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High electrochemical reversibility of the TiS, anode in “Water-in-Salt” electrolyte (21 m LiTFSI in H,0) is de-
monstrated for the first time. The wide electrochemical window and low chemical activity of H,O in the “Water-
in-Salt” electrolyte not only significantly enhanced the electrochemical reversibility of TiS, but also effectively
suppressed the hydrolysis side reaction in the aqueous electrolyte. Paired with a LiMn,O4 cathode, the LiMn,04/
TiS, full cell delivers a relatively high discharge voltage of 1.7 V and an energy density of 78 Wh kg~ ! as well as
a satisfactory rate performance.

1. Introduction

The traditional lithium-ion (Li-ion) batteries have been widely used
as high energy density power sources for various portable devices.
However, the safety concern due to the use of the flammable organic
electrolyte solvents has raised much attention in recent years [1-3].
Replacement of organic electrolytes by aqueous electrolytes can allow
for intrinsically safe batteries [4-6]. However, the low energy density
induced by the narrow thermodynamic stability window of water hin-
ders their future widespread applications [7,8]. Recently, the thermo-
dynamic stability window of water has been significantly extended
from 1.5V to 3.0V (1.9-4.9 V vs. Li/Li") through increasing the salt
concentration, which enables more suitable electrode materials and
more choices for current collectors in the aqueous battery system
[9-17].

Among all the electrode materials used in traditional Li-ion bat-
teries, titanium disulfide (TiS,) is a well-known intercalation cathode
material for the Li-ion battery with a lithium intercalation/deinterca-
lation potential at 2.1 V vs. Li/Li ™ [18,19], which sits well inside of the
stability window of the “Water-in-Salt” (WIS) electrolyte. In addition,
the TiS, also shows a high theoretical specific capacity of 240 mAh g~ ?,
excellent cycling stability, and high electronic/ionic conductivity,
making it an attractive anode for the aqueous Li-ion battery (ALIB) in
the WIS electrolyte [20-22]. To the best of our knowledge, TiS, has
never been explored in aqueous electrolytes. It is because the operation
potential of TiS, is lower than that of the hydrogen evolution (2.6 V vs.
Li/Li*) in the traditional, neutral aqueous electrolytes.

In this work, we investigated the electrochemical performance of
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TiS, anode in the WIS electrolyte (21 mol LiTFSI in 1 kg H,0, 21 m).
The expanded stability window and substantial reduction of water
chemical activity not only enable the reversible electrochemical reac-
tion between TiS, and Li* but also significantly suppress the irrever-
sible parasitic reaction [9,12]. The LiMn,04/TiS, full cell using com-
mercial LiMn,O4 as cathode and “Water-in-Salt” as electrolyte shows
one of the best electrochemical performances of ALIBs reported to date.

2. Experimental
2.1. Material

Lithium bis(trifluoromethane sulfonyl)imide (LiN(SO,CF3),, LiTFSI)
(> 98%) and lithium nitrate (LiNO3) were purchased from Tokyo
Chemical Industry and Sigma-Aldrich, respectively. The aqueous
“Water-in-Salt” electrolyte was prepared by dissolving 21 mol LiTFSI in
1 kg deionized H,O (21 m LiTFSI electrolyte). The salt-in-water control
electrolytes were made by dissolving 1 m LiNO; and 1 m LiTFSI in
deionized H>O, respectively. The anode material TiS, (Sigma-Aldrich)
and cathode material LiMn,0,4 (MTI Corporation) were used as received
without further purification.

2.2. Material characterizations

The crystal structure of the samples was studied by powder X-ray
diffraction (XRD) using a Cu Ka radiation source on a D8 Advance X-ray
diffraction (Bruker AXS, WI, USA) operated at 40kV and 40 mA.
Scanning electron microscope (SEM) was used to investigate the
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morphologies of the samples.
2.3. Electrochemical tests

The electrochemical stability windows of 1 m LiNO3, 1 m LiTFSI,
and 21 m LiTFSI electrolytes were measured on inert, stainless steel
(SS), current collectors by linear sweep voltammetry experiments at a
scan rate of 10 mVs~ ' using an electrochemical workstation (CHI
600E). Both TiS, anodes and LiMn,O, cathodes were fabricated by
compressing active materials, carbon black, and polytetra-
fluoroethylene (PTFE) at a weight ratio of 8:1:1 on a SS grid. The
electrochemical performance of LiMn;04/TiS, full cell was evaluated
using a CR2032-type two-electrode coin cell with glass fiber as the
separator. The mass ratio of LiMn,O4 to TiS, was set to be 2:1 by weight
to balance the capacities of the anode and cathode. The mass loading of
LiMn,O4 and TiS, are about 4.2 and 2.1 mgcem™ 2, respectively.
Lithiation/delithiation behavior of LiMn,0,4 cathodes and TiS, anodes
in a three-electrode cell and LiMn,04/TiS, full cell was evaluated by
cyclic voltammetry (CV) at a scanning rate of 0.3 mV s~ ! using the
electrochemical workstation. The electrochemical performance of
LiMn,0,4/TiS, full cells with different electrolytes was evaluated using
coin cells using a battery test system (Land CT-2001A). The current
density was calculated based on the mass of the anode, and the 1C was
defined as 240 mA g~ ! based on the theoretical specific capacity of
TiS; (240 mAh g~ 1. All the electrochemical measurements were per-
formed at room temperature.

3. Results and discussion

The XRD in Fig. 1a reveals that the as-received TiS, material has a
pure layered crystal structure (JCPDS-15-0853). Additionally, the SEM
images of pristine TiS, powder in Fig. 1b show that the as-received
sample has an irregular shape and its particle size ranged from a few to
dozens of micrometers.

Electrochemical stability windows of the different electrolytes were
measured in a three-electrode cell using linear sweep voltammetry with
SS grid as both working and counter electrodes and the Ag/AgCl as a
reference electrode. As labeled in the Fig. 2a, the redox potential range
of LiMn,O4 cathode lies well within the cathode limit of the three
electrolytes. However, a small peak at 4.2 V (vs. Li/Li +) was found in
1 m LiTFSI electrolyte. We speculate that this peak may be due to the
reaction between the TFSI™ anions and SS current collector when the
concentration of TFSI™ anion is low (e.g. 1 m LiTFSI electrolyte), which
is similar to the corrosion reaction of an Al current collector in 1 m
LiTFSI electrolyte as reported by another research group [15].0n the
anode side, the redox potential range of TiS, sits far below the cathodic
limit of the 1 m LiNO3 and 1 m LiTFSI (~2.7 V vs. Li/Li *) electrolytes,
which means the water in the dilute electrolytes was reduced to pro-
duce H, before the Li* intercalation into TiS,. As the voltage profiles
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Fig. 2. Electrochemical stability windows of aqueous electrolytes and electrochemical
behaviors of electrodes. a. Electrochemical stability window of 1 m LiNO3, 1 m LiTFSI,
and 21 m LiTFSI electrolytes as measured on inert current collector (stainless steel grid)
using linear sweep voltammetry experiments at a scan rate of 10 mV s~ '. The redox
potential ranges of TiS, and LiMn,O, electrodes are also labeled on the graph. b, c.
Voltage profiles of full-cell configuration (LiMn,04/TiS,) in (b) 1 m LiNO3, (¢) 1 m LiTFSI
electrolytes at 1C. The potentials have been converted to Li/Li* reference for con-
venience.

presented in Fig. 2b and c, the LiMn,0,4/TiS, full cells in salt-in-water
electrolytes (1 m LiTFSI or 1 m LiNO3) exhibited inferior electro-
chemical performance as expected. The long voltage plateau during the
first charge process indicates severe H,O decomposition. In contrast,
the Li-ion intercalation/deintercalation of TiS, occurs well above the
cathodic limit potential of 1.9 V (vs. Li/Li*) in the highly-concentrated
WIS electrolyte, thus the hydrogen evolution reaction can be effectively
suppressed.

The electrochemical properties of the TiS, electrode in WIS

Fig. 1. Structural and morphological characterization of pristine TiS, powder. a. X-ray pattern and crystal structure scheme. b. Typical SEM image. The inset of (b) shows a magnified

SEM image.
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Fig. 3. Electrochemical properties of the TiS, electrode and the LiMn,0,/TiS, full cell in WIS electrolyte. a. The galvanostatic charge/discharge behavior of TiS, electrode in the 1st and
2nd cycle at 1C. b. Cyclic voltammetry (CV) of TiS, electrode in 1st and 2nd cycles at 1 mV s~ *. The electrochemical behavior of the TiS, electrode was tested in a three-electrode cell
using TiS, as a working electrode, Ag/AgCl as a reference electrode, and LiMn,O, as a counter electrode. c. The galvanostatic charge/discharge of the LiMn,0,4/TiS, full cell at 1st, 2nd,
and 20th cycles. d. Cycling performance and corresponding voltage profiles of the LiMn,04/TiS full cell at a constant current of 1C. e, f. Rate performance and corresponding voltage
profiles of the LiMn,0,4/TiS, full cell. All the capacity of the LiMn,04/TiS, full cell shown in Fig. 3 is calculated based on the total electrode masses of LiMn,0,4 and TiS,,

electrolyte were investigated in a three-electrode cell using TiS, as a
working electrode, Ag/AgCl as a reference electrode, and LiMn,0,4 as a
counter electrode. As shown in the Fig. 3a, the discharge curve of TiS,
displays a plateau at ~2.8 V followed by a slope at ~2.5 V with a total
capacity of ~160 mAh g~ ! in the first cycle, which is lower than the
theoretical capacity (240 mAh g~ 1), due to the large particle size of the
commercial product and high cycling current of 1 C. In addition, the CV
of the TiS, electrode in WIS electrolyte in Fig. 3b was also consistent
with the charge-discharge curves (Fig. 3a). Since the electrochemical
window of the WIS electrolyte is wide enough to support the reversible
lithiation/delithiation of both the LiMn,O, cathode and TiS, anode, the
LiMn,0,4/TiS, full cell was thus assembled. To compensate for the ir-
reversible Li consumption during the solid electrolyte interphase (SEI)
formation process on the TiS, anode in the first cycle, the cathode/
anode mass ratio was set to be 2:1 [13]. As shown in the Fig. 3a, the
full-cell shows a highly reversible reaction without an obvious H»0O
decomposition plateau. The full cell delivers two stages of voltage
(1.7 V and 1.0 V) with a total energy density of 78 Wh kg~ ! based on
the total mass of both cathode and anode.

Fig. 3b shows the cycling performance of the LiMn,0,4/TiS, full cell
in the WIS electrolyte at the current density of 1C. The full cell displays
a discharge capacity of 58 mAh g~ ! at the first cycle and retained at
43 mAh g~ ! after 50 cycles, with a capacity retention of 74%. How-
ever, we have to note that there still is a slightly irreversible parasitic
reaction in the charge/discharge processes, which causes the capacity
decay and the relatively low coulombic efficiency below 97% in the
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subsequent cycles. This irreversible reaction could be suppressed by
surface modification like carbon coating. The rate performance of the
LiMn,0,/TiS, full cell was further evaluated and shown in Fig. 3c and
d. At the 5C rate, the LiMn,04/TiS, full cell demonstrates a 40% re-
tention of the capacity at 1C.

Fig. 4a shows the X-ray diffraction (XRD) patterns of the TiS,
electrode in pristine state, after the first charge (lithiation), after the
first charge-discharge cycle, and after soaking in the WIS electrolyte for
30 days. As shown in Fig. 4a, the main characteristic peaks of pristine
TiS, at 16° shift to a lower degree after the first charge due to the in-
tercalation of Li*. The peak shifts back to around 16° during the fol-
lowing discharge, indicating a highly reversible Li* deintercalation. To
further confirm the stability of TiS, in the WIS electrolyte, the TiS,
electrode was soaked in the electrolyte for 30 days and then rinsed for
the XRD test. The XRD patterns after storage did not show obvious
difference from the pristine one, demonstrating the excellent storage
stability of TiS, electrode in this electrolyte. The morphology change of
the TiS, electrode after cycling was also examined by the SEM. As
shown in Fig. 4b, the TiS, particles still were tightly connected with the
conductive agent and no evident crack could be observed in the cycled
electrode compared with the pristine one. The structural stability also
demonstrates the feasibility of using TiS, as anode in the WIS electro-
lyte.
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Fig. 4. Post-mortem study of TiS, electrode after cycling. a. X-ray diffraction patterns of
TiS, electrodes: pristine (black), after first charge (blue), after first charge-discharge
(red), and after soaked in the WIS electrolyte for 30 days (green). b. SEM images of TiS,
electrodes before and after 20 cycles in the WIS electrolyte. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

4. Conclusion

In summary, we demonstrated that the TiS, electrode material in
liquid organic electrolyte Li-ion batteries can be utilized as an anode in
WIS electrolyte Li-ion batteries. Paired with a LiMn,O, cathode, the
LiMn,0,4/TiS, full cell delivered a high discharge voltage of 1.7 V and
energy density of 78 Wh kg™ '. These results reveal a promising future
for exploring more anode materials for the intrinsically safe aqueous
batteries. Furthermore, this work also raises the possibility of using
metal sulfides in the aqueous system.
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