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Electrochemical performance of an aqueous lithium-ion battery containing LiV3O8 anode, ‘water-in-salt’ 20 M
LiTFSI electrolyte and LiNi1/3Co1/3Mn1/3O2 cathode was studied. In the full cell, the cathode and anode
reached a maximum lithiation capacity of 145.8 mAh g−1 and 80 mAh g−1, respectively. The full cell success-
fully underwent 100–110 cycles before hitting 20% capacity loss limit. The average discharge potential of the
cell started at 0.849 V and stayed relatively stable in the next 140 cycles. The first cycle coulombic efficiency
was as high as 80% and it stabilized at 99–100% in the subsequent cycles. These are the best numbers ever
reported for this anode/cathode couple. This outperformance was achieved thanks to the increased stability
of the anode and cathode materials in high molarity ‘water-in-salt’ electrolyte over lower molarity nitrate or
sulfate electrolytes previously reported in literature.
1. Introduction

Aqueous lithium-ion batteries (LiB) have the potential to replace
traditional organic-based LiB as they offer improved thermal safety,
lower material and manufacturing costs and no toxicity. Despite such
advantages, several anode [1–5] and cathode [6–9] materials were
proposed and tested with limited success since the first demonstration
of aqueous LiB in 1994 [10]. Among the cathodes, spinel-type LiMn2-
O4 and olivine-type LiFePO4 seem to be much more favored than
nickel-based layered-type LiNiaCobMncAldO2 materials. This is proba-
bly due to the high moisture sensitivity of nickel-based cathodes,
thereby resulting in poor reversibility in aqueous electrolytes. How-
ever, Kunduraci et al., [11] recently demonstrated that LiNi0.6Co0.2-
Mn0.2O2 can reach a discharge capacity of 152 mAh g−1 in water-in-
salt 20 M LiTFSI electrolyte with good stability, unlike aqueous nitrate
or sulfate electrolytes. This outperformance in high molarity LiTFSI
electrolyte was based on the improvement in the surface structural sta-
bility of layered cathode resulting from reduced number of free water
molecules in the electrolyte.
In this work, we proceeded further with the previous study and
demonstrate here a LiV3O8/LiNi1/3Co1/3Mn1/3O2 full cell with good
cycling stability. LiV3O8 has been widely used as positive electrode
material in non-aqueous LiB [12–13] and as negative electrode mate-
rial in aqueous LiB [14–15] due to its easy synthesis, high lithiation
capacity and low cost. In fact, LiV3O8 anode was previously coupled
with several layered cathodes such as LiCoO2 [16,17], LiNi1/3Co1/3-
Mn1/3O2 [18,19] and LiNi0.81Co0.19O2 [20] in aqueous solutions of
LiNO3 and Li2SO4 electrolytes. However, the anode and cathode capac-
ities were rather low and the cells did not survive more than 20 cycles.
Wang et al., [19] reported in 2011 that the reversibility of LiV3O8/
LiNi1/3Co1/3Mn1/3O2 couple became better with increasing LiNO3

molarity in aqueous electrolyte and the best performance was
achieved in saturated LiNO3 solution. Their results are well agreed
with our previous finding that the cyclability of active materials in
aqueous electrolytes improve with the reduced availability of free
water molecules enabled by larger salt concentrations. Xu et al., [21]
recently reported an aqueous solution using 20 M LiTFSI salt and
coined the term ‘water-in-salt’ electrolyte. By taking advantage of this
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concept, it has been shown in this study that the cycle life of this
anode/cathode couple can be extended to 100–110 cycles before
20% loss limit is reached, thereby significantly exceeding previous
studies.
Fig. 1. X-ray diffraction patterns of LiNi1/3Co1/3Mn1/3O2 and LiV3O8

materials
2. Experimental

2.1. Synthesis of LiV3O8

LiV3O8 was synthesized by sol–gel method using high purity chem-
icals of LiOH and NH4VO3 as starting compounds. The stoichiometric
amounts of precursor LiOH was dissolved in dilute water and NH4VO3

was dissolved in a mixture of water and oxalic acid (twice the total
mole of Li and V). These solutions were mixed in a magnetic stirrer
with heating at 80 ̊C. At the end of the 12 h heating and mixing pro-
cess, the heat treatment was applied for 1 h in the oven at 300 ̊C
and the material turned into a powder form. Then, the powder was
heated at 500 ̊C in ambient air for 6 h.

2.2. Synthesis of LiNi1/3Co1/3Mn1/3O2

LiNi1/3Co1/3Mn1/3O2 was synthesized by Pechini method. The
required amounts of Co(II) nitrate hexahydrate, Mn(II) nitrate tetrahy-
drate and Ni(II) nitrate hexahydrate salts were dissolved in 3 mL of dis-
tilled water. The aqueous solution was added dropwise to citric
acid–ethylene glycol (1:4 mol ratio) solution kept at 90 °C until com-
pletion. The solution, which turned more viscous with time, was
heated to 150 °C for esterification. After all water was removed and
esterification was finished, the solution turned into solid chunk. The
fully dried solid was ground and initially heated to 500 °C for 1 h in
air to burn the organics and finally to 825 °C for 10 h in air to obtain
crystalline structure.

2.3. Structural and morphological analyses

Crystal structure analyses of LiV3O8 and LiNi1/3Co1/3Mn1/3O2 were
performed by PANalytical Empyrean X-ray diffractometer using CuKα
radiation. The diffraction patterns were collected between 2θ = 10°
and 70° at a scan rate of 2 ° min−1. The morphological features of
materials were observed with FIA-Quanta FEG 650 model scanning
electron microscope (SEM). The oxidation states of Mn, Ni and Co in
LiNi1/3Co1/3Mn1/3O2 and V in LiV3O8 were determined by X-ray pho-
toelectron spectrometer (XPS, PHI 5000 VersaProbe). The peak posi-
tions were calibrated by referencing the C1s peak position at
284.8 eV and shifting other peaks in the spectrum accordingly.

2.4. Electrode preparation and electrochemical testing

In order to prepare the anode and cathode slurries, 200 mg of
active material (LiV3O8 or LiNi1/3Co1/3Mn1/3O2), 25 mg of Timcal
Super C45 conductive carbon, 25 mg of Polyvinylidene fluoride and
1.5 g of N-Methyl-2-pyrrolidone (NMP) were placed inside a vial. After
1 h of magnetic stirring at 500 rpm, a few drops of each slurry was cast
onto pre-cleaned 1 cm2 Titanium disk to prepare anode and cathode
electrodes. The NMP solvent was removed after keeping the Ti foil
at 120 °C overnight.

For non-aqueous battery testing of LiV3O8 sample, 2032 coin cells
were prepared in an Ar-filled glovebox with H2O and O2 levels under
1 ppm. Lithium foil was used as counter electrode with 1 M LiPF6 dis-
solved in EC-DEC as electolyte and Whatman glass fiber paper as sep-
arator. The cells were galvanostatically charged and discharged
between 1.8 V and 4.0 V vs. Li.

The aqueous half cell measurements were performed in open air in
10 mL 20 M Lithium bistrifluoromethanesulfonimide (LiTFSI) aqueous
electrolyte. Pt and Ag/AgCl electrodes were used as counter and refer-
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ence electrodes, respectively. The selected voltage range was −0.25 V
− 0.70 V vs. Ag/AgCl for LiV3O8 and 0 V − 1.2 V vs. Ag/AgCl for
LiNi1/3Co1/3Mn1/3O2. Charge and discharge rates were 25 mA g−1

based on active material weight. The three electrode cyclic voltamme-
try measurements of these cells were performed using the same coun-
ter and reference electrodes, aqueous electrolyte and voltage ranges at
a scanning rate of 0.1 mV s−1.

For aqueous battery testing of full cells, 2032 coin cells were pre-
pared in open air. They contained LiV3O8 as anode, LiNi1/3Co1/3Mn1/3-
O2 as cathode, 20 M LiTFSI as aqueous electrolyte and glass fiber paper
as separator. The weight ratio of LiV3O8 to LiNi1/3Co1/3Mn1/3O2 in the
full cell was 2.26 (6.16 mg anode and 2.72 mg cathode). The cells were
galvanostatically charged and discharged between 0.2 V and 1.4 V for
a total of 140 cycles. The current rate was 25 mA g−1 based on the
weight of cathode active material. At the end of this cycling protocol,
the rate performance of the full cell was evaluated at C/4, C/2, 1C, 2C
and 4C discharge rates in sequence.
3. Results

3.1. X-ray diffraction

X-ray diffraction patterns of LiV3O8 and LiNi1/3Co1/3Mn1/3O2 are
plotted in Fig. 1. LiV3O8 has good crystalline structure and is assigned
to monoclinic phase with space group of P21/m (JCPDS 72–1193). The
structure is composed of VO6 octahedron and VO5 distorted trigonal
bi-pyramids. The assignment of major peaks are in good agreement
with previous studies [22–24]. A small impurity peak belonging to
Li0.2V2O5 is noticed at 12.3°. As for LiNi1/3Co1/3Mn1/3O2, the pattern
fits perfectly with hexagonal α-NaFeO2 phase with space group of R-
3 m [25,26]. The well-splittings of (006)/(102) and (018)/(110)
peaks reveal good crystalline ordering in the hexagonal structure.
Additionally, the intensity ratio of (003) peak to (104) peak is 1.47,
indicating that Li+/Ni+2 cation intermixing is very low.
3.2. X-ray photoelectron spectroscopy

The oxidation states of Mn, Ni and Co elements in LiNi1/3Co1/3-
Mn1/3O2 and V element in LiV3O8 were determined by X-ray photo-
electron spectroscopy measurements and the results are shown in
Fig. 2. The Co 2p spectrum has two main peaks, 2p3/2 peak at
780.0 eV and 2p1/2 peak at 795.0 eV with a separation of 15 eV. These
binding energies correspond to Co3+ [26,27]. The XPS curve fitting
revealed the coexistence of Co4+ which is validated by the peaks



Fig. 2. XPS spectra of Mn, Ni and Co elements in LiNi1/3Co1/3Mn1/3O2 and V element in LiV3O8.
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located at 782.2 and 797.2 eV. The Mn spectrum has two main peaks,
2p3/2 peak at 642.8 eV and 2p1/2 peak at 654.3 eV, representing Mn4+

cation [28]. Besides Mn4+, a smaller quantity of Mn3+ also exists with
its peaks located at 641.8 and 653.3 eV. In Ni spectrum, two dominant
peaks located at 854.7 and 872.3 eV are observed, which match 2p3/2
and 2p3/2 orbitals of Ni2+ [29]. Besides these, two satellite peaks
located at 861.0 and 879.5 eV are also noticed and they further con-
firm Ni2+ oxidation state. However, the best XPS fitting was realized
by placing four weaker peaks. These peaks are positioned about
2.0 eV to the right of Ni2+ peaks and represent Ni3+ oxidation state.
The presence of mixed oxidation states resulting from electron transfer
between different cations was reported previously for LiNi1/3Co1/3-
Mn1/3O2 material [29]. As for V spectrum, two main peaks at 517.5
and 524.85 eV are observed, which correspond to V5+.

3.3. Scanning electron microscopy

Fig. 3. illustrates scanning electron microscope images of LiV3O8

and LiNi1/3Co1/3Mn1/3O2. LiV3O8 sample is made of stick-like particles
with an aspect ratio of 3–5. The longer side is a few micrometers in
length, while the shorter side is 0.5–1 µm. This stick-like morphology
was reported previously for LiV3O8 [30]. The particles appear to have
a smooth surface. This suggests good crystallinity of the material and it
is conducive to lithium movement in and out of anode material. On the
other hand, LiNi1/3Co1/3Mn1/3O2 is composed of interconnected
nanoparticles having a diameter of 200–300 nm. The particle size
seems to be uniformly distributed and there is no sign of aggregation.
While such a small size is favorable to lithium kinetics, it poses a
greater risk for electrolyte oxidation due to greater overall surface
area.
3

3.4. Electrochemical testing

Charge-discharge voltage profiles of LiV3O8 electrode in aqueous
water-in-salt electrolyte (i.e. 20 M LiTFSI in H2O) are displayed in
Fig. 4a. In order to gain a general sense of the cyclability of anode
material in aqueous electrolyte, the discharge cut-off voltage was lim-
ited to −0.25 V vs. Ag/AgCl. Also, the cycle number was restricted to
5 cycles in order not to degrade electrolyte too much due to the use of
non-sacrificial Pt counter electrode. The profile consists of a sloping
line down to −0.15 V (marked by the arrow) followed by a plateau
around −0.2 V. These regions were described as single-phase and
two-phase transformations, respectively based on X-ray diffraction
analysis [31]. The first region reaches a capacity of about 90 mAh
g−1, thereby corresponding to intercalation of 1Li atom into LiV3O8

(LiV3O8 has a theoretical capacity of 282 mAh g−1 assuming 3Li per
LiV3O8). Here, V5+ is reduced to V4+ [31]. In the plateau region,
the lithium capacity increases to 135.4 mAh g−1, indicating that
another 0.5Li atom is intercalated into the host structure. In the first
charge cycle, the delithiation capacity is as high as 147.6 mAh g−1.
The reason behind more than 100% coulombic efficiency is that some
of the pre-existing lithium ions in as-synthesized material leave the
electrode material during the first delithiation step. The difference in
average charge and discharge potentials is relatively small at 57 mV.
However, LiV3O8 suffers a 9% capacity loss in the next cycles. While
this suggests a fast capacity decay, it can be noticed upon a more
detailed look at the voltage profiles that the capacity loss mostly comes
from the plateau region. This behavior was reported previously and
large changes in lattice parameters a and b associated with the two-
phase region were described as potential culprits behind the decrease
in cyclability [32].



Fig. 3. SEM images of (a) LiV3O8 and (b) LiNi1/3Co1/3Mn1/3O2 powders.
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Cyclic voltammetry scans of LiV3O8 electrode were collected
between the same potential range to gather more information about
its cyclability in ‘water-in-salt’ aqueous electrolyte. The profiles are
plotted in Fig. 4b. The arrow on the cathodic side of the figure points
to the transition from single-phase to two-phase reaction. After this
point, a cathodic peak around −0.20 V vs. Ag/AgCl is noticed. This
peak is located at −0.05 V vs. Ag/AgCl on the anodic scan. It is unam-
biguously clear that this peak belonging to the two-phase transforma-
tion is largely irreversible. On the other hand, the single-phase region
consists of many small peaks with high reversibility, in particular start-
ing with the third cycle. The good agreement between the galvanos-
tatic and cyclic voltammetry profiles indicates that the lithiation
capacity of LiV3O8 anode should be limited to 1Li atom to achieve
good cyclability. In order to determine whether such a limitation exists
due to some kind of interaction between LiV3O8 electrode and ‘water-
in-salt’ aqueous electrolyte, LiV3O8 was also tested in half cells against
Li metal using non-aqueous organic carbonate electrolyte. The voltage
profiles for the first 20 cycles are given in Fig S1. It is observed that the
two-phase plateau also exhibits poor reversibility in the non-aqueous
electrolyte. However, significant improvement in cyclability is
achieved when the discharge cut-off voltage is limited to 2.6 V vs.
4

Li/Li+ (i.e. 1Li atom per LiV3O8). Therefore, this result proves that
LiV3O8 is stable in 20 M LiTFSI electrolyte and can be cycled with good
reversibility if lithiation capacity does not exceed 1Li atom per LiV3O8.

Prior to making full cells, LiNi1/3Co1/3Mn1/3O2 cathode was also
tested against Pt electrode in 20 M LiTFSI electrolyte (Fig. 4c). The
voltage profile of cathode includes a low voltage pseudo-plateau and
a high voltage steep curve consistent with earlier studies conducted
in organic electrolytes (i.e. 1 M LiPF6 in EC-DEC) [33]. The charge
and discharge capacities in the first cycle are 169 and 147 mAh g−1,
respectively. The coulombic efficiency corresponds to 87%, which is
a high number even for organic electrolytes. A sister electrode tested
to confirm this result yielded an even better first cycle coulombic effi-
ciency as high as 90% (Fig. S2). The loss in capacity in the fifth cycle
was only around 2%. Finally, the difference in average charge and dis-
charge potentials is only 49 mV, which suggests low polarization in the
cell. It is widely known that the surface of nickel-based cathode mate-
rials transforms into rock-salt type phase upon exposure to humidity.
Our battery results prove that LiNi1/3Co1/3Mn1/3O2 exhibits good
structural stability in ‘water-in-salt’ electrolyte and its battery perfor-
mance far exceeds previous reports performed in other aqueous
electrolytes.



Fig. 4. (a) Voltage vs. capacity curves of LiV3O8 vs. Pt in aqueous 20 M LiTFSI-H2O (b) its cyclic voltammetry scans in the first four cycles (c) Voltage vs. capacity
curves of LiNi1/3Co1/3Mn1/3O2 vs. Pt in aqueous 20 M LiTFSI-H2O (d) its cyclic voltammetry scans in the first four cycles. The arrows mark the limiting potentials
for the lithiation of LiV3O8 anode.
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The lithiation/delithiation mechanism of LiNi1/3Co1/3Mn1/3O2

cathode was also investigated using cyclic voltammetry. The anodic
and cathodic scans are displayed in Fig. 4d. A single cathodic peak
at −0.65 V vs. Ag/AgCl and a matching anodic peak at 0.77 V vs.
Ag/AgCl are seen in the first cycle. These peaks are identical to those
seen in non-aqueous electrolytes [34] which proves that the mecha-
nism of lithium intercalation and extraction did not change with the
use of aqueous solution. The peaks become slightly smaller in intensity
in the next 3 cycles due to some capacity loss as typically seen in elec-
trode materials. Overall, it can be stated that LiNi1/3Co1/3Mn1/3O2

shows very good reversibility in 20 M LiTFSI electrolyte.
Assuming a delithiation capacity of 169 mAh g−1 for the LiNi1/3-

Co1/3Mn1/3O2 cathode and a maximum lithiation capacity of 90
mAh g−1 for the LiV3O8 anode (in order to extend the cyclability of
LiV3O8 as argued above), a minimum anode-to-cathode weight ratio
of 1.88 is calculated. If the ratio used in the full cell is significantly
above this value, the cyclability of full cell would be enhanced due
to lesser amount of lithium ions intercalating into anode material.
But, this would come at the expense of full cell energy density due
to inefficient use of anode. If a ratio below this value is used in full cell,
more than 1Li atom per LiV3O8 would be forced into the anode mate-
rial and its cyclability would be jeopardized. With all these in consid-
eration, anode-to-cathode mass ratio of 2.26 was used in our cell, a
reasonable 20% more than the minimum value. The electrochemical
results belonging to LiV3O8 / 20 M LiTFSI in H2O / LiNi1/3Co1/3Mn1/3-
O2 full cell are given in Fig. 5.
5

The voltage vs. capacity curves of the full cell are shown in Fig. 5a
for 1st, 2nd, 10th and 100th cycles. Other than the low voltage seg-
ment, the profile resembles that of the cathode electrode. The first
cycle coulombic efficiency is 80% and it is 7% less than it was with
LiNi1/3Co1/3Mn1/3O2. There might be two potential reasons behind
lower efficiency in full cell. The first reason is that cathode material
might have been charged to above 1.2 V vs. Ag/AgCl in full cell, which
was the cut-off voltage in half cell measurements. The larger charging
voltage could result in more electrolyte oxidation, thereby causing
irreversibility. Since it is challenging to control anode and cathode
potential individually in a full cell, more optimization is required to
obtain the best performance. The second reason is that 0.2 V discharge
cut-off voltage may not be enough to fully lithiate the cathode mate-
rial. The coulombic efficiency of full cell can be seen to reach 96%
in the second cycle and stabilizes around 99–100% at extended cycling
(Fig. 5b). Such high numbers indicate that active materials form a
stable solid-electrolyte interface quickly and side reactions diminish
with time.

The variaton of the specific charge and discharge capacities of LiV3-
O8 and LiNi1/3Co1/3Mn1/3O2 materials as a function of cycle number
are provided in Fig. 5c. These capacities were calculated by dividing
the full cell charge and discharge capacities of the full cell (Fig. 5b)
to the mass of corresponding active material (6.16 mg for LiV3O8

and 2.12 mg for LiNi1/3Co1/3Mn1/3O2). The first cycle charge (delithi-
ation) and discharge (lithiation) capacities of LiNi1/3Co1/3Mn1/3O2

cathode are 182.2 mAh g−1 and 145.8 mAh g−1. As mentioned above,



Fig. 5. Battery data of a 2032 coin cell containing LiV3O8 as anode, LiNi1/3Co1/3Mn1/3O2 as cathode and ‘water-in-salt’ 20 M LiTFSI as electrolyte. (a) Voltage vs.
capacity profiles of the full cell in the first 100 cycles (b) Coulombic efficiency of the full cell and its charge and discharge capacities (c) Gravimetric capacities of
anode and cathode active materials in the full cell (d) Average charge and discharge potentials of the full cell (e) The discharge voltage profiles of the full cell at
varying discharge rates. The 1st, 2nd and 3rd refer to cycle numbers.
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all of the charge capacity may not come from the delithiation of cath-
ode material but also partially from the oxidation of aqueous elec-
trolyte. The discharge capacity is very close to that obtained in half
cell measurements. Similarly, the charge (lithiation) capacity of LiV3-
O8 is 80 mAh g−1, which stayed below our 90 mAh g−1 threshold
thanks to the use of larger anode-to-cathode mass ratio. On the delithi-
ation step, only 64.5 mAh g−1 capacity leaves the anode. The half cell
measurements showed that LiV3O8 can have first cycle coulombic effi-
ciency over unity. The reason for leftover lithium in LiV3O8 can be
explained by the poor reversibility of cathode material in the first
6

cycle. The critical threshold value for 20% capacity loss is seen to take
place between 100th-110th cycles. To our best knowledge, this is the
longest cycle life reported in any LiV3O8/layered cathode couple in
literature.

The average charge and discharge potentials of the full cell were
calculated by dividing the energy of the cell (mWh) to the capacity
of the cell (mAh). The results are shown in Fig. 5d. The average poten-
tials for charge and discharge steps startat 0.929 V and 0.849 V in the
second cycle, respectively. The 80 mV polarization in the full cell is
slightly less than the summation of half cell polarizations, namely
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57 mV for LiV3O8 and 49 mV for LiNi1/3Co1/3Mn1/3O2. The polariza-
tion difference might be attributed to the contribution from Li de/plat-
ing during half cell measurements. After stabilizing at 0.957 V and
0.876 V in the next 40 cycles, the discharge potential slips to 0.83 V
at the end of 140th cycle while the charge potential remains same at
0.96 V. The stability of cell potentials during extended cycling indi-
cates that there is no significant polarization build-up in the full cell.
Based on cell discharge potential, cell capacity and total active mate-
rial mass, the energy density of the cell in the first cycle is calculated
to be 38 Whkg−1 (0.849 V * 0.396 mAh / 8.88 mg). It is our opinion
that this number can be easily increased to 60 Wh kg−1 with further
improvement in anode capacity as it appears to be the bottleneck.
The resulting cell could rival other aqueous chemistries including
lead-acid batteries.

The rate performance of the full cell was evaluated at C/4, C/2, 1C,
2C and 4C discharge rates and the discharge voltage profiles are plot-
ted in Fig. 5e. At least three measurements were taken for each rate. It
is seen that the full cell delivers acceptable capacities even at higher
rates. Specifically, the capacities at C/2, 1C, 2C and 4C are respectively
87%, 81%, 75% and 68% of the one at C/4. Since discharge rate per-
formance of the full cell is dependent on both the lithiation kinetics of
LiNi1/3Co1/3Mn1/3O2 cathode and delithiation kinetics of LiV3O8

anode, further improvements in rate capability rely on developing
each active material simultaneously. On the other hand, the aqueous
electrolyte used in this study is known to have higher viscosity and
lower lithium conductivity than standard organic carbonate solvents
[35]. This might constitute a major hurdle in increasing the power
density of the full cell.

Partial replacement of V5+ ions by other metals can be explored to
extend the lithium capacity of LiV3O8 anode beyond 1Li atom. A range
of elements including Nb5+ [36], Mo6+ [37], B3+ [38], Si4+ [39]
have been doped into LiV3O8 and significant improvements in gravi-
metric capacity and cyclability were reported. It was speculated that
as larger dopant ion substituted smaller V5+ ion, the lattice volume
of LiV3O8 was enlarged and the stability of the crystal structure was
increased. This mechanism resulted in improved reversibility of phase
transformations betwen initial LiV3O8 and fully lithiated Li4V3O8

phases. Morales et al., [40] declared LiV3O8 unsuitable as an electrode
for aqueous batteries based on the dissolution of vanadium into the
electrolyte in the form of VO2

+ ions. The electrochemical testing was
performed in 1 M LiNO3 electrolyte and the initially colorless elec-
trolyte turned yellowish and LiV3O8 suffered a very rapid capacity
decay. In order to repeat their results, we also tested our anode in
5 M LiNO3 aqueous solution. The electrolyte turned yellow
(Fig. S3a) and LiV3O8 lost 80% of its capacity after only 9 cycles
(Fig. S3b). On the other hand, no color change was observed in novel
‘water-in-salt’ 20 M LiTFSI electrolyte and capacity retention was
remarkably better. Holze et al., [14] reported that the reversibility
of LiV3O8 was enhanced upon coating with a thin layer of polypyrrole
polymer. It was stated that the coating protected the electrode material
against harmful effects of H2O molecules, resulting in lesser amount of
vanadium dissolution into the electrolyte. Since there are much
reduced number of free water molecules in ‘water-in-salt’ electrolyte,
their results agree perfectly with ours and explain the enhancement
in the cyclability of LiV3O8 electrode over those in lower molarity
nitrate or sulphate-based aqueous electrolytes. The coating of LiV3O8
with a thin layer of a conducting polymer might be another remedy to
improve the stability and performance of this anode material [41].

As for LiNi1/3Co1/3Mn1/3O2 cathode, the major causes of capacity
loss can be attributed to the growth of solid-electrolyte interface and
irreversible phase transformations near the surface of cathode particle.
Its cyclability in an aqueous electrolyte can be significantly prolonged
by utilizing a few simple strategies. They include the use of primary
particles several micrometer in diameter as opposed to nano-sized
ones used in this study, the coating of cathode surface with a thin layer
of inert oxide and the use of a concentration gradient cathode with the
7

Ni-poor region near particle surface. All these measures can help mit-
igate the harmful effects of aqueous electrolyte and also stabilize the
active material surface. In our future work, we intend to pursue these
avenues to realize further gains in energy density and cyclability of our
full cell.
4. Conclusion

The demonstration of LiV3O8/LiNi1/3Co1/3Mn1/3O2 couple in ‘wa-
ter-in-salt’ 20 M LiTFSI electrolyte was reported for the first time in lit-
erature. In the first cycle, specific delithiation capacity of LiV3O8

anode was 64.5 mAh g−1 while the specific lithiation capacity of
LiNi1/3Co1/3Mn1/3O2 was 145.8 mAh g−1. These numbers are signifi-
cantly higher than those in previous studies performed using aqueous
LiNO3 and Li2SO4 electrolytes. Since the salt concentration in ‘water-
in-salt’ electrolyte is significantly larger than those in typical elec-
trolytes, this results in much reduced number of free water molecules
in the former. This fact reduces the amount of side reactions between
active materials and water solvent. Specifically, vanadium dissolution
into the aqueous electrolyte is eliminated. Also, the detrimental phase
transformation (layered to rock salt) taking place on the surface of
cathode material upon exposure to water is circumvented, as demon-
strated in the preceding paper. In our future work, we will focus on
increasing the lithium capacity of LiV3O8 anode and the cyclability
of LiNi1/3Co1/3Mn1/3O2 cathode.
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