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considering the overpotential during charge process. Recently, 
Yamada et al. reported that LiNi0.5Mn1.5O4 can only reversibly 
provide capacity of ≈75 mA h g−1 in the more concentrated 
hydrate melt electrolytes (≈30 mol kg−1), which is 50% of the-
oretical capacity.[14] The oxygen evolution side reaction also 
largely significantly reduce the coulombic efficiency.

In addition to P4332 structure, LiNi0.5Mn1.5O4 also has 
another structure with the space groups of Fd-3m. In 
P4332 LiNi0.5Mn1.5O4, all Mn-ions exist as Mn4+, while in 
Fd-3m LiNi0.5Mn1.5O4, small amount of Mn3+ coexists along 
with Mn4+.[15] The larger ionic radius of Mn3+ compared to 
Mn4+ expands lattice, enhancing the Li+ diffusion.[16] The 
structure difference in LiNi0.5Mn1.5O4 also changes the lithia-
tion/delithiation potentials.[17] Fd-3m LiNi0.5Mn1.5O4 has two 
distinguished plateaus at 4.6 V (Ni2+/3+) and 4.8 V(Ni3+/4+). The 
4.6 V of redox Ni2+/3+ can be fully utilized since it is completely 
inside the electrolyte stable window even taking consideration 
of the potential shift. Although the 4.8 V plateau shifts to 5.0 V, 
which is beyond the 4.9 V window of water-in-salt electrolyte, 
part capacity of LiNi0.5Mn1.5O4 at 5.0 V can still be achieved due 
to the fast lithiation reaction in Fd-3m LiNi0.5Mn1.5O4 and slow 
oxygen evolution reaction. If the pH value of electrolyte can be 
reduced, all the capacity can potentially be utilized.

In the present work, the electrochemical behaviors of two 
LiNi0.5Mn1.5O4 cathodes with Fd-3m and P4332 structures in 
the water-in-salt electrolytes were systematically investigated. 
After screening, LiNi0.5Mn1.5O4 with Fd-3m structure was 
selected and paired with Mo6S8 anode. A 2.9 V LiNi0.5Mn1.5O4/
Mo6S8 ALIB delivered 80 W h kg−1 energy density with capacity 
decay only 0.075% per cycle (5 C). After reducing the pH value 
of the water-in-salt electrolyte from 7 to 5, almost full capacity 
of LiNi0.5Mn1.5O4 (125 mA h kg−1) was achieved in the aqueous 
electrolyte for the first time, and 126 W h kg−1 energy density 
was provided for the LiNi0.5Mn1.5O4/Mo6S8 full cell, repre-
senting one of the highest voltage and energy density among all 
the aqueous batteries reported so far.

LiNi0.5Mn1.5O4 with Fd-3m or P4332 structures were synthe-
sized according to the previous literatures.[13,18,19] X-ray diffrac-
tion (XRD) Rietveld refinements confirm the two different 
structures (Figure 1a,b). By carefully comparing the XRD in 
Figure 1a,b, two small super lattice peaks at 15.3° and 39.7° 
are observed in P4332 LiNi0.5Mn1.5O4 in Figure 1b but they are 
absent in Fd-3m LiNi0.5Mn1.5O4 in Figure 1a. The structure dif-
ference between two LiNi0.5Mn1.5O4 was further enhanced by 
transferring the XRD patterns of the two structures into Log 
10 intensity (Figure S1, Supporting Information). The struc-
ture difference between Fd-3m and P4332 LiNi0.5Mn1.5O4 is 
also captured by Raman spectrum, where more peaks are 
observed in the P4332 LiNi0.5Mn1.5O4 (Figure 1e) than that in 

Lithium ion batteries (LIBs) have been widely acknowledged 
as the high-energy battery system for grid storage and elec-
tric vehicles, but the safety concern due to the flammability of 
organic electrolytes still hinders their wide application.[1–3] To 
address the issue, aqueous lithium-ion batteries (ALIBs) using 
nonflammable and low-toxic aqueous electrolytes are receiving 
intense attention as the alternatives.[4–8] The aqueous electro-
lytes also make it possible to get rid of the rigorous moisture-
free manufacturing environment and heavy reliance on the 
battery management systems at module or pack levels. Since 
the voltage of ALIBs is intrinsically limited by the narrow ther-
modynamic stability window of aqueous electrolyte, the ALIBs 
have a much lower energy density (40 W h kg−1) than that of 
LIBs (200 W h kg−1).[9,10]

Despite of over two decades’ materials innovation, the bat-
tery community has not witnessed much progress in improving 
the capacity of ALIBs’ electrodes. The most effective method 
in increasing the energy density is to enhance cell voltage by 
enlarging the electrochemical stability window of aqueous elec-
trolytes and identifying viable electrode materials. Recently, 
our group has made a significant breakthrough in doubling 
electrochemical stability window of aqueous electrolyte from 
1.5 to 3.0 V (1.9–4.9 V)[11] using water-in-salt electrolytes. A 
2.3 V LiMn2O4/Mo6S8 full cell using water-in-salt electro-
lytes was demonstrated to cycle up to 1000 times, with nearly 
100% coulombic efficiency at both a low (0.15 C) and a high 
(4.5 C) discharge and charge rates.[11] However, LiMn2O4 with 
lithiation/delithiation potential of 4.2 V does not fully use the 
oxygen evolution potential of 4.9 V in water-in-salt electrolytes. 
Commercial spinel LiNi0.5Mn1.5O4 with P4332 structure has a 
higher operating voltage (a slope plateau from 4.6 to 4.8 V for 
a continuous redox reaction of Ni2+/3+/4+ in organic electrolyte) 
than LiMn2O4 (single plateau of 4.2 V).[12,13] LiNi0.5Mn1.5O4 
should provide much high energy in water-in-salt electrolyte 
since it has similar capacity with LiMn2O4. However, due to 
the high salt concentration of the water-in-salt electrolytes, the 
redox lithiation/delithiation potential plateau of LiNi0.5Mn1.5O4 
positively shifts by ≈0.2V[11] to 4.8–5.0 V, which is over the 
edge of the stable window of electrolyte. The single plateau 
of P4332 LiNi0.5Mn1.5O4 can only provide <50% of capacity if 
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the Fd-3m LiNi0.5Mn1.5O4 (Figure 1c). Two 
LiNi0.5Mn1.5O4 materials also have different 
morphology as demonstrated by scan-
ning electron microscopy (SEM) images in 
Figure 1d,f. Flat planes with well-defined 
edges are observed in the SEM image for the 
Fd-3m particles in Figure 1d, while the P4332 
LiNi0.5Mn1.5O4 (Figure 1f) is less defined 
smooth particles. All XRD, Raman, and SEM 
analysis confirm that we successfully synthe-
sized two pure LiNi0.5Mn1.5O4 with Fd-3m 
and P4332 space groups.

The electrochemical stability window of 
water-in-salt electrolytes was measured by 
cyclic voltammetry (CV) using stainless steel 
grid as both working and counter electrodes, 
and the Ag/AgCl as a reference electrode. 
As shown in Figure 2a, a stability window 
of ≈3.0 V is achieved, with cathodic limit 
at ≈1.9 V (vs Li) and anodic limit at ≈4.9 V 
(vs Li). In addition to largely enlarging elec-
trochemical stability window of the aqueous 
electrolytes,[20–24] increasing the salt con-
centration in the aqueous solutions can also 
increase the lithiation/delithiation potential 
of the electrodes. The lithiation/delithia-
tion potentials of Fd-3m LiNi0.5Mn1.5O4 and 
P4332 LiNi0.5Mn1.5O4 were also evaluated by 
CV in the same water-in-salt electrolyte using 
active carbon as a counter electrode and the 
Ag/AgCl as a reference electrode. As shown 
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Figure 1.  Rietveld refinement profiles of XRD data for a) LiNi0.5Mn1.5O4 powder with Fd-3m group and b) P4332 group. c) Raman spectra and d) SEM 
image for LiNi0.5Mn1.5O4 powder with Fd-3m group. e) Raman spectra and f) SEM image for LiNi0.5Mn1.5O4 powder with P4332 group.

Figure 2.  a)The electrochemical window of water-in-salt electrolytes as measured on stainless 
steel current collector at scanning rate of 10 mV s−1 and the lithiation/delithiation potentials of 
Mo6S8 anode and the LiNi0.5Mn1.5O4 cathode with different crystal structures measured were 
measured at scanning rate of 0.1 mV s−1 in the same electrolyte. b,c) The typical voltage profile 
of LiNi0.5Mn1.5O4 in water-in-salt at constant current of 0.5 C with LiTi2(PO4)3 as anode and the 
Ag/AgCl as the reference electrode.
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in the CV results (Figure 2a), the Fd-3m LiNi0.5Mn1.5O4 exhibits 
two well-resolved redox peaks at 4.88/4.85 V and 4.96/4.90 V, 
while only one redox peak at 5.02/4.85 V is observed in the 
P4332 LiNi0.5Mn1.5O4 electrodes. The first redox peaks potential 
(4.88/4.85 V) of Fd-3m LiNi0.5Mn1.5O4 is less than the anodic 
stability potential (4.9 V). However, the redox peak of P4332 
space (5.02 V) is out of the electrolyte window (4.9 V), thus the 
Li extraction process will accompany with very strong electrolyte 
decomposition when more than half of the lithium is delithi-
ated. The galvanostatic lithiation/delithiation behaviors of 
LiNi0.5Mn1.5O4 were also evaluated in water-in-salt electrolytes 
using a three-electrode cell with excess LiTi2(PO4)3 as a counter 
electrode (capacity of LiTi2(PO4)3 is much higher than that of 
LiNi0.5Mn1.5O4) and Ag/AgCl as a reference electrode. The use 
of LiTi2(PO4)3 as the counter electrode is because the lithiation/
delithiation plateaus of LiTi2(PO4)3 is very flat and well-inside 
of the stability window of water-in-salt electrolytes (Figure S2, 
Supporting Information). Figure 2b,c shows the galvanostatic 
lithiation/delithiation behaviors of Fd-3m LiNi0.5Mn1.5O4 and 
P4332 LiNi0.5Mn1.5O4 in water-in-salt electrolytes at 0.5 C of 
current density. After fully charged to 4.9 V (vs Li+/Li), the 
discharge of Fd-3m LiNi0.5Mn1.5O4 shows a long potential pla-
teau at about 4.8 V followed by a small slope at 4.2 V providing 
total discharge capacity of 98 mA h g−1 (Figure 2b). In contrast, 
the P4332 LiNi0.5Mn1.5O4 shows a small discharge capacity of 
20 mA h g−1 since the most of its potential plateau is out of the 
electrolyte window (Figure 2c). Therefore, LiNi0.5Mn1.5O4 with 
Fd-3m structure was selected as the high-voltage cathode to fab-
ricate the high-voltage aqueous full cell.

Our previous work showed that the Chevrel phase Mo6S8 
(Figures S3 and S4, Supporting Information) can stably cycle 
in water-in-salt electrolytes over 1000 times.[11] Thus, Mo6S8 was 

used as an anode to pair with Fd-3m LiNi0.5Mn1.5O4 cathode. 
The LiNi0.5Mn1.5O4/Mo6S8 mass ratio was set to 5:2 in order to 
compensate the irreversible capacity loss due to the formation of 
solid electrolyte interphase (SEI) on the Mo6S8 anode during the 
initial cycles (Figure S5, Supporting Information).[11] As shown 
in Figure 3a, the open circuit of fully charged LiNi0.5Mn1.5O4/
Mo6S8 full cell is 2.9 V. The discharge of LiNi0.5Mn1.5O4/Mo6S8 
cell at 0.5 C displays two voltage plateaus at 2.6 and 2.2 V since 
Mo6S8 anode has two reversible redox couples of Li+ lithiation/
delithiation at 2.43/2.24 V and 2.75/2.67 V, as shown in the 
CV in Figure 2a. The LiNi0.5Mn1.5O4/Mo6S8 cell delivers a dis-
charge capacity of 34 mA h g (of total electrode mass) and an 
energy density of 80 W h kg−1. A maximum of 140 W h Kg−1 
can be reached by optimizing the electrodes ratio and reduction 
of the initial irreversible capacity.

The cycling stability of LiNi0.5Mn1.5O4/Mo6S8 cell was 
evaluated at both low and high currents. In most studies, the 
cycling stability of ALIBs was normally evaluated at a high 
cycling current to minimize the damage of hydrogen/oxygen 
evolution to cycling stability.[25,26] In fact, the most rigorous 
proof of stability does not come from the number of cycles, 
but from the time spent by a system at a fully charged state 
as well as from high coulombic efficiency at low C rates.[5,27] 
Figure 3b,c displays the cycling stability and coulombic effi-
ciency of LiNi0.5Mn1.5O4/Mo6S8 full cells at both low (0.5 C) and 
high (5 C) rates. Excellent cycling stability with a capacity decay 
rate of 0.2% per cycle at 0.5 C and 0.07% per cycle at 5 C is 
observed. Due to the formation of the SEI on the Mo6S8 anode 
surface,[11] the coulombic efficiency in the first cycle is low, 
but it quickly increases to 96% after 10 cycles at the 0.5 C rate. 
The coulombic efficiency increases to near 100% when SEI is  
completely coated on Mo6S8 surface at the 5 C for 50 cycles. 
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Figure 3.  a) The typical voltage profile of the full aqueous Li-ion cell employing Mo6S8 and LiNi0.5Mn1.5O4 as anode and cathode in water-in-salt electro-
lytes at a constant current of 0.5 C (inset the CV curves for the full cell). b,c) The cycling stability and Coulombic efficiencies of full cells at low (0.5 C) 
and high (5 C) rates. d) The XRD patterns for the LiNi0.5Mn1.5O4 electrodes before and after cycling.
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The open-circuit-voltage decay of fully charged cells during 
storage was also monitored and the ratio of discharged capacity 
to charged capacity after 24 h storage was measured to evaluate 
the self-discharge and H2/O2 evolution rates. The high capacity 
tetain ratio of 93.3% in Figure S6 (Supporting Information) 
confirmed the negligible hydrogen or oxygen evolution and 
high coulombic efficiency of LiNi0.5Mn1.5O4/Mo6S8 full cell. 
The structure evolution of LiNi0.5Mn1.5O4 during the charge/
discharge cycles in the aqueous electrolyte was also investi-
gated using ex situ XRD (Figure 3d). Both the LiNi0.5Mn1.5O4 
cycled either after 50 times at a low rate of 0.5 C or after 
400 times a high rate of 5 C have the same structure as the 
pristine LiNi0.5Mn1.5O4 electrode.

Although the Fd-3m LiNi0.5Mn1.5O4 in 21m water-in-salt 
electrolytes delivered a higher capacity (98 mA h g−1) than that 
(75 mA h g−1) of P4332 LiNi0.5Mn1.5O4 in the hydrate melt elec-
trolytes (≈30 m),[14] the full capacity of LiNi0.5Mn1.5O4 is still 
not achieved. The oxygen evolution potential of the water-in-
salt electrolyte need to be positively shifted further. It is well 
known that both the hydrogen and oxygen evolution potentials 
in aqueous electrolyte will shift to higher voltage along with the 
decrease of the pH value.[5,10] Since the low (second) potential 
(2.1 V) of Mo6S8 is still higher than the hydrogen evolution 
potential (1.9 V) of the water-in-salt electrolyte, we reduced 
the pH value of the water-in-salt electrolyte to 5 by adding 
0.1% (in volume) 1 m bis(trifluoromethane sulfonyl) imide 
(HN(SO2CF3)2, HTFSI), which positively shifted the window by 
0.1 V. As shown in Figure 4a,b, the Fd-3m LiNi0.5Mn1.5O4 in 
pH 5 water-in-salt electrolyte can stably deliver a high discharge 
capacity of 125 mA h g−1 after charged to 5.05 V (vs Li+/Li), 
which is more close to its theoretical capacity (147 mA h g−1). 

Coupled with Mo6S8, the full cell could achieve a high energy 
density of 126 W h kg−1 (Figure 4b).

The energy density and the cycle life of the LiNi0.5Mn1.5O4/
Mo6S8 full cell were compared to all reported ALIBs in 
Figure 4c,[5,9,28–32] in which the cycling stability is color-
coded with red, blue, and green representing <100 cycles, 
100–500 cycles, and >1000 cycles, respectively. Although 
LiMn2O4/active carbon[31] and LiFePO4/LiTi2(PO4)3

[10] cells 
can charge/discharge for 1000 cycles their energy density 
(<50 W h kg−1) is too low. On the other hand, some high-energy 
cells with voltage to ≈1.50 V suffer from poor cycling stability.[9] 
The open circuit of the LiNi0.5Mn1.5O4/Mo6S8 full cell can 
achieve 3.0 V with energy density of 126 W h kg−1 (based on 
two electrodes) which is one of the highest among all the ALIBs 
reported to date.

The aqueous LiNi0.5Mn1.5O4/Mo6S8 Li-ion battery is also 
compared to other types of aqueous batteries and nonaqueous 
Li-ion batteries. Figure 4 d shows the voltage and energy density 
of the aqueous electrolyte rechargeable batteries and some non-
aqueous Li-ion batteries (based on the electrode material). The 
nickel-metal hydride (Ni-MH) and Zn-MnO2 batteries using 
concentrated KOH electrolyte deliver 1.2 and 1.5 V, respec-
tively. By taking advantage of the electrodes with high H2 and  
O2 overpotential, lead-acid batteries can achieve 2 V of voltage.[33] 
Up to today, among all the commercial aqueous systems, only 
lead-acid battery can achieve 2.0 V but its energy density is less 
than 50 W h kg−1. The LiNi0.5Mn1.5O4/Mo6S8 full cell represents 
one of the highest voltage and highest energy density among 
all aqueous rechargeable batteries (Figure 4c,d), which is even 
comparable with nonaqueous LiFePO4-Li4Ti5O12 and LiMn2O4-
Li4Ti5O12 Li-ion batteries.
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Figure 4.  a) The typical voltage profile of Fd-3m LiNi0.5Mn1.5O4 in pH-adjusted water-in-salt electrolytes at a constant current of 0.5 C with LiTi2(PO4)3 
as anode and the Ag/AgCl as the reference electrode. b) The typical voltage profile of the full aqueous Li-ion cell employing Mo6S8 and LiNi0.5Mn1.5O4 
as anode and cathode in pH-adjusted water-in-salt electrolytes at a constant current of 0.5 C. c) Performances comparison for ALIBs based on various 
electrochemical couples. d) Comparative histograms of some conventional aqueous batteries, nonaqueous lithium ion battery, and our full cell (based 
on electrode materials).
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In summary, an intrinsic safe (Figure S7, Supporting Infor-
mation) aqueous LiNi0.5Mn1.5O4/Mo6S8 full cell with energy 
density of 126 W h kg−1 was demonstrated. The high voltage 
and energy density of LiNi0.5Mn1.5O4/Mo6S8 cell is due to the 
large window of water-in-salt electrolyte and high potential 
of Fd-3m LiNi0.5Mn1.5O4 cathodes. This safe LiNi0.5Mn1.5O4/
Mo6S8 cell can potentially replace some commercial flammable 
nonaqueous Li-ion batteries for large-scale renewable energy 
storage.

Experimental Section
Materials: Lithium bis(trifluoromethane sulfonyl) imide (LiN(SO2CF3)2, 

LiTFSI) (>98%) and water (HPLC grade) were purchased from Tokyo 
Chemical Industry and Sigma-Aldrich, respectively. The water-in-salt  
aqueous electrolyte is prepared by dissolving LiTFSI in water according to 
molality (21 mol salt in 1 kg water, coded by abbreviated concentrations 
21m). The pH value adjustment was conducted by adding 0.1% (in 
volume) 1 m HTFSI solution to the electrolyte.

Chevrel phase Mo6S8 was prepared by leaching Cu from copper 
Chevrel powder Cu2Mo6S8 synthesized by solid-state synthesis method. 
First, Cu2Mo6S8 precursors, CuS (99% Sigma-Aldrich), Mo (99.99% 
Sigma-Aldrich), and MoS2 (99% Sigma-Aldrich) were grounded by ball-
milling for 0.5 h, then the powdery mixture was pelleted under 106 Pa and 
sealed in Swagelok stainless steel tube, which was gradually heated to 
900 °C for 24 h at 2 °C min−1 in argon. The products were stirred in a 6 m 
HCl solution for 12 h to extract Cu. Finally, the obtained powder (Chevrel 
Mo6S8) was washed with deionized water multiple times followed by 
drying at 100 °C overnight under vacuum. The pristine LiNi0.5Mn1.5O4 
materials were received from SAFT Corporation. The P4332 structure was 
obtained by additional annealing of the pristine LiNi0.5Mn1.5O4 at 700 °C 
for 3 d. The Fd-3m structure was obtained by fast cooling (10 °C min−1) 
of the LiNi0.5Mn1.5O4 calcined at 900 °C for 3 h.

Materials Characterizations: The morphology of the sample was 
investigated by SEM (Hitachi SU-70). XRD patterns were obtained on 
Bruker Smart 1000 (Bruker AXS, Inc.) using Cu Kα radiation with an 
airtight holder from Bruker. All the samples for ex situ XRD patterns 
were recovered from full aqueous Li-ion battery in 2032 coin cell 
configuration after electrochemical cycling. The samples were washed 
by Dimethoxyethane (DME) three times and then dried under vacuum 
for two hours. Raman measurements were performed on a Horiba Jobin 
Yvon Labram Aramis using a 532 nm diode-pumped solid-state laser, 
attenuated to give 900 mW power at the sample surface.

Electrochemical Measurements: The LiNi0.5Mn1.5O4 and Mo6S8 
electrodes were fabricated by compressing active materials, carbon 
black, and polytetrafluoroethylene at weight ratio of 8:1:1 onto the 
titanium mesh and the stainless steel grid, respectively. The three-
electrode devices for cathode consists of LiNi0.5Mn1.5O4 composite 
(about 2 mg) as working, carbon black (about 20 mg) as the counter 
and Ag/AgCl as the reference electrode. The anode three-electrode 
devices consists of Mo6S8 composite (about 1.5 mg) as working, 2 mm 
platinum disc as counter and Ag/AgCl as reference electrode. CV was 
carried out using CHI 600E electrochemical work station at scanning 
rate of 0.1 mV s−1 for these composite working electrodes. CV was also 
applied to determinate the electrochemical stability window at 10 mV s−1 
using 316 stainless steel grid (200-mesh sieve) as both working and 
counter electrodes, which were thoroughly cleaned ultrasonically in 
high purity alcohol, and then washed three times with high purity water 
and dried before measurement. The potentials versus Ag/AgCl were 
converted to those versus standard Li+/Li, supposing that the potential 
of Ag/AgCl electrode was 3.239 V versus Li+/Li.

The full ALIB cell was assembled in CR2032-type coin cell using 
LiNi0.5Mn1.5O4 cathode (about 20 mg cm−2), Mo6S8 anode (about 
8 mg cm−2) and glass fiber as separator. To minimize side reactions 
between the electrolyte and the steel coin cell components, titanium foil 

was put between the cathode electrode and the cell case. The charge–
discharge experiments were performed on a Land BT2000 battery test 
system (Wuhan, China) at room-temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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