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The recent concept of ‘solvent-in-salt’ electrolytes, namely 
‘water-in-salt’ electrolytes (WISE) for aqueous batteries1 and 
‘super-concentrated’ electrolytes for non-aqueous batteries2–4, 

greatly expands the electrochemical window of these battery sys-
tems and consequently their energy density. This expansion occurs 
because the large number of salt aggregates in ‘solvent-in-salt’ 
electrolytes enables preferential salt decomposition over solvent 
decomposition to form robust interphase layers on electrodes, thus 
enhancing their stability in a wide range of operating voltages5–9.

For aqueous electrolytes, extensive efforts have also been made 
to further expand the electrochemical stability window of WISE by 
reducing H2O molecules in the Li-ion solvation sheath by increas-
ing the salt concentration to 27.7 m (mol kgsolvent

–1) in a hydrate melt 
electrolyte10, 28 m in a ‘water-in-bisalt’ electrolyte11 with additives12, 
40 m in mixed cation electrolytes13, 55.5 m in a lithium-salt mono-
hydrate14 and 63 m in ionic-liquid WISE15. However, even when the 
salt concentration reached 63 m, regardless of cost, the cathodic 
potential of the WISE expanded only to 1.75 V with an overall 
electrochemical stability window of <3.25 V (ref. 15). Although the 
increase in the salt concentration decreased the H2O molecules’ 
solvation number, it did not suppress the water reduction. The 
Li-ion-solvated water will be reduced and the formed solid–electro-
lyte interphase (SEI) will wash out if the SEI is not robust enough to 
desolvate the water from the Li ion16. Alternatively, adding organic 
solvents17,18, or gel polymers19–21, that are capable of dissolving a 
large amount of both salt and solvent is a simple strategy to decrease 
the amount of water in WISE. However, these organic solvents—
gel polymers—are also flammable, which compromises the merit 
of aqueous electrolytes. Up to now, it has seemed impossible to  
further deplete H2O molecules within the Li-ion solvation sheath 
via a super-concentration strategy because of the limit of the lithium 
salts’ precipitation/dissolution equilibrium.

To design the next generation of dilute aqueous electrolytes 
beyond WISE, electrolytes that possess a wider electrochemical  
stability window and lower cost but still maintain the merit of 

non-flammability, the diluent aqueous electrolytes have to satisfy 
three criteria. First, both the lithium salts and diluents must be able 
to form a robust SEI so that the cathodic limiting potential can be 
decreased to <1.5 V for Li4Ti5O12 anodes. Second, diluents must be 
capable of forming a ternary eutectic with salts and H2O to simulta-
neously achieve both a high ionic conductivity of >10−3 S cm–1 and 
a low viscosity. Third, diluents must be cheap and non-flammable.

Herein, by using CO(NH2)2 as a model diluent, we reported a 
non-flammable ternary eutectic electrolyte that fulfills all three 
requirements. The 4.5 m LiTFSI–KOH–CO(NH2)2–H2O aqueous  
electrolyte expanded the electrochemical stability window to 3.3 V 
with the cathodic limiting potential to 1.5 V, where CO(NH2)2  
further decreased the number of H2O in the Li+ solvation shell from 
2.6 in WISE to 0.7, and the reduction of LiTFSI and CO(NH2)2 
under KOH catalyst formed a robust LiF/polymer bilayer SEI22. 
The 4.5 m LiTFSI–KOH–CO(NH2)2–H2O aqueous electrolyte at a 
lean amount of 3 g Ah–1 enabled Li1.5Mn2O4 || Li4Ti5O12 pouch cells 
with thick electrodes of 2.5 mAh cm–2, and a positive/negative (P/N) 
ratio of 1.14, to maintain 92% of the initial capacity after 470 charge/
discharge cycles. The Li loss during the formation of the SEI was 
compensated by the extra 0.5 Li in Li1.5Mn2O4, which converted 
the Li1.5Mn2O4 || Li4Ti5O12 cells into regular LiMn2O4 || Li4Ti5O12 
after SEI formation and notably enhanced the cycling life without  
hurting the cell energy density.

Solvation structure of 4.5 m electrolytes
All the CO(NH2)2–H2O, CO(NH2)2–LiTFSI and H2O–LiTFSI 
binary mixtures possess a eutectic composition (Supplementary  
Fig. 1a–c); the non-flammable CO(NH2)2–LiTFS–H2O ternary 
eutectic electrolytes can potentially achieve a high ionic conductiv-
ity and a low viscosity. In addition, the bonding between CO(NH2)2 
and H2O is even stronger than bonds between H2O molecules23, 
and CO(NH2)2 can also promote the formation of a robust SEI  
layer in aqueous electrolyte and reduce the electrolyte viscosity24–26. 
We first identify the liquid phase region in the mole triangle phase  
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diagram with all the compositions marked, as shown in Supple-
mentary Fig. 1d, by focusing on the area near to the ternary  
eutectic compo sition. At the ternary eutectic composition region 
of LiTFSI–CO(NH2)2–H2O electrolyte, we selected 4.1 m, 4.5 m 
and 5.1 m electrolytes (Supplementary Table 1) due to their  
high electrolyte stability window, viscosity and ionic conductivity 
(Supplementary Note 1).

The molecular interactions among LiTFSI, CO(NH2)2 and H2O 
were first investigated by vibrational analysis and used as references. 
Figure 1a and Supplementary Fig. 2 display the Raman spectra of 
4.1 m, 4.5 m, 5.1 m and eutectic CO(NH2)2–H2O aqueous electro-
lytes along with those of individual CO(NH2)2 and H2O (ref. 27). 
The intense Raman band at 1,010 cm−1 in CO(NH2)2, correspond-
ing to the symmetrical C–N stretching vibration, shifted to a lower 
wavenumber of 1,006 cm−1 in the three aqueous electrolytes of 
CO(NH2)2–LiTFSI–H2O–KOH (4.1 m, 4.5 m and 5.1 m) and shifted 
even lower to 1,004 cm−1 in eutectic CO(NH2)2–H2O solution. 
Because of the weakening of intramolecular hydrogen bonds, the 
C–N bond becomes longer, and the corresponding vibration shifts 
to a lower wavenumber28. The strong interaction between H2O 
and CO(NH2)2 was also reflected by the shift of the C=O and NH2 
modes (Fig. 1b). According to Keuleers29, the band at 1,647 cm−1 
mainly reflects NH2 deformation, while the band at a lower fre-
quency (1,540 cm−1) has more C=O character (Supplementary 
Note 2). Apparently, both NH2 deformation and C=O wagging 
vibrations in the eutectic CO(NH2)2–H2O solution shift to a higher 
frequency due to the increase of hydrogen bonding strength via 
CO(NH2)2–H2O intermolecular interaction. An even larger shift 
occurs in the three electrolytes upon the addition of LiTFSI due to 
the strong interaction of LiTFSI and H2O. Therefore, both LiTFSI 
and CO(NH2)2 can decrease H2O activity and stabilize the H2O.

The strong CO(NH2)2–H2O interactions in the 4.1 m, 4.5 m and 
5.1 m electrolytes were also confirmed using Fourier transform 
infrared spectroscopy (FTIR). As shown in Fig. 1c, the two strong 
bands of CO(NH2)2 at 3,348 and 3,445 cm−1 can be assigned to the 

NH2 stretching vibrations. These two NH2 stretching vibrations 
shift to a higher frequency in the 4.1 m, 4.5 m and 5.1 m aqueous 
electrolytes due to stronger hydrogen bonding29. Furthermore, a vis-
ible band at ~3,600 cm−1 appeared in the three aqueous electrolytes 
(4.1 m, 4.5 m and 5.1 m), while H2O only has a characteristic broad 
band at 2,900−3,700 cm−1. This new band was also found in eutectic 
CO(NH2)2–H2O with higher intensity, suggesting that isolated H2O 
interacted with CO(NH2)2, which is in line with a previous report25.

The 17O nuclear magnetic resonance (NMR) spectra also con-
firmed the strong bonding between CO(NH2)2 and H2O (Fig. 1d). 
The 17O signal at 1.31 ppm for bulk H2O is negatively shifted by −2.75 
to −1.44 ppm when 50% of CO(NH2)2 was added into H2O, forming 
a eutectic solution, suggesting extensive interactions between H2O 
and CO(NH2)2 (ref. 30). When 4.1 m, 4.5 m and 5.1 m LiTFSI were 
added to the electrolytes, the 17O signal further shifted by −0.48, 
−0.5 and −0.53, respectively, demonstrating that H2O interacts with 
CO(NH2)2 more strongly than with Li+. However, the 17O signal  
shift with increasing salt concentration is small because of the  
equilibrium of LiTFSI dissociation, which is confirmed by the negli-
gible shift of the characteristic Raman band of TFSI (744.5 cm−1) as 
the salt concentration increases (Supplementary Fig. 2). This result 
indicates that CO(NH2)2 can more strongly stabilize the H2O than 
LiTFSI salt can. Therefore, CO(NH2)2 can replace LiTFSI to stabilize 
H2O, thus reducing the salt concentration.

The solvation structures of the electrolytes were simulated using 
molecular dynamics (Methods). The equilibrated systems of the 
4.1 m, 4.5 m and 5.1 m electrolytes are shown in Supplementary 
Fig. 3. The introduction of CO(NH2)2 into LiTFSI–H2O electrolytes 
largely changes the structure of the primary Li+ solvation sheath. 
Figure 1e and Supplementary Fig. 4 summarize the coordination 
numbers and pair distribution functions of the 4.1 m, 4.5 m and 
5.1 m electrolytes. In the 4.1 m electrolyte, each Li+ is on average 
surrounded by 3.1 CO(NH2)2, 0.3 TFSI and only 0.6 H2O, which 
is less than the 2.6 H2O in each Li+ primary solvation sheath in the 
21 m WISE1. CO(NH2)2 can act as an additional Li+ ion coordinate 
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Fig. 1 | Spectrum analysis of intermolecular interaction. a–c, Raman spectra (a,b) and FTIR spectra (c) of the CO(NH2)2, H2O, CO(NH2)2–H2O, 4.1 m,  
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site and consequently replace water in the Li+ primary solvation 
shell, which is consistent with the spectroscopic results (Fig. 1d)31. 
The 4.5 m and 5.1 m electrolytes share almost the same Li+ primary 
solvation structure. However, the coordination numbers of TFSI 
increase with the LiTFSI concentration from 0.81 in 4.5 m to 0.85 
in 5.1 m. The 4.5 m electrolyte corresponds to a (Li(CO(NH2)2)2.5
(H2O)0.7(TFSI)0.8) solvation structure (Fig. 1f). In addition, hydro-
gen bonding between CO(NH2)2 and H2O can be clearly observed, 
according to the molecular dynamics simulations (Supplementary 
Fig. 5), which decreases the H2O activity. Therefore, the addition of 
CO(NH2)2 can minimize the interfacial H2O on the anode surface 
and suppress the H2O activity, thus expanding the electrochemical 
stability window. A small amount of KOH was added simultane-
ously with CO(NH2)2 to catalyse the reduction of the TFSI, forming 
a LiF-rich SEI.

electrochemical properties of 4.5 m electrolytes
The electrochemical stability windows of the 4.1 m, 4.5 m and 5.1 m 
aqueous electrolytes were evaluated by linear sweep voltammetry  
at a scanning rate of 0.2 mV s–1 (Fig. 2). The electrolyte stability  
windows of the three electrolytes extend notably from 3.0 V of WISE 
to 3.3 V, and the cathodic potential negatively shifts by 0.4 V from 
1.9 V to 1.5 V (Fig. 2a). Figure 2b indicates that the reduction at all 
concentrations starts at ~2.5 V (before the cathodic limit of 2.4 V, 
according to the Pourbaix diagram of water at pH 10) and reaches 
a plateau at ~2.2 V. The fluorinated lithium salt (LiTFSI) plays an 
important role in forming a LiF-rich SEI1,10. Density functional 
theory calculations (Fig. 2d) also demonstrate that the reduction 
potential of LiTFSI is much higher than that of CO(NH2)2, sug-
gesting the preferential reduction of LiTFSI over CO(NH2)2. KOH 
further accelerates the reduction kinetics of LiTFSI (Supplementary 
Fig. 6 and Supplementary Note 3).

The high solubilization ability of CO(NH2)2 results in inter-
phase chemistry dominated by CO(NH2)2 rather than by H2O.  

A synergistic effect among LiTFSI, CO(NH2)2 and KOH contributes  
to a robust SEI layer, which successfully pushes the cathodic limit 
to 1.5 V. Linear sweep voltammetry curves of the dilute 4.1 m elec-
trolyte show a slightly large plateau current of 0.26 mA cm–2 com-
pared to 0.18 mA cm–2 for the 4.5 m or 5.1 m electrolytes, and a 
slightly higher anodic current than those of the 4.5 m or 5.1 m elec-
trolytes (Fig. 2c). Overall, a widened electrochemical window of 
3.3 V is achieved for the aqueous electrolyte of 4.5 m LiTFSI–KOH–
CO(NH2)2–H2O, although 4.5 m aqueous electrolytes show a slightly 
lower anodic limitation (4.8 V) than that of WISE (4.9 V) due to the 
CO(NH2)2 oxidation reaction occurring, rather than Al corrosion 
(Supplementary Figs. 7 and 8 and Supplementary Note 4)32.

The cyclic voltammogram of the Li4Ti5O12, LiMn2O4 and 
LiVPO4F electrodes in 4.5 m electrolyte show the characteristic 
redox peaks (Fig. 2a), which are all shifted upward by about 0.2 V 
due to the Nernst shift. Li4Ti5O12 with its fast reaction kinetics  
and long cycling stability has been excluded in previous aqueous 
electrolytes because of the ‘cathodic challenge’ (~1.7–1.9 V versus 
Li/Li+). Previous strategies, such as using an extremely high concen-
tration of 63 m with gel passivation15 or adding poly(ethylene glycol) 
PEG in aqueous electrolytes along with a Li1.3Al0.3Ti1.7(PO4)3 coating 
on Li4Ti5O12 (ref. 21), still cannot achieve the Coulombic efficiency 
(>99.9%) required for commercialization of Li4Ti5O12 anodes in 
aqueous Li-ion batteries. Up to now, LiMn2O4 || Li4Ti5O12 full cells 
with a practical loading of active materials (∼2.5 mAh cm–2) and  
a low cathode excess (<15%) still cannot operate for a long cycle 
life (Table 1).

The SEI layers on Li4Ti5O12 electrodes after cycling in 4.5 m 
aqueous electrolytes were characterized using X-ray photoelectron  
spectroscopy (XPS) and time-of-flight secondary-ion mass spec-
trometry. Figure 3 displays the C 1s (Fig. 3a), N 1s (Fig. 3b), O 1s  
(Fig. 3c) and F 1s (Fig. 3d) XPS core peaks of cycled Li4Ti5O12 elec-
trodes. The characteristic C 1s peak located at 284.2 eV derives 
from conductive carbon, and the CF3 peak at 293.0 eV comes 
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from the polyvinylidene fluoride binder in the anode composites. 
The detected 286.1 eV signal in C 1s, 400.0 eV signal in N 1s and 
232.6 eV signal in O 1s belong to organic C–O–N species derived by 
CO(NH2)2 (refs. 33,34). The presence of a minor amount of Li2CO3 as 
an SEI component is supported by the 290.5 eV signal in C 1s and 
530.5 eV signal in O 1s spectra. The formation of Li2CO3 is attributed 
to CNO− and then CO3

2− that were formed by the decomposition of 
CO(NH2)2 through nucleophilic attack under alkaline conditions35. 
Inorganic LiF is examined by the additional F 1s signal at 685.5 eV 
(Fig. 3d), which results from the reduction of LiTFSI. The residual 
F 1s signal at 688.5 eV can be assigned to the polyvinylidene fluo-
ride binder. The XPS patterns of a Li4Ti5O12 electrode before cycling 
were also measured for comparison. As shown in Supplementary 
Fig. 9, no obvious Li2CO3 or LiF signal was detected.

The spatial distribution of species in the SEI on the Li4Ti5O12  
surface was analysed by depth profiles of time-of-flight secondary- 
ion mass spectrometry (Supplementary Fig. 10 and Supplementary 
Note 5). Figure 3e shows the edge surface of the crater sputtered 
by Ga+ ions with a depth of 1.3 μm. According to the concentra-
tion depth profiles in Fig. 3f, CN− and F− concentrations decrease 
quickly with the etching, whereas an obvious increase of the O− 
concentration derived from Li4Ti5O12 active material is observed. 
Closer examination shows that the concentration of LiF-related  
species (F−) decrease with a lower concentration gradient than that 
of organic species (CN−) from the surface to the bulk of the electrode, 
indicating that organic species are located mainly at the top surface,  
while LiF species are located more deeply in the surface layer.  
Note that the F− signal intensity in the 4.5 m aqueous electrolytes 
without KOH additive (Supplementary Fig. 11) is lower compared 
with that from the SEI in 4.5 m aqueous electrolytes with KOH  
additive (Fig. 3f), which indicates that more LiF is generated with 
the KOH additive.

The structure of the cycled Li4Ti5O12 electrodes was also charac-
terized by high-resolution transmission electron microscopy,  
further verifying a LiF/polymer bilayer SEI in Fig. 3g. The polymer/
LiF bilayer SEI on a cycled Li4Ti5O12 surface in 4.5 m electrolyte is 
different from the crystalline LiF SEI formed on Mo6S8 in WISE11. 
Together with the C–O–N species detected with XPS and the CN− 
species detected with time-of-flight secondary-ion mass spectro-
metry, we ascribed the amorphous characteristics to polyurea36. 
Thus, the SEI formed on the Li4Ti5O12 anode surface during cycling  
in 4.5 m electrolyte is a mixture of organic species and inorganic 
species mainly consisting of LiF. In addition, the high-resolution 
transmission electron microscopy result also suggests the forma-
tion of a cathode electrolyte interface (CEI) layer on the LiMn2O4  
cathode side (Supplementary Fig. 12).

From the SEI composition analysis, the possible mechanism  
for the SEI formation is summarized in Fig. 3h. First, TFSI gene-
rates F− anions via a nucleophilic attack in the presence of OH−  
(ref. 22). Under the alkaline conditions, F− anions quickly precipi-
tate with Li+ cations, forming the inner LiF layer at a high potential, 

while at a low potential, urea electrochemically polymerizes into 
polyurea37 on the LiF outer surface. Such a robust bilayer SEI with 
a LiF-rich inner layer and organic outer layer is beneficial for stable 
performance38.

electrochemical performance of full cells
The Li4Ti5O12 anode was paired with either a LiMn2O4 or  
LiVPO4F cathode, forming a full cell with a low P/N capacity  
ratio of 1.14. A slight excess of cathode electrode capacity was 
used to counteract the irreversible lithium depletion during SEI 
formation. The detailed parameters of the electrodes are listed in 
the Supplementary Information, and typical scanning electron 
microscopy images of Li4Ti5O12 and LiMn2O4 with 1.5 mAh cm–2 
and 2.5 mAh cm–2 are presented in Supplementary Figs. 13 and 14, 
respectively.

The electrochemical performances of LiMn2O4 || Li4Ti5O12  
full cells were evaluated in the 5.1 m, 4.5 m and 4.1 m electrolytes 
(Fig. 4a,b). The Coulombic efficiency at a low rate of 0.2C (C, charge 
current; 1C is one hour to fully charge) was applied to monitor 
any side reaction, a technique that is also used in the real battery 
environment39. LiMn2O4 || Li4Ti5O12 full cells at an areal capacity 
of 1.5 mAh cm–2 in 5.1 m and 4.5 m electrolytes are relatively stable 
upon cycling, even at 0.2C and a low P/N value, while cell stability  
in the 4.5 m electrolyte is much better than that in the 4.1 m  
electrolyte (Fig. 4a). The slightly lower capacity of the full cell in 
the 5.1 m electrolyte than in the 4.5 m electrolyte is attributed to 
the higher viscosity caused by the increase of salt concentration 
(Supplementary Fig. 15). As shown in Fig. 4b, the Coulombic  
efficiencies of LiMn2O4 || Li4Ti5O12 full cells in the 4.1 m, 4.5 m  
and 5.1 m electrolytes are 82.6%, 90.7% and 92.8% in the first cycle, 
values that progressively increase in the subsequent cycles and 
finally stabilize at 99.0% (4.1 m), 99.7% (4.5 m) and 99.8% (5.1 m), 
respectively. Among the three electrolytes, the 4.5 m electrolyte has 
the best overall properties, that is, a relatively high ionic conductivity  
(1.0 mS cm–1; Supplementary Fig. 16), a low viscosity (0.32 Pa s), a 
wide electrochemical window (3.3 V), a low freezing temperature 
of −60 °C and a high thermal stablility of 225 °C (Supplementary 
Fig. 17). Taking all these physicochemical properties and cost  
factors into consideration, the 4.5 m electrolyte is selected for  
further detailed study.

The 1.5 mAh cm–2 LiMn2O4 || Li4Ti5O12 full cells in 4.5 m electro-
lyte retain >87% capacity even after 1,000 cycles with a discharge 
capacity of 61.3 mAh g–1, corresponding to an anode capacity  
of 154.6 mAh g–1 and cathode capacity of 101.6 mAh g–1 at 0.5C  
(Fig. 4c,d). The full cells demonstrate an initial Coulombic efficiency 
as high as 91.9% due to the formation of a highly insulated LiF-rich 
SEI. The Coulombic efficiencies increase to 99% within five cycles 
and ultimately achieve an average Coulombic efficiency of 99.96% 
after 26 cycles. By contrast, the LiMn2O4 || Li4Ti5O12 cells in 4.5 m 
electrolyte without KOH additive show a gradual capacity decay 
upon cycling, as shown in Supplementary Fig. 18. As mentioned 

Table 1 | Comparison of 4.5 m electrolyte with other reported electrolytes for Li4Ti5O12-based aqueous Li-ion batteries

electrolyte composition Areal capacity (mAh cm–2) P/N ratio Cycle life at 1 C Flammability reference

27.7 m LiTFSI–BETI 0.22 2 200 (75%) Non 10

2 m LiTFSI–PEG 0.25 0.6 300 (68%) Low 21

15.3 m LiTFSI–CH3CN 0.32 1.9 300 (98%) Low 18

63 m Me3EtN–LiTFSI 0.5 1.1 100 (88%) Non 15

4.5 m LiTFSI–KOH–CO(NH2)2 1.5 1.14 1,000 (88%) Non This work

4.5 m LiTFSI–KOH–CO(NH2)2 2.5 1.14 470 (92%) Non This work

BETI, (bis(pentafluoroethanesulfonyl) imide).
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earlier, the universal electrolyte design strategy can be applied to 
other amides (for example, urea and N-methyl acetamide) with a 
similar molecular structure (Supplementary Fig. 19). By replacing 
urea with N-methyl acetamide, the LiMn2O4 || Li4Ti5O12 full cell 
also shows excellent stability with high capacity retention (90% 
with 450 cycles), as shown in Supplementary Fig. 20. The battery 
performance of a 2.6 V LiVPO4F || Li4Ti5O12 full cell at P/N = 1.14 
was also cycled in 4.5 m aqueous electrolyte at the rate of 0.5C 
(Fig. 4e,f and Supplementary Note 6). The Coulombic efficiency 
of LiVPO4F || Li4Ti5O12 full cells at a low rate of 0.2C is 82.1% in 
the first cycle, which gradually increases in the following cycles and 
finally stabilizes at around 99.2% (Supplementary Fig. 21).

LiMn2O4 || Li4Ti5O12 pouch cells with the same areal capacity 
of 1.5 mAh cm–2 and P/N capacity ratio of 1.14 exhibit an average 
Coulombic efficiency of 99.97% and retain 88% capacity after 1,000 
cycles at 1C (Fig. 5a), which is a much better performance than that 
of other aqueous electrolytes reported to date (Table 1). The increase 
in areal capacity from 1.5 to 2.5 mAh cm–2 only slightly increases 
the overpotential, demonstrating the super performance of the 
4.5 m electrolytes (Supplementary Fig. 22). After electro-osmotic 
wetting by holding the 2.5 mAh cm–2 LiMn2O4 || Li4Ti5O12 pouch 
cell at a voltage of 2.0 V for 12 h and applying an optimized exter-
nal pressure of 0.5 MPa (Supplementary Fig. 23), the cell exhibits 
a high capacity retention of 72% after 500 cycles (Fig. 5b). The 
Coulombic efficiency in the first cycle at 1C is very high (93.6%) 
and quickly increases to 99.9% in 50 cycles, demonstrating that the 
formed SEI in the first few cycles effectively suppressed the water 

decomposition. The average Coulombic efficiency from 10 to 500 
cycles is 99.87%, which is comparable to that of organic electrolyte 
LiMn2O4 || Li4Ti5O12 cells. The initial capacity decay in Fig. 5b is 
probably attributed to the consumption of Li in LiMn2O4 during the 
formation of the SEI at a high overpotential.

To understand the initial capacity decay mechanism, three- 
electrode pouch cells with a Li0.5FePO4-coated Al wire as a refer-
ence were used to simultaneously monitor the electrochemical 
behaviours of a LiMn2O4 cathode and Li4Ti5O12 anode at 1C in 4.5 m 
aqueous electrolytes. As shown in Supplementary Fig. 24, LiMn2O4 
shows a faster capacity decay than that of Li4Ti5O12 due to the loss of 
lithium from LiMn2O4 in the formation of the SEI on Li4Ti5O12. Since 
LiMn2O4 can be reversibly further lithiated into Li1.5Mn2O4, the ini-
tial capacity decay of LiMn2O4 was completely removed by using 
lithium-rich Li1.5Mn2O4 as cathodes, as demonstrated in Fig. 5c. 
The use of Li1.5Mn2O4 to replace LiMn2O4 in Li1.5Mn2O4 || Li4Ti5O12 
cells can achieve super capacity stability in both the initial SEI for-
mation cycles and following long-term cycles without hurting the 
cell energy density40. The rate capability of the LiMn2O4 || Li4Ti5O12 
pouch cells is presented in Supplementary Fig. 25, delivering revers-
ible capacities of 58.6 (92%), 46.9 (74%) and 34.8 mAh g–1 (55%) at 
current densities of 1C, 2C and 3C, respectively.

The high cycling Coulombic efficiency occurs because the 
SEI completely avoided the water decomposition. Operando 
gas monitoring using pressure cells and gas chromatography 
(Supplementary Fig. 26) was conducted to analyse the gas release 
from LiMn2O4 || Li4Ti5O12 pouch cells in 4.5 m electrolyte. As shown 
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in Supplementary Fig. 27, gas generated at a high state of charge 
and the amount of gas released gradually decreased with charge/
discharge cycles, and no detectable gas was released after 20 cycles, 
so the pressure kept constant. The released gas was H2, as demon-
strated by gas chromatography. Therefore, the formed SEI in the 
first 20 cycles effectively inhibited the water reduction. Another 
critical challenge for aqueous batteries is the high self-discharge 
rate. The self-discharge rate with 18.7% of capacity decay per month 
for the lab-made 2.5 mAh cm–2 LiMn2O4 || Li4Ti5O12 pouch cell in 
4.5 m aqueous electrolyte at room temperature is comparable with 
that of commercial (mature) nickel metal hydride (NiMH) batteries 
(20–30% per month). In addition, a lean electrolyte (E/C = 3 g Ah−1, 
where E is the mass of the electrolyte and C is the capacity of the cell) 
LiMn2O4 || Li4Ti5O12 cell of 4.5 m aqueous electrolyte showed a simi-
lar or lower self-discharge rate than an identical LiMn2O4 || Li4Ti5O12 
cell with 1.0 M electrolyte of LiPF6 in ethylene carbonate and 
dimethyl carbonate at the same amount (E/C = 3 g Ah–1) at 25 °C 
(Supplementary Figs. 28 and 29). Moreover, a LiMn2O4 || Li4Ti5O12 
cell in 4.5 m aqueous electrolyte showed a lower self-discharge 
rate than the identical LiMn2O4 || Li4Ti5O12 cell in 1.0 M electrolyte 
of LiPF6 in ethylene carbonate and dimethyl carbonate at 55 °C 
(Supplementary Figs. 30 and 31). Therefore, the 4.5 m aqueous  

electrolyte enables the formation of a stable SEI, which successfully 
suppresses side reactions (H2O decomposition in particular) even at 
a high temperature of 55 °C.

The ternary eutectic electrolyte achieves an expanded electro-
chemical stability window of 3.3 V without using super-concentrated 
salts (Fig. 5d). According to the model of Betz and cowork-
ers41, an energy density of 103 Wh kg–1 for 2.5 mAh cm–2 aqueous 
LiMn2O4 || Li4Ti5O12 18650-type cells is obtained, which is slightly 
higher than the best NiMH technology (100 Wh kg–1), to the best of 
our knowledge. The cell energy density can be further enhanced to 
123 Wh kg–1 if a high-capacity LiVPO4F cathode is used to replace 
LiMn2O4 (ref. 18). All the specific energy densities from step 1 to 
step 6 are listed in Supplementary Table 2. Details for the calcula-
tion are presented in Supplementary Tables 3–5. The cost of cells 
is estimated by the following model as shown in Supplementary  
Fig. 32. The total cost of aqueous electrolyte LiMn2O4 || Li4Ti5O12 
cells can reach US$110 (Supplementary Fig. 33). Taking other  
factors, listed in Supplementary Table 6, into consideration, includ-
ing voltage, rate capability, environmental friendliness and cycle  
life, it is reasonable to expect that such chemistry could outperform 
current commercial aqueous technologies including lead–acid,  
Ni–Cd and NiMH batteries (Fig. 5e)42.

0 50 100 150
0

20

40

60

80

100

4.1 m

5.1 m

4.5 m

C
ap

ac
ity

 (
m

A
h 

g–1
)

Cycle number

Low rate: 0.2C

0 50 100 150
80

90
98

99

100 99.8% (5.1 m)

99.0% (4.1 m)

99.7% (4.5 m)

Cycle number

0 200 400 600 800 1,000
0

20

40

60

80

100

Cycle number

90

92

94

96

98

100
Average CE: 99.96%

LiMn2O4 (14.3 mg cm–2)

Li4Ti5O12 (9.4 mg cm–2)

E
fficiency (%

)

0.5C

0 20 40 60 80

1.8

2.1

2.4

2.7

3.0

Capacity (mAh g−1)

0 100 200 300 400 500
0

20

40

60

80

100

Cycle number

90

92

94

96

98

100
Average CE: 99.91%

E
fficiency (%

)

0.5C

0 20 40 60 80

1.8

2.1

2.4

2.7

3.0

 
V

ol
ta

ge
 (

V
)

Capacity (mAh g−1)

1st

100th

500th

a b

c d

e f

1st

100th

1,000th

V
ol

ta
ge

 (
V

)
E

ffi
ci

en
cy

 (
%

)

C
ap

ac
ity

 (
m

A
h 

g–1
)

C
ap

ac
ity

 (
m

A
h 

g–1
)

LiVPO4F (13.1 mg cm–2)

Li4Ti5O12 (9.4 mg cm–2)

Fig. 4 | electrochemical performances of 2.5 V LiMn2O4 || Li4Ti5O12 and 2.6 V LiVPO4F || Li4Ti5O12 full cells at an areal capacity of 1.5 mAh cm–2. a,b, Cycle 
performance (a) and the Coulombic efficiency (b) of the LiMn2O4 || Li4Ti5O12 full cell with P/N = 1.14 in different aqueous electrolytes. c,d, The cycling 
stability (c) and the voltage profile (d) of the LiMn2O4 || Li4Ti5O12 full cell in 4.5 m electrolyte at 0.5C. CE, Coulombic efficiency. e,f, The cycling stability  
(e) and the voltage profile (f) of the LiVPO4F || Li4Ti5O12 full cell in 4.5 m electrolyte at 0.5C. All the capacity values are based on the total electrode mass.

NATure eNergY | www.nature.com/natureenergy

http://www.nature.com/natureenergy


ArticlesNature eNergy

Conclusion
In summary, beyond 21 m WISE with a stability window of 3.0 V, we 
developed a 4.5 m LiTFSI–KOH–CO(NH2)2–H2O electrolyte with 
an expanded electrochemical stability window of 3.3 V. This was 
achieved by adding non-flammable CO(NH2)2 to replace LiTFSI 
and further reducing the number of H2O in the Li+ solvation shell 
from 2.6 in WISE to 0.7. Like the LiTFSI salt, the eutectic CO(NH2)2 
diluent molecule forms a strong CO(NH2)2···H2O interaction, sub-
tly substitutes the H2O site in the Li+ primary solvation shell and 
contributes to the formation of a robust SEI consisting of an organic 
outer layer and a LiF-rich inner layer. The 4.5 m LiTFSI–KOH–
CO(NH2)2–H2O electrolyte enables LiMn2O4 || Li4Ti5O12 pouch cells 
with practical settings including thick electrodes (2.5 mAh cm–2) 
and a low P/N capacity ratio of 1.14. Superior reversibility over 500 
cycles with 72% capacity retention is obtained. Moreover, Li-rich 
Li1.5Mn2O4 is further introduced as a lithium reservoir, which 
releases Li ions during the charging process to compensate for the 
Li loss in the anode, thereby converting itself into LiMn2O4. This 
improves the cycling stability (92% capacity retention, 470 cycles) 
without the introduction of inactive materials. This electrolyte 
design strategy provides a promising way to expand the electro-
chemical stability and push aqueous lithium-ion batteries into prac-
tical applications where both high safety and low cost are crucial.

Methods
Electrode preparation and electrochemical measurement. The Li4Ti5O12 anode 
and LiMn2O4 and LiVPO4F cathode electrodes were provided by Saft Corporation. 
Li4Ti5O12 anodes and LiMn2O4 cathodes were coated on an Al foil as the current 
collector: for the 1.5 mAh cm–2 cell with P/N ratio of 1.14, we used 1.5 mAh cm–2 
Li4Ti5O12, 1.7 mAh cm–2 LiMn2O4 and 1.7 mAh cm–2 LiVPO4F. For the 2.5 mAh cm–2 
cell, we used 2.5 mAh cm–2 Li4Ti5O12 anodes and 2.8 mAh cm–2 LiMn2O4 cathodes. 
After calendering, the porosity was 30%. These electrodes were cut into 1.2 cm2 
sheets and vacuum dried at 80 °C for 24 h before assembling. Electrochemical 
measurements were performed using 2032 coin cells. Whatman glass fibre was 
used as the separator. As for the pouch cells, aluminium and nickel strips were 
attached as electrode tabs to the sides of the cathode and anode, respectively. 
The electrolyte addition for each pouch cell was 3 g Ah–1. The electrolyte was 
injected into the package, followed by sealing of the battery under vacuum. The 
linear sweep voltammograms were measured using a three-electrode cell with 
Pt as a working electrode, Pt as a counter electrode and Ag/AgCl as a reference 

electrode. A CHI660B electrochemical workstation was used for the linear sweep 
voltammogram measurements at a scan speed of 0.2 mV s−1. Galvanostatic cycling 
of the assembled cells was carried out using a Wuhan LAND Electronic Company 
CT2001A tester.

Ionic conductivity measurement of aqueous electrolytes. The ionic conductivity 
was measured with electrochemical impedance spectroscopy using a Gamry 
workstation (Gamry 1000E, Gamry Instruments), with a 5 mV perturbation and 
frequency in the range 0.01–100,000 Hz at room temperature. The conductivity 
cell constants were predetermined using 0.01 M aqueous KCl standard solution at 
room temperature.

Sample characterization. Raman spectra were collected with a Horiba Jobin 
Yvon Labram Aramis using a 532 nm diode-pumped solid-state laser, with all the 
samples sealed in a test glass tube. The individual CO(NH2)2 and H2O, CO(NH2)2–
H2O (0.4:1) eutectic electrolyte and 21 m WISE were used as references, which 
is in accordance with data in the literature. The FTIR was recorded by a NEXUS 
670 FTIR instrument. The 17O NMR spectra were acquired on a Bruker DRX 500 
spectrometer at a 17O frequency of 67.81 MHz, using the chemical shift of the 
17O nucleus in pure water as the 0 ppm reference. All NMR measurements were 
conducted at 296.2 K. XPS experiments were carried out on a high-resolution 
Kratos AXIS 165 X-ray photoelectron spectrometer using monochromic Al Kα 
radiation. All the samples were recovered from the full aqueous Li-ion battery cell 
after electrochemical cyclings. The samples were washed and then dried under 
vacuum for two hours before XPS measurement. The morphologies of the samples 
were observed on a JEOL-JEM 2100F transmission electron microscope (100 kV) 
and a Hitachi SU-70 field emission scanning electron microscope (5 kV).

Molecular dynamics simulations. Molecular dynamics simulations were used to 
explore the solvation structure of the electrolytes (Supplementary Note 7).

Data availability
The data supporting the findings of this study are available within the article and its 
Supplementary Information files.
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