*7) and one
disulfide (S,>7)."” This one-dimensional chain structure has
more open sites toward Li ion storage during the electro-
chemical reaction, and thus provides a higher specific capacity.
Secondly, it is amorphous and has lower activation energy
barriers for the structural rearrangement during Li-ion
uptake."® Thirdly, it has a higher electrical conductivity than
MoS, (band gap of <1.5eV for MoS; vs. 1.8 eV for MoS,""),
which improves the electron transfer efficiency in LIBs. More-
over, MoS; can be facilely synthesized from MoS,>” at room
temperature under ambient pressure.?” All these merits make
MoS; an attractive candidate for battery applications. For
example, Zhou et al. studied ultra-small MoS; loaded graphene
oxide nanocomposites as anode material for LIBs with 1 M LiPF,
in a mixed solvent of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 v/v) as electrolyte, which achieved a
reversible specific capacity of 685 mAh/g after 1000 cycles at a
high current density of 2A/g.?" Chang etal. hybridized
reduced graphene oxides with MoS; nanosheets and showed a
capacity of about 900 mAh/g at a rate of 5 C for 2500 cycles
without capacity fading in LIBs with 1M LiPF, in ethylene
carbonate: diethyl carbonate (1:1, v/v %) as electrolyte."*?

Despite these research efforts, the working mechanism for
Li-ion storage in MoS; in organic electrolytes remains unclear
and controversial, largely hindering its development. Chang
presented that, during the initial cycles, amorphous MoS; is
converted to crystalline MoS, and Li,S."*¥ X. Li reported that
the lithiation of MoS; involves in the generation of amorphous
Li;MoS; in Li-ion batteries.”? Moreover, MoS; suffers from
severe volume change upon Li-ion absorption, which, upon
repetitive dis-/charge, will lead to material pulverization and
capacity decay.”™ Furthermore, MoS; is stable in aqueous
solutions, but remains unexplored in aqueous electrolytes
based LIBs, which may be limited by the low potential of Li ion
uptake in MoS;, about 2.0 V vs. Li/Li*,™® at which HER happens
in conventional aqueous electrolytes.
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In the present work, we report MoS; hollow nanospheres as
anode material in WISE-based LIBs (WIS-LIBs), using a bistri-
fluoromethanesulfonimide lithium salt (LiTFSI) based WISE that
has a low potential limit of 1.9V vs. Li/Li*®! As the lithiation
potential of MoS; is close to the lower potential limit of the
WISE, it enables the full utilization of the offered electro-
chemical stability window of the WISE, and maximizes the
working voltage and thus the energy and power density, when
paired with an appropriate cathode material (e.g., LiMn,O, in
this work). Hollow MoS; nanospheres were facilely synthesized
using spherical polyelectrolyte brushes (SPB) as carriers and
templates at room temperature. The SPB nanospheres are
suspended in water and soluble in tetrahydrofuran (THF),?”
making the preparation simple and scalable. The hollow
nanostructure accommodates the volume change effectively
upon repeated uptake/release of Li ions and enhances the cycle
life of electrode materials.”™ This work also studies the reaction
mechanisms of MoS; in the WIS-LIBs, providing insights in the
direction towards its future improvement as well as the
development of TMSs for aqueous LIBs.

2. Results and Discussion

In our previous work, SPB has been demonstrated as a
promising nanoreactor for immobilizing metal nanoparticles
due to the strong localization of their counterions on the
surface.’® Inspired by that, the cationic SPB particles with
chains of PAEMH grafted on PS cores were used as a template
and immobilizer of anionic MoS,”” to synthesize hollow MoS,
particles in this work. Specifically, as illustrated in Figure 1,
MoS,*, the precursor of MoS;, was adsorbed on the surface
layer of SPB chains due to the electrostatic adsorption. Upon
acid addition, MoS; precipitated homogeneously onto the
surface of SPB particles following the reaction: MoS,” +2 H" =
MoS;| +H,ST.'" The hollow structure was obtained after
removing the SPB template with THF. The cryo-TEM image of
SPB-MoS; (Figure 2(a)) demonstrates that, before removal of
the SPB template, the MoS; nanoparticles are immobilized
within the brushes and no free MoS; particles are observed.
The as-synthesized MoS; after the removing of SPB templates
in Figure 2(b) and Figure S1(c) shows a spherical morphology
with the diameter of about 100 nm. The hollow structure of the
MoS; nanospheres is evidenced, judging from the significant
contrast between the shell and the inner part. The thickness of
the MoS; shell is about 5 nm, according to the high-resolution
TEM images in Figure 2(c). From the STEM-based HAADF
imaging and EDS elemental mapping, it can be seen that Mo
and S elements are located within the shell of the particle
(Figure 2(d)-2(f)).

The as-synthesized hollow MoS; nanospheres present a
highly colloidally stable system. As shown in Figure 3(a), the
suspension of hollow MoS; nanospheres in water remains
stable after standing over 24 h at room temperature. XRD,
Raman spectroscopy and XPS were applied to identify the
chemical composition of the as-synthesized hollow nano-
spheres. The synthesized MoS; appears to be amorphous,
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Figure 1. Schematic representation for the synthesis of hollow MoS; nanospheres.

Figure 2. Electron microscopic characterization of hollow MoS; nanospheres. a) Cryo-TEM images of SPB-MoS; nanospheres before annealing, b-c) TEM images
of hollow MoS; nanosphers, d) STEM-HAADF image of a hollow MoS; nanosphere, and e and f) its corresponding EDS elemental mappings.

which is evidenced by high-resolution TEM images and the
diffuse halo rings in the selected area electron diffraction
(SAED) pattern in Figure 2(c). This is in good agreement with
the XRD pattern (Figure 3(b)), which shows a featureless
spectrum except for a broad and diffuse hump at 14° from
amorphous MoS,."® The Raman spectrum (Figure 3(c)) shows
distinctive peaks at 242, 280, 338, 378, 465 cm™' corresponding
to the various Mo—S stretches in MoS;*” Furthermore, the
Mo3d;,, and Mo3ds,, doublet binding energies are located at
232.5eV and 229.3 eV in the Mo 3d XPS spectra (Figure 3(d)),
respectively, corresponding to the Mo*" in MoS;.*® The S 2p
spectrum (Figure 3(e)) shows a broad envelope consisting of
two doublets which are assigned to the bridging S,>~ and/or

Batteries & Supercaps 2020, 3, 747-756 www.batteries-supercaps.org

apical S~ ligands and terminal S,>~ and/or S*~. The lower
binding energy peak of the doublet is assigned to terminal
disulfide and/or sulfide ligands, while the higher is assigned to
bridging disulfide and/or apical sulfide ligands.”® Notably,
these results are well in line with the previous reports on MoS;.
Meanwhile, the SEM-based EDS on the as-synthesized product
in Figure S1(d) reveals that the atom ratio between Mo and S
amounts is about 1:3, which also represents its chemical
content in the form of MoS,;. A BET specific surface area of
87 m?/g has been determined for the hollow MoS; nanospheres
(Figure 3(f)), which is higher than the reported MoS;
nanomaterials.”” From the Barrett-Joyner-Halenda (BJH) pore
size distribution curve in the inset of Figure 3(f), a peak with

749 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/batt.202000042

Chemistry

Binding energy (eV)

Binding energy (e¥)

Articles Europe
. . E Chemical
Batteries & Supercaps doi.org/10.1002/batt.202000042 Societies Publishing
a b c
A Mo-S stretching
El
L
™ 3 280
i £ |+ 3
£ \ B
24 h £ / | z
¥ s 2
= 2 338
% &k E 242 178
[ 465
T T T T T T T T T
20 40 [:11] B0 200 250 300 350 400 450 500
2 Theta [degrea} Raman shift I:I::m"l:l
Mo 2d, 80
d “ e — bridging 5, or apical 8% f .
—— terminal 52‘ or 8¢ o 07
3 Mo 3y, T 7™ o
El i , w2 0] o
'E IE' _'-E: 40 . ﬁq.f- Iﬁ;‘
E E E 30+ et Ptn.nan
2 2p] - nns
2 i o aote) rl1
104 ;u.nus 1
T appplmd Lot
0 £ o E W 5@
T T T T T T T T —r—r——T—7— 77— =40 y y . = . Pora dinn:-nr fnm)
236 P S 230 228 226 224 188 165 184 183 182 161 160 0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (PiPg)

Figure 3. Spectroscopic characterization of hollow MoS; nanospheres. a) Photographs of the hollow MoS; nanospheres dispersion in water, b) XRD pattern, c)
Raman spectrum, d) Mo 3d XPS spectrum, e) S 2p XPS spectrum and f) Nitrogen adsorption/desorption isotherms. The inset in panel f) shows the pore size

distribution obtained using the BJH method.

pore size of about 5nm is found, indicating its mesoporous
structure. The mesoporous structure and high specific surface
area facilitate the electrolyte infiltration and Li ions uptake
when applied in LIBs.

Note that the MoS; hollow spheres demonstrate a high
specific surface area facilitating ion diffusion, and exhibit a high
dispersity and colloidal stability in water as indicated above,
making it particularly suitable for aqueous battery systems. The
hollow MoS; nanospheres were firstly measured in a three-
electrode configuration to study the potential window of the
material in WISE. In this system, Pt wire and Ag/AgCl were used
as the counter and reference electrode, respectively. As shown
in Figure S2, a stability window of 3.1V was achieved, with
the cathodic limit at —1.2V (vs. Ag/AgCl), below which
significant HER occurs due to the splitting of water in the
electrolyte. The peak at around —0.7 V (vs. Ag/AgCl) is related
to the phase transformation of MoS,, which is also inevitably
accompanied with a certain amount of H, evolution for charge
balance, during the cathodic scan. In this work, the electro-
chemical properties of MoS; hollow spheres were evaluated in
WISE-based LiMn,0,/MoS; coin cells, in which MoS; and
LiMn,O, were used as the anode and cathode material,
respectively, and a 21 m LiTFSI aqueous solution based WISE
was served as the working electrolyte. LiMn,0, has demon-
strated a high cycling stability in such electrolyte over 1000
cycles” Figure S3(a) demonstrates that a significant HER
process occurs when the voltage is higher than 1.8V in T m
LiTFSI, while no obvious HER peaks can be observed up to 2V
when using the 21 m LiTFSI, indicating the suppressed oxygen
evolution and higher electrochemical stability of aqueous Li-ion

Batteries & Supercaps 2020, 3, 747-756 www.batteries-supercaps.org
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batteries when a WISE electrolyte is used. This can be attributed
to the low fraction of free water molecules®™ and the formation
of a solid electrolyte interphase (SEI).”!

The CV curve at the scan rate of T mV/s in Figure 4(a) shows
one broad but distinct redox peak couple of lithiation/
delithiation after the initial two cycles. In the initial cycles, the
cathodic scan (i.e. battery charging) profile transforms from a
relatively featureless curve at the first cycle to a broad peak at
about 1.8 V from the fifth cycle, implying an irreversible phase
transformation of MoS; during its lithiation at the initial cycles.
The cathodic scan profile remains rather stable after 5 cycles,
indicating the stabilization and reversibility of electrode
materials after the initial transformation. Meanwhile, an anodic
peak can be observed around 1.5 V during battery discharging,
corresponding to the release of Li-ions from the lithiated
product of MoS; and their insertion into the cathode material.
At different scan rates, the CV curves in Figure 4(b) keep their
typical shape while the peaks shift gradually to a higher voltage
during charge and a lower one during discharge when
increasing the scan rate, indicating a diffusion-controlled
battery-type energy storage. After log-log calculation of the
anodic peak (marked as #), a linear relationship can be
observed between the scan rate and peak current density (inset
of Figure 4(b)). The kinetic factor which determines the reaction
here can be identified by the parameter b with the equation i=
av® (i is the peak current density, and v is the scan rate), where
b=1 represents a surface-controlled reaction, corresponding to
capacitive behavior, and b=0.5 represents a diffusion-con-
trolled reaction, corresponding to a battery-type behavior.”
The b value for the anodic peak in this study is 0.74, indicating

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 4. Electrochemical performance of the WISE-based LiMn,0,/MoS; coin cells. a) Cyclic voltammetry curves at initial cycles at 1 mV/s and b) at different
scanning rates (the inset shows the log-log fitting by equation i=av’, where i is the peak current density, and v is the scan rate), c) galvanostatic charge-
discharge profiles at different cycles at 0.1 A/g, d) the cycle life and Coulombic efficiency at 0.1 A/g, e) the cycle life and Coulombic efficiency at 1 A/g and f)

Rate capability.

contribution from both capacitive and battery-type charge
storage: the high specific surface area arising from hollow
nanostructure facilitates a surface-controlled Li-ion adsorption,
while Li-ion storage in the bulk part of the active material
behaves a diffusion-controlled reaction.

The galvanostatic dis-/charge curve in Figure 4(c) shows a
sloping voltage plateau at ~1.7 V (mid-voltage) during charge
and ~1.5V during discharge, despite that it appears to be
more sloped in the initial cycle. These observations, together
with the differential capacity (dQ/dV) profile (Figure S3(b))
recalculated from the voltage profile, are in good agreement
with the results of CV (Figure 4(a)). It supports that MoS; first
undergoes irreversible conversion and then remains stable. The
detailed reactions during cycling are elucidated and described
in the latter part of this work.

The cycling stability of the full cell was evaluated at both
low (0.1 A/g, Figure 4(d)) and high (1 A/g, Figure 4(e)) current
densities for 1000 cycles. The specific capacity of MoS; amounts
to 127 mAh/g at 0.1 A/g and 65.1 mAh/g at 1 A/g, respectively,
for the first cycle. Excellent cycling stability is achieved with a
capacity retention of 89 mAh/g and 61.2 mAh/g in 1000 cycles,
corresponding to a capacity decay rate of 0.03% per cycle and
0.006% per cycle, at 0.1 A/g and at 1 A/g, respectively. More-
over, the initial Coulombic efficiency of the cell is merely 70%
and 50% at 0.1 and 1 A/g, respectively, due to the irreversible
phase transformation of MoS; and the formation of SEL®**? The
Coulombic efficiency increases to 90% after 2 cycles and
approaches to >99% afterwards at both current densities,
revealing that the completion of phase transformation and
formation of a stable and protective SEl has been achieved
within as low as two cycles. This is also consistent with the CV
and cycling voltage profiles.

Batteries & Supercaps 2020, 3, 747-756 www.batteries-supercaps.org
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In comparison, the galvanostatic charge-discharge profiles
of bulk MoS; in Figure S5(b) appear to be more sloped with a
much shorter voltage plateau. As a result, a lower specific
capacity retention over long-term cycling is achieved compared
to the hollow structured MoS;, specially, 89 mAh/g for hollow
MoS; vs. 69 mAh/g for bulk MoS; in 1000 cycles at 0.1 A/g,
though their initial capacities are rather comparable (127.3 and
116 mAh/g, respectively, for hollow and bulk MoS;). Moreover,
the Coulombic efficiency of the battery with bulk MoS;
increases tardily and reaches 90% after as long as 30 cycles,
which is also limited by the kinetics of Li ion diffusion. Such
inferior performance originates from the sluggish Li ion
diffusion in the bulk solid of MoS; and thus demonstrates the
advantages of the hollow nanostructure in facilitating ion
transport especially at higher current rates. Despite that the
high surface area of the hollow structure is unfavorable to
aqueous systems causing H, evolution, it can facilitate the ionic
transport, expedite the conversion of MoS;, and help to
accommodate the changes in volume during lithiation and
delithiation. In the present system, the H, evolution accom-
panied with the conversion of MoS; only takes place in the
initial cycle. Eventually, it results in a better cycling stability
than bulk materials with lower specific surface area.

To evaluate the rate capability, the cell was cycled at
various current densities ranging from 0.05 A/g to 2 A/g (Fig-
ure 4(f)). At 2 A/g, MoS; demonstrates a capacity of 49.7 mAh/g,
corresponding to 37 % of the capacity at 0.05 A/g. Remarkably,
a high capacity of 109 mAh/g can be recovered when the
current density is reset to 0.1 A/g, implying that the relative
lower capacity at a higher current rate is mainly limited by the
poor kinetics of Li ion diffusion, not the degradation of
electrode materials.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 1 lists the electrochemical performance of other ing to the irreversible transformation of MoS; during its initial

reported WIS-LIBs in comparison with this work. The hollow
MoS; nanospheres show a high specific capacity with the
common used WIS electrolyte, which is comparable or superior
to the reported electrode materials for WIS-LIBs, such as
MogS,,”! Ti0,®" and graphite.® After long cycling, no matter
at a low current density or a high current density, the cycling
stability of hollow MoS; nanospheres is better than that of the
reported materials even with improved electrolytes.
Encouraged by the outstanding coin cell performance, we
further evaluated the performance of the LiMn,0,/MoS; based
WIS-LIBs in pouch cells (~10 cm?) (Figure 5). The galvanostatic
charge-discharge profiles of the pouch cell in Figure 5(b) are
similar to those of coin cells, but the achieved capacity,
75 mAh/g at the initial cycle (Figure 5(c)), is lower, due to the
lower compressive stack pressure in the pouch cell. Sufficient
compressive stack pressure in LIBs is necessary to maintain
intimate contact between battery components as well as to
prevent layer delamination and deformation during
operation.®” In addition, the differential capacity (dQ/dV)
profiles (Figure S6) are similar to those of coin cells. From the 2
" cycle, the charging curves show a broad peak around 1.8V
rather than the unresolved one in the initial cycle, correspond-

lithiation, same as that in the coin cells.

The structural stability of hollow MoS; nanospheres is
evidenced by post-mortem SEM characterization on cycled
electrodes, as shown in Figure 6(a) and (b). The MoS; electrode
keeps well-integrated after 400 cycles, and no evident struc-
tural deformation and crack could be observed in the cycled
electrode. Meanwhile, the MoS; nanoparticles still remain their
typical morphology and no structure collapse or aggregation
can be found. Such structural integrity results in a low and
stable electrical resistance, leading to the battery cycling
stability. The excellent performance of the hollow MoS; nano-
spheres in the WIS-LIBs can be ascribed to the following
features. (a) The hollow nanosphere structure and the one
dimensional chained molecular structure of MoS; deliver many
open sites toward Li* ion storage during the electrochemical
reaction. (b) The hollow nanostructure is effective to relieve the
structural strain from the repeated uptake/release of Li ions
and thereby to prolong its cycle life. This is also supported by
the electrochemical impedance spectroscopy (EIS) as shown in
Figure S3(c) (d) and (e). The Nyquist plots have an intercept
smaller than 15 Q at the high frequency region related to the
electronic resistance (R,) of the electrode, followed by a

Table 1. Summary of the present work and recently reported materials in WIS-LIBs. The capacity values are presented in per mass of active material.
Cathode Anode Electrolyte Average operating  Specific capacity of the anode material [mAh/g] and Stability Ref.
voltage [V] the applied current density®
LiMn,0, Mo,Ss LiTFSI (21 m) 14 141 78% after 100 [5]
(at 0.019 A/qg) cycles
LiFePO, MogSs LiTFSI (21 m) 0.9 ~100 60 % after [31]
(at 0.13 A/g) 1000 cycles
LiMn,O, C/TiO, LiTFSI (21 m) 1.65 144 78% after [6b]
+ LiOTf (7 m) (at 0.075 A/qg) 1000 cycles
LipsMn, 50,  Li,TisO4, Li(TFSI)o; 3.1 ~120 63% after 100 [7a]
(BETI)5-2H,0 (at 1 A/g) cycles
LiCoO, Li,TisO;, 24 ~120 75 % after 200
(at 1.37 A/qg) cycles
LiCoO, Li,TisO,, Li(PTFSI)os 24 ~100 77% after 100  [6a]
(TFSD)y4 1.15H,0 (at 0.036 A/g) cycles
LiMn,O, Hollow MoS, LiTFSI (21 m) 1.35 127 70% after This
nanospheres (at 0.1 A/g) 1000 cycles work
65.1 94 % after
(at 1 A/g) 1000 cycles
[a] Recalculated based on the mass of the anode materials based on the reference papers.
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Figure 5. Electrochemical performance of the WISE-based LiMn,0,/MoS; pouch cell. a) Photograph of a pouch cell, b) galvanostatic charge-discharge profiles

and c) the cycle life and Coulombic efficiency at 0.1 A/g of the pouch cell.
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depressed semicircle corresponding to the charge transfer
resistance (R,) associated with the Li ion transport at the
electrode-electrolyte interface, and a slope line in the low
frequency range related to the Warburg resistance which
reveals the solid diffusion rate of Li ions in the electrode
material.®™ In this work, after different cycles there is no
obvious change in R, indicating the stable electronic con-
ductivity and structure of the electrode over cycling. With the
increasing cycles, R, gradually decreases, revealing the increas-
ingly facilitated Li ion diffusion into the active material during
the initial 10 cycles. In addition, after 10 cycles, the EIS spectra
see an emerging depressed semicircle at the high frequency
region, which represents the presence of an SEI film.® The SEI
film protects the electrode material from further parasitic
reactions along cycling. The chemical content of the SEI layer
may be a LiF-based composite, originating from LiTFSI
reduction.”

In order to elucidate the working mechanism of MoS; in the
WIS-LIBs, XRD measurement was performed on cycled electro-
des. In the XRD pattern (Figure 6(d)) of pristine MoS;&carbon
black (without a binder) pellet electrode, a broad hump at 14°
can be observed, arising from the amorphous MoS,. The weak
and broad bump at 26° is assigned to the carbon black
conducting additive in the electrode.®® The MoS, electrodes
were charged and discharged at 20 mA/g to various charge/
discharge states and analyzed with XRD.

After initial charging, there appear several new and sharp
peaks in the XRD pattern (Figure 6(d)) while the hump of MoS;
vanishes, indicating the reaction of MoS; with the formation of
new phase(s), which is identified as R-3 structure rhombohedral
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Li,Mo00O, (PDF #04-008-4637). This is also consistent with high-
resolution TEM and SAED in Figure 6(c). The crystalline lattice
with a d-space of 0.42 nm in the TEM image can be assigned to
the (211) plane of Li,M00,"” Moreover, it is noted that
elemental sulfur is absent in the charged electrode, as seen
from the separator extracted from the charged battery, which
remains white and clean (Figure S7). After discharging, the
sharp crystalline peaks disappear and the hump at 14° and 26°
appears again. After 20 and 50 cycles, Li,Mo0O, remains visible
in the XRD peaks (Figure 6(e)) of the charged electrodes but its
relative intensity gets weaker and weaker along cycling. Mean-
while, new crystalline peaks emerge in the XRD patterns of
charged electrodes, which can be allocated to LiMoO, (PDF
#04-017-0997), LiMo,0O; (PDF #00-018-0746) and LiggysM0,0;,
(PDF #01-080-5722), as shown in Figure 6(e). The XRD peaks at
23° (in all XRD patterns after 20 and 50 cycles), 29.45° and 30.5°
(in the charged electrode after 50 cycles) are yet identified.
Moreover, similar to the first cycle, the crystalline peaks of
discharged electrodes after 20 and 50 cycles greatly reduce in
intensity while the broad humps at 14 ° and 26° reappear.
Based on these results, it is concluded that amorphous
MoS; is converted to Li,MoO, together with the evolution of
H,S (a-MoS;+2Li* 4+20H™ +2H,0—Li,M00,+ 3H,S1) during
the initial charging process of the WIS-LIBs. For charge balance,
this reaction is accompanied with HER (2H" +2e~—H,1). After
discharging, considering that the conversion from MoS; to
Li,MoO, (with H,S evolution, which is indeed a drawback that
cannot be neglected and out of study in this work) is
apparently irreversible, the delithiated phase(s) upon discharge
is identified as amorphous Li-deficient Li,,MoO, or MoO,, but

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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the exact chemical composition is yet known. Along cycling,
the repetitive de-/lithiation reaction results in the formation of
crystalline Li,MoO, phase at charged state and amorphous Li,.
»M00,/MoO, upon discharge. Moreover, degradation happens
to Li,MoO, along cycling, and the ratio of O to Mo in Li,MoO,
gradually reduces from 4:1 to 3:1 and 2:1. The oxygen-less
phases appear to be more stable and reversible during dis-/
charge judging from the increasingly improved Coulombic
efficiency over cycling. The overall electrochemical process is
illustrated in Figure S9.

Compared with the performance of MoS; in organic electro-
lytes based LIBs,"**** the MoS; based WIS-LIBs exhibit
enhanced cycling stability and rate capability due to the high
ionic conductivity of the aqueous electrolyte, and achieve
improved manufacturing convenience and environmental
benignity. However, the achieved capacity of MoS; in the WIS-
LIBs is lower than that in organic electrolytes, due to its
different reaction mechanism. Moreover, gas evolution happens
during the initial cycle(s). This is undesired and hazardous for
battery operation, and therefore must be suppressed.

It should be noted that in the MoS; based aqueous LIBs,
HER, which is supposed to be absent considering the wide
electrochemical stability window of the WISE, still occurs. This
fact may be attributed to the catalytic behavior of MoS; in
promoting HER in water splitting systems.”®*® The detailed
catalytic mechanism of MoS; in HER in the WIS-LIBs is out of
the scope of the present work. The HER process is undesired
and increases the safety concerns during battery charging.
Therefore, it is of significant relevance to suppress the HER
process, e.g., by reducing the charging cutoff-voltage. We
measured the CVs of the WIS-LIBs with decreasing upper
voltage limit stepwise from 2.0 V to 1.6 V (Figure S10). It shows
that the characteristic HER-associated cathodic profile and the
corresponding anodic peak at ~1.5 V remain distinct in the CV
plots when the upper voltage limit is set to 1.9V and 1.8 V.
Such characteristics vanish when the voltage is limited to <
1.7 V. However, it shows a typical capacitive storage curve and
the current response is considerably lower. No peaks are
observed in the XRD pattern of the MoS; electrode when the
battery is charged to 1.6V (inset of Figure S10(f)), consistent
with its capacitive charge storage mechanism. Notably, the
achieved capacity charge to 1.6 V is extremely low (8.4 mAh/g
at the first cycle), which is far below that of 2V (127 mAh/g).
Thus, the HER process can be suppressed by lowering the
charging cutoff voltage, but the achieved capacity would be
greatly sacrificed. To avoid gas evolution in practical applica-
tions, electrochemical pre-lithiation of MoS; (with the con-
version to Li,MoO,) or exploitation of H,S adsorbent based
electrolyte additive should be considered, but is out of the
scope of this work.

The irreversible conversion of MoS; to Li,MoO, during
battery operation stimulates us to study the behaviors of Li ion
insertion in MoO,. In this work, we compared the performance
of MoS; and MoO; (both in bulk), among which MoO; was
synthesized by annealing MoS; in air, as anode material in the
WIS-LIBs. In the CV curves of MoO; based WIS-LIBs (Figure S5
(d)), there appears a pair of humps in the initial cycle, which are
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assigned to the insertion/desertion of Li ions in the material.
With continuous scanning, the two humps become increasingly
weaker, indicating the poor irreversibility. The initial specific
capacity of bulk MoO; is merely 62.1 mAh/g (Figure S5(e)),
which is much lower than that of bulk MoS; (116 mAh/g,
Figure S5(b)). Moreover, MoO; presents a rapid capacity fading
in the following cycles, showing a worse cycling stability than
MoS;. The superior performance of MoS; can be attributed to
its one dimensional chained structure facilitating active Li* ion
storage during the electrochemical reaction. Moreover, MoO,
suffers from the dissolution of Mo ions in aqueous electrolytes,
which leads to the loss of active materials and thus low
capacity retention over cycling."”

3. Conclusions

This work reports a scalable synthesis of hollow MoS; nano-
spheres via an acid-induced precipitation method using
removable spherical polyelectrolyte brushes as the template.
We have also, for the first time, assessed the capability of MoS;
as electrode material in aqueous LIBs. When applied in the WIS-
LIBs, the hollow nanostructured MoS; has achieved promising
electrochemical performance with a considerable specific
capacity (127 mAh/g) and excellent cycling stability over 1000
cycles. During battery operation, MoS; is converted to Li,M00,
in the initial Li* ion uptake, and then gradually to a more
stable and reversible Li,MoO, phase along cycling. The
discharge product appears to be amorphous Li-deficient Li,.
=M00,/Mo0,. However, the gas evolution in the initial cycles
imposes safety concerns and is to be addressed for practical
applications. This work will break new ground for the
preparation of metal sulfides/oxides with controlled nano-
structures using template based methods and push forward
the development of metal sulfides in aqueous energy storage
as well as conversion systems.

Experimental Section

Chemicals and materials

Cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich, 99%), 2-
Amino-ethylmethacrylate hydrochloride (AEMH, Polyscience, 90 %),
2,2'-azobis(2-amidinopropane)dihydrochloride (V50, Sigma-Aldrich,
98%), ammonium tetrathiomolybdate ((NH,),MoS,, Sigma-Aldrich),
HCl (1 mol/L, Sigma-Aldrich), tetrahydrofuran (THF, Sigma-Aldrich),
Poly(tetrafluoroethylene) (PTFE, 60 wt% dispersion in H,0, Sigma-
Aldrich), lithium manganese oxide (LiMn,0, MTI Corporation),
carbon black (super P, Alfa Aesar), water (HPLC grade, Sigma-
Aldrich) and LiTFSI (Sigma-Aldrich) were used as received. Styrene
(BASF, 99%) was destabilized by Al,O; column and stored in a
refrigerator before use. 2-[p-(2-Hydroxy-2-methylpropiophenone)]-
ethylene glycol methacrylate (HMEM) was used as the photo-
initiator to graft the brushes on the polystyrene (PS) cores.
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Synthesis of spherical polyelectrolyte brushes (SPB)

SPB with cationic poly(2-amino-ethylmethacrylate hydrochloride)
(PAEMH) brushes was synthesized in a two-step polymerization
similar to our previous work.""! Polystyrene (PS) was first prepared
with a thin layer of HMEM photo-initiator on the surface by
emulsion polymerization.”? Then the suspension was cleaned
through ultrafiltration until the conductivity of the serum reached
20~30 uS/cm. AEMH was chosen as the electrolyte monomer and
the polyelectrolyte chains were grafted onto the PS cores by
photo-emulsion polymerization. In a typical run, 6.3 g AEMH was
slowly added into 650 ml PS-HMEM solution (2.0 wt%), followed by
the removal of O, through purging with N,. UV irradiation was then
applied for photo-emulsion polymerization using a UV-reactor
(Heraeus TQ150 Z3, range of wavelength 200-600 nm) at room
temperature for 60 min. After that, the SPB particles were cleaned
by ultrafiltration till the conductivity of the filtrate was between 3
us/cm and 5 uS/cm.

Synthesis of hollow MoS; nanospheres

The synthesis of hollow MoS; nanospheres was achieved with an
acid precipitation of MoS; on SPB nanospheres followed by
removal of the SPB templates. In a typical run, 0.2g SPB was
dispersed in 200 ml water. 0.2 g (NH,),Mo0S, was added into the
SPB solution under stirring. The solution was further stirred for 3 h
in order to allow the complete adsorption of MoS,>” ions onto the
surface of the brushes. Next, T mol/L HCl was added drop by drop
under stirring until the pH of the solution was below 3. The
solution was then stirred for another 2 h. During this process,
(NH,),Mo0S, was transformed to MoS; accompanied with the
evolution of H,S. The obtained product was collected by
centrifugation and was then washed with water for several times.
After freeze-drying, it was annealed under argon at 200°C for 2 h.
Finally, the product was obtained after washing with THF and
water for several times to remove the SPB templates.

Characterization

Transmission electron microscopy (TEM) and cryogenic trans-
mission electron microscopy (cryo-TEM) images were obtained
using a JEOL JEM-2100 instrument operating at an acceleration
voltage of 200 kV. X-ray diffraction (XRD) was conducted on a
Bruker D8 diffractometer with Cu Ko radiation working at 40 kV.
Raman spectroscopy was performed by using a LabRAM HR
Evolution Raman spectrometer with a HeNe laser as the excitation
line at A (wavelength) =633 nm. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on an ESCALAB 250Xi
spectrometer (ThermoFisher Scientific). For the XRD measurement
on cycled electrodes, pellet-like electrodes composed of hollow
MoS; nanospheres-carbon black (8:2 in mass) excluding binder
were utilized. The electrodes were extracted from charged/dis-
charged batteries and dried at natural conditions prior to the XRD
measurements. Scanning electron microscopy (SEM) on the pristine
and cycled electrodes was carried out on a SEM LEO GEMINI 1530
microscope equipped with an energy-dispersed X-ray (EDS)
detector (Thermo Fischer) and the cycled electrode was cleaned
thoroughly with water and dried before imaging. Scanning trans-
mission electron microscopy (STEM) was performed on a JEOL JEM-
2200FS transmission electron microscope operated at 200 kV and
equipped with a high-angle annular dark-field (HAADF) STEM
detector and a Bruker silicon drift detector for EDS. N, adsorption/
desorption isotherms were obtained using a Quantachrome
Autosorb-1 system at 77 K. The specific surface area was calculated
using the Brunauer-Emmett-Teller (BET) method based on a multi-
point analysis.
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Electrochemical Measurements

The electrochemical properties of MoS; hollow nanospheres based
WIS-LIBs were evaluated in three-electrode configuration, CR 2032
type coin cells as well as pouch cells testing. Three-electrode
configuration was conducted using MoS; (~40 pg) on glassy
carbon (0.077 cm? as working electrode, Ag/AgCl as reference
electrode and platinum wire as counter electrode. In coin cells and
pouch cells, a WISE of 21 m LiTFSI dissolved in water (21 mol LiTFSI
in 1 kg water) was used as the working electrolyte and a glass fiber
(Whatman) was used as the separator. The electrodes were
fabricated by uniformly mixing and compressing LiMn,O,, carbon
black and PTFE (weight ratio of 8:1:1) for cathodes and hollow
MoS; nanospheres, carbon black and PTFE (weight ratio of 7:2:1)
for anodes between two pieces of stainless steel (SS, type 316,
40 mesh) grids, respectively. The SS grids were thoroughly cleaned
with ethanol under ultrasonication, followed by washing with
deionized water and drying before use. The mass ratio of cathode/
anode materials was set to 2:1 and the mass loading of MoS; was
about 2 mg/cm? The pouch cells were assembled with a a MoS,
electrode as anode and a LiMn,0, electrode as cathode. A 15 pm
thick Ti tab was used as the current collector for both electrodes.
Excess amount of electrolyte (~ 100 pLcm2) was used and the cells
were sealed with a vacuum sealer. No external pressure was
applied on the pouch cells during electrochemical cycling.
Galvanostatic electrochemical cycling and cyclic voltammetry (CV)
were carried out between 0.7 V and 2.0 V with a Biologic electro-
chemical workstation (MPG2 galvanostatic/potentiostat). All calcu-
lations of the specific capacity are based on the mass of anode
materials. All batteries were tested directly without any activation
procedures.
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