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ABSTRACT: Niobium-based oxides are promising high-energy-density anodes
(>300 mAh g−1 at 1.0−2.0 V vs Li+/Li) but face challenges with conventional
aqueous electrolytes. Herein, we develop a cost-effective, dilute aqueous
electrolyte modulated by methylurea (MU), a nonflammable, low-toxicity
cosolvent. Leveraging its donor−acceptor amphiphilicity and structural
asymmetry, MU enhances miscibility with salt and water, enabling a 2.6 m
solution with a distinctive solvation structure: an inner sheath dominated by
MU and anions, and an outer layer where water is anchored by MU. This
configuration reduces water activity and promotes a robust organic−inorganic
interphase, effectively suppressing hydrogen evolution and extending the
cathodic stability limit to 1.2 V vs Li+/Li. Pouch cells of NbO2|LiCoO2 and
NbO2|LiMn2O4 show 96% capacity retention after 24 h at 100% state of charge,
along with stable cycling over 150 cycles at 0.25 C. This strategy enhances
aqueous battery performance while maintaining safety and cost-efficiency, advancing practical implementation.

Driven by the rapid growth of electric vehicles and
large-scale energy storage, lithium-ion batteries
require continuous advancements in performance

and safety.1 However, commercial nonaqueous lithium-ion
electrolytes are flammable, volatile, and toxic, posing serious
safety risks.2,3 Furthermore, their extreme sensitivity to
moisture demands manufacturing in costly, energy-intensive
dry-room environments. These limitations highlight the urgent
need for safer and more cost-effective battery technologies.
Aqueous batteries represent a promising alternative, with
inherent advantages such as nonflammability, low toxicity, and
simplified production.4−7 Nevertheless, their progress is
hindered by the narrow electrochemical stability window of
water, which triggers parasitic hydrogen evolution reactions at
low potentials. This fundamental constraint restricts the use of
high-specific-capacity anode materials and limits the achievable
cell voltage.8,9 Consequently, the energy density of aqueous
batteries remains less than one-third of that of nonaqueous
lithium-ion batteries, significantly hindering their commercial
competitiveness.
Niobium-based oxides are promising anode materials, owing

to their three-dimensional tunnel structures and multielectron
transfer capability.10,11 Compared with commonly studied

anode materials for aqueous batteries, such as LiTi2(PO4)3
(138 mAh g−1, 2.48 V vs Li+/Li),12 Mo6S8 (128 mAh g−1,
2.80−2.20 V vs Li+/Li),4 anatase TiO2 (168 mAh g−1, 2.0−1.7
V vs Li+/Li),13 and Li4Ti5O12 (175 mAh g−1, 1.55 V vs Li+/
Li),14,15 niobium-based oxides exhibit low lithium intercalation
potentials (2.0−1.0 V vs Li+/Li) and exceptionally high
theoretical specific capacities (>300 mAh g−1). However, this
low operating potential also presents a severe challenge for
aqueous electrolytes, as it falls outside water’s narrow
electrochemical stability window. Early studies utilized 21 m
LiTFSI in H2O electrolytes, but the limited cathodic stability
(1.9 V vs Li+/Li) restricted the usable capacity to below 80
mAh g−1.16 To improve the performance, dual-salt and ionic
liquid systems were introduced to increase the salt
concentration (e.g., 50 m LiTFSI + 30 m TMBTFSI in
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H2O,17 40 m LiTFSI + 20 m EMITFSI in H2O
18), extending

the cathodic stability and raising the usable capacity to 200
mAh g−1. However, these strategies did not demonstrate a
compelling performance advantage over that of the Li4Ti5O12
electrode. Moreover, the marginal improvements came at the
expense of significantly increased cost, as the use of ultrahigh
concentrations of expensive fluorosulfonyl imide salts and/or
ionic liquids undermined the fundamental economic benefits
of aqueous systems. Despite these efforts, core challenges such
as severe self-discharge and capacity degradation remain
unresolved, particularly under practical low-rate cycling

conditions, highlighting the persistent issue of parasitic
reactions.
To overcome the trade-offs associated with salt-concentrated

aqueous electrolytes, we build upon our prior work on a
methylurea (MU)-regulated aqueous electrolyte, which
features a core−shell solution structure with localized ultrahigh
LiTFSI concentration enabled by interactions between MU,
LiTFSI, and H2O.19 This system achieved a cathodic stability
limit of 1.0 V vs Li+/Li and supported stable cycling of high-
energy-density rocking-chair NbO2|LiMn2O4 full cells (175
Wh kgcathode+anode−1 ). While our previous 15.9 m electrolyte

Figure 1. Design and characterization of a low-concentration MU-based aqueous electrolyte. (a) Molecular structures and electrostatic
potential (ESP) of U and MU. (b) Schematic illustration of dissolution process for LiTFSI−H2O−U and LiTFSI−H2O−MU ternary systems.
The symmetric U molecules form a stable, difficult-to-dissolve crystal, while the asymmetric MU molecules pack loosely, enabling facile
dissolution and ion solvation. (c) Ternary phase diagrams for LiTFSI−H2O−U and LiTFSI−H2O−MU systems based on over 80 samples,
showing the significantly broader liquid-phase achieved with MU. (d) Photographs of various electrolytes of Ux and MUx (x is the molar
fraction of U or MU in ternary systems). Both high and low salt-concentration U-based systems (U0.40 and U0.72) become immiscible,
whereas MU-based systems remain homogeneous. (e) Mole fraction (MLiTFSI) and concentration (CLiTFSI) of LiTFSI in different electrolytes
of MUx, demonstrating the ability to drastically reduce salt concentration. (f) Key physicochemical properties, including ionic conductivity
and density, for the series of MUx electrolytes.
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demonstrated the potential of MU, its high salt concentration
remained a barrier to practical application. Herein, we shift our
electrolyte design from a salt-saturating strategy to a dilute one
that leverages the characteristics of structural asymmetry of
MU to enhance its miscibility with the LiTFSI salt and water.
This approach yields a 2.6 m aqueous electrolyte that not only
reduces salt content, viscosity, and density, but also enhances
ionic conductivity and broadens the electrochemical stability
window to 3.3 V. Unlike conventional 2.6 m aqueous
electrolytes dominated by Li+(H2O)4 clusters and extensive
(H2O−H2O) hydrogen bond networks, the solvation sheath of
MU-regulated electrolyte is restructured owing to the donor−

acceptor amphiphilicity of MU: most H2O molecules in the
inner solvation sheath are replaced by MU and TFSI−, and the
excluded H2O molecules are anchored by MU, converting
H2O−H2O network into MU−H2O interactions. This
configuration not only reduces the water activity but also
promotes the formation of a robust solid electrolyte interphase
(SEI), characterized by an organic-rich outer layer and an
inorganic-rich inner layer, extending the cathodic stability limit
to 1.2 V vs Li+/Li and enabling compatibility with high-
specific-capacity NbO2 anodes. Under rigorous testing
conditions (1.65 mAh cm−2; P/N = 1.2; 0.25 C; conventional
aluminum current collector), rocking−chair NbO2|LiCoO2

Figure 2. 2D-NMR and AIMD analysis of the solvation structure in MUx electrolytes. (a) 1H−1H NOESY and (b) 7Li−1H HOESY NMR
spectra of the MUx electrolytes. (c) Key NMR cross-peak intensity quantifying the changing molecular interactions in MUx electrolytes. (d)
Raman spectra (S−N−S region) and deconvolution showing the distribution of coordinated TFSI− anions. (e) Radial distribution function
for Li+−solvent pairs calculated from AIMD simulations. (f) Schematic illustrations of solvation structure in MU0.40 and MU0.72 electrolytes.
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(184 Wh kgcathode+anode−1 ) and NbO2|LiMn2O4 (161 Wh
kgcathode+anode−1 ) pouch cells exhibited 96% capacity retention
after 24 h of storage at 100% state of charge (SOC) and stable
cycling over 150 cycles. This simple and effective strategy
significantly enhances the energy density of aqueous batteries
while retaining advantages such as low cost and safety,
advancing the practical development of high-voltage aqueous
batteries.
Asymmetric Design Unlocks Dilute Aqueous Electro-

lytes. Incorporating organic compounds to reconfigure the
solution structure is an effective strategy for widening the
electrochemical window of aqueous electrolytes and reducing
the cost of high-concentration water-in-salt (WIS) electro-
lytes.20−22 Among various reported compounds, urea (U) and
MU, both containing dual functional groups −C�O and
−NH2, have demonstrated strong capabilities to reduce the
activity of water molecules and have been introduced into
electrolytes to enhance the electrochemical stability of aqueous
systems.19,23 However, electrolytes based on urea face two
critical limitations. First, in the previously reported LiTFSI−
H2O−U system, the optimized 4.5 m low-concentration
electrolyte exhibits a cathodic stability limit of only 1.5 V vs
Li+/Li, which fails to fully harness the specific capacity
advantage of niobium-based oxide anodes. Second, and more
critically, urea’s physical structure inherently restricts its use in
the desired low-salt-concentration regimes. This limitation
arises because the high symmetry of urea molecules promotes a
tightly packed crystal lattice held by extensive hydrogen bonds.
This results in high lattice energy and, consequently, poor
solubility, preventing the formation of a homogeneous liquid
electrolyte when large proportions of urea are required. In
contrast, MU addresses these limitations through a simple yet
effective structural modification. The methyl substitution in
MU breaks the molecular symmetry. Electrostatic potential
(ESP) calculations reveal that the methyl group alters the
charge distribution of MU (Figure 1a), disrupting the
formation of an ordered MU−MU hydrogen bond network.
This leads to looser crystal packing, reduced dissolution
energy, and an enhanced ability to solvate cations (Figure 1b).
Solubility tests confirmed that the LiTFSI−H2O−MU system
has a broader liquid-phase region (Figure 1c). This superior
solubility is the key, as it unlocks a vast and previously
inaccessible compositional space, making MU an ideal
candidate for developing the desired low-salt-concentration
aqueous electrolytes.
By gradually introducing U or MU into ca. 1:1 LiTFSI/H2O

mixtures, we prepared electrolytes with varying concentrations,
denoted as Ux or MUx, where x represents the mole fraction of
U or MU in the solution. Compositions such as U0.40 and U0.72,
located outside the liquid−phase region, were immiscible
(Figure 1d). In comparison, MU0.40, MU0.48, MU0.57, MU0.65,
and MU0.72 remained homogeneous. Therefore, the MUx
system was selected for further study to allow flexible tuning
of the component ratios to optimize physicochemical proper-
ties. The compositions and physicochemical properties of
different MUx electrolytes are summarized in Table S1. As
shown in Figure 1e, the MU0.40 sample has a LiTFSI mole
fraction (MLiTFSI) of 0.31, corresponding to a concentration of
8.9 m (mol kg−1). With increasing MU content, both the mole
fraction and the concentration of LiTFSI in the solution
gradually decrease. At MU0.72, MLiTFSI drops by 53% to 0.145,
and the salt concentration decreases by 68% to 2.6 m, resulting
in a substantial reduction in electrolyte cost compared to

conventional salt-concentrated strategy. Interestingly, the
gradual incorporation of solid MU does not degrade the
electrolyte’s physicochemical properties. The MU0.72 electro-
lyte, near the liquid-phase boundary, exhibits optimal values in
key parameters such as viscosity (279 mPa·s), conductivity
(0.53 mS cm−1), and density (1.37 g cm−3) (Table S1 and
Figure 1f). Flash point and self-extinguishing time (SET) are
two critical parameters for evaluating electrolyte safety. Due to
the nonflammable nature of all components, none of the five
MUx electrolytes exhibited a detectable flash point within the
broad temperature range of 25−300 °C. Furthermore, ignition
tests conducted on the MU0.72 sample demonstrated its
nonflammable behavior in a butane−oxygen torch flame,
with an SET of 0 s g−1 (Figure S1). These results confirm that
the MU-modulated hybrid electrolyte retains the inherent
nonflammable characteristics of aqueous electrolytes.
Solvation Structure Characterization. Solution struc-

ture profoundly affects the physicochemical and electro-
chemical properties of the electrolytes. We used two-
dimensional nuclear magnetic resonance (2D-NMR) spectros-
copy to probe real-time molecular interactions and ab initio
molecular dynamics (AIMD) simulations to provide a detailed
atomistic picture of the solvation environment in the MUx
electrolytes. For the electrolytes of MU0.40, MU0.57, and MU0.72,
both 1H−1H nuclear Overhauser effect spectroscopy
(NOESY) and 1H−7Li heteronuclear Overhauser effect
spectroscopy (HOESY) spectra (Figure 2a and Figure 2b)
revealed strong cross-peak signals for H2O−NH/NH2 and
Li+−NH/NH2, indicating that MU interacts strongly with both
lithium ions and H2O. As the MU content increases, the 1H
signal of H2O shifts downfield, which is attributed to the
increased formation of H2O−MU hydrogen bonds, reducing
the electron density around the protons of water molecules.
This observation is supported by two critical quantitative
changes. First, there was a gradual decrease in the ratio of
H2O−H2O to H2O−NH2 cross-peak intensities (IHd2O−Hd2O/
IHd2O−NHd2

, Figure 2c), reflecting a reduction in water−water
hydrogen bonds and their replacement mainly by H2O−MU
hydrogen bonding. Second, the Li−H2O to Li−NH2 cross-
peak intensity ratio (ILi−Hd2O/ILi−NHd2

) also decreases gradually,
indicating that continued introduction of MU not only disrupts
water−water hydrogen bonds but also displaces water
molecules from the solvation sheath. Furthermore, this
restructured solvation environment yields another advantage
related to anion coordination and the formation of a protective
SEI. Raman spectroscopy of the S−N−S bending region
(730−760 cm−1, Figure 2d) revealed that even in 2.6 m MU0.72
electrolyte, approximately 48% of TFSI− remains coordinated
with Li+. This high degree of anion coordination would alter
the decomposition path of the electrolyte as compared to
conventional dilute solution (see discussion below).
These experimental findings are strongly supported by our

AIMD simulations, which offer a quantitative atomistic picture
of the restructured environment. Radial distribution functions
(RDF, g(r)) and coordination numbers (n(r)) were calculated
for Li+−H2O, Li+−TFSI−, and Li+−MU pairs (Figure 2e), and
the inner solvation shell coordination numbers are summarized
in Table S2. It is observed that water molecules, MU, and
TFSI− all participate in the primary solvation shell of Li+.
Compared with MU0.40 and MU0.57, the intensity of the H2O
solvation peak in MU0.72 decreases significantly. The
coordination number of H2O within the inner solvation sheath
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(at 2.5 Å) drops from 0.67 to 0.1, while the coordination
number of TFSI− changes only slightly from 1.55 to 1.29.
These simulation results are consistent with experimental
observations: in MU0.72, the primary solvation shell of Li+ is
mainly composed of TFSI− and MU, with most H2O
molecules surrounding the outer layer and being anchored
by the left MU (Figure 2f). Notably, MU0.72 (2.6 m) shows a
dramatically different solution structure from the conventional
2.6 m LiTFSI/H2O solution (MU0.00) that is dominated by Li+
(H2O)4 clusters and extensive (H2O−H2O) hydrogen-bond
networks (see Figure S2 and Table S2). Hence, this
redistribution of water molecules in MU0.72 leads to disruption
of the H2O−H2O network and a decrease of water activity,
which could benefit an expanded electrochemical stability
window of MU0.72.
Electrochemical Stability Window.We carried out linear

sweep voltammetry (LSV) measurements to evaluate the
electrochemical stability window of the as-prepared electro-
lytes. The carbon-coated Al foil was used as the working
electrode instead of bare Ti because the former is more
suitable for practical applications and its larger surface area
could enlarge the current density.19,24 As shown in Figure 3a,
the electrochemical stability window of the MUx electrolytes
indeed progressively expanded with increasing MU content,

reaching up to 3.3 V (1.2−4.5 V vs Li+/Li) for MU0.72. This
enhancement was accompanied by a downward shift in the
cathodic onset potential, from 1.6 V in MU0.40 to 1.2 V in
MU0.72 vs Li+/Li (Figure 3a). Characteristic peaks in the cyclic
voltammetry (CV) data further confirmed that the MU0.72
electrolyte supports reversible lithium insertion and extraction
in both NbO2 and LiCoO2 electrodes. Accordingly, a full
rocking-chair lithium-ion cell using NbO2 as the anode and
LiCoO2 as the cathode could achieve a high cutoff voltage of
3.1 V and a high theoretical energy density of approximately
200 Wh kgcathode+anode−1 (Figure 3b). To enable a direct
comparison with previously reported representative aqueous
electrolytes, we performed LSV measurements on those
electrolytes under identical conditions (Figure S3). Notably,
MU0.72 demonstrated a lower cathodic limit than most
reported aqueous electrolytes based on salt-concentrated or
water−organic hybrid strategies.4,13,15,17,23−33 Its performance
even approached that of ultrahigh-concentration lithium salt−
ionic liquid electrolyte (e.g., 50 m LiTFSI + 30 m TMBTFSI in
H2O) (Figure 3c), while using significantly less lithium salt.
Therefore, compared with previous reports utilizing niobium-
based oxides as anodes, our approach offers multiple
advantages, including a lower lithiation potential, higher

Figure 3. Electrochemical stability window of MU0.72 (2.6 m). (a) LSV curves on carbon-coated Al electrode in the MUx electrolytes,
together with CV curves of the NbO2 and LiCoO2 electrodes. (b) Potential utilization window of the LiCoO2 cathode and NbO2 anode in
MU0.72. (c) Comparison of cathodic potential limits and lithium salt concentrations across representative aqueous lithium-ion electrolytes.
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specific capacity, and substantially reduced salt concentration
(Table S3).
Interphase Formation and Characterization. The

electrochemical stability window of electrolyte is widely
reported to be associated with either the solution structure24,31

or the SEI34 or both.4,21,23,32 To understand the broadened
electrochemical stability window of MU0.72, we investigated the
lowest unoccupied molecular orbital (LUMO) based on its
solution structure and characterized the composition and
configuration of its derived SEI. The projected density of states
(pDOS) for the 2.6 m low-concentration MU0.72 electrolyte is
shown in Figure 4a and Figure S4. The LUMO of the solution
is primarily composed of contributions from TFSI−, followed
by contributions from MU and H2O at progressively higher
energy levels. This energy alignment suggests that during
reduction TFSI− and MU will decompose preferentially over
H2O. As a result, H2O remains reductively stable, while the

decomposition of TFSI− and MU generates passivation
products that further prevent the electrolyte from decom-
position on the NbO2 surface, both of which contribute to the
broader electrochemical stability window observed in MU0.72.
To investigate the SEI on the NbO2 anode, we conducted X-

ray photoelectron spectroscopy (XPS) analysis. As shown in
Figure 4b, the spectra reveal the presence of MU-derived
organic species (C−H, C−N, and C�O in the C 1s region;
CNO in N 1s), and TFSI−-derived inorganic species such as
LiF and lithium sulfur oxynitride (LiSON). With progressive
Ar+ sputtering, the intensities of the CNO and C−H species
decrease, while the signals for LiF and LiSON become
significantly more prominent. These depth-dependent changes
indicate that, despite the low lithium salt concentration, the
high degree of TFSI− and MU coordination in the solvation
structure of MU0.72 promotes successive decomposition of
TFSI− and MU to form a dual-layered SEI that is organically

Figure 4. Understanding and characterization of MU0.72 derived SEI. (a) Calculated pDOS for the MU0.72 electrolyte components, predicting
that TFSI− anions and MU molecules will be preferentially reduced over water. (b) XPS depth-profiling of the NbO2 anode after cycling. The
spectra confirm the formation of a dual-layer SEI with an inorganic-rich inner layer and an organic-rich outer layer. AB stands for acetylene
black. (c) Schematic illustration of the SEI formation on the NbO2 anode surface. The initially preferential reduction of TFSI− leads to the
formation of the inorganic-rich inner layer, while the subsequent reduction of MU results in the formation of the organic-rich outer layer.
(d) In-situ DEMS analysis of the LiCoO2|NbO2 full cell using the MU0.72 electrolyte during cycling.
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rich on the surface and inorganic-rich beneath. This SEI
formation is schematically illustrated in Figure 4c, consistent
with the simulation results, as shown in Figure 4a.
In-situ differential electrochemical mass spectrometry

measurement (DEMS) was further employed to monitor
gaseous products during full-cell operation, providing direct
evidence of the SEI’s effectiveness in suppressing side reactions
between the electrolyte and electrodes. As shown in Figure 4d,
no significant O2 or CO2 signals were detected throughout the
entire testing process. In contrast, a significant H2 signal
emerged during the first charge cycle when the voltage
exceeded over 2.7 V. However, in the second cycle, the H2

signal intensity decreased dramatically, and from the third to
sixth cycles, no detectable gas evolution was observed.
Combining the results from both mass spectrometry and
XPS, it is deduced that the initial formation of TFSI−-derived
inorganic-rich SEI is insufficient to suppress the hydrogen
evolution reaction (HER) completely; the following addition
of MU-derived organic-rich SEI may become necessary to
compact the SEI and prevent HER more efficiently. These
findings highlight that SEI engineering through solvation
structure design is as crucial as water activity modulation. The
combined effect of low water activity and a robust SEI provides

Figure 5. Electrochemical performances of aqueous pouch cells using NbO2 anode and MU0.72 electrolyte. (a) Cycling performance and (b)
self-discharge behavior of the LiCoO2|NbO2 pouch cell. (c) Cycling performance and (d) charge−discharge profiles of the LiMn2O4|NbO2
pouch cell. (e) Comparison of energy density for representative aqueous lithium-ion batteries.
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synergistic thermodynamic and kinetic suppression of the
HER.
High-Energy-Density Aqueous Pouch Cells. The

aforementioned results clearly demonstrate that the MU0.72
aqueous electrolyte, with a low salt concentration of 2.6 m,
significantly extends the cathodic stability limit to 1.2 V vs Li+/
Li, with HER effectively suppressed during cycling. To evaluate
the long-term cycling compatibility of the as-prepared MUx
electrolytes with the NbO2 anode under practical conditions,
we assembled LiCoO2|NbO2 pouch cells using 3.5 × 4.7 cm
LiCoO2 cathodes (∼12.0 mg cm−2) and NbO2 anodes (∼6.7
mg cm−2), both supported on aluminum current collectors.
The positive-to-negative electrode capacity ratio (P/N) was
maintained at ∼1.2. The pouch cells were fabricated in an
ambient atmosphere without moisture control.
As shown in Figure 5a and Figure S5, under stringent testing

conditions of a small rate of 0.25 C, the LiCoO2|NbO2 pouch
cell employing the MU0.72 electrolyte delivered a high initial
Coulombic efficiency of ∼ 93% and a reversible capacity of ∼
79 mAh gcathode+anode−1 (based on the total mass of cathode and
anode materials). The cell retained 80% of its initial capacity
after 150 cycles, with an average Coulombic efficiency of
99.8%, demonstrating excellent cycling stability. Furthermore,
this battery exhibited strong self-discharge resistance (Figure
5b), retaining 96% of its capacity after 24 h at 100% SOC,
confirming the minimal occurrence of side reactions under
these harsh conditions. In contrast, cells using MU0.40 and
MU0.57 electrolytes showed significantly lower initial Coulom-
bic efficiencies of 55.8% and 78.9%, respectively, and their
capacities dropped below 70% within the first 10 cycles,
indicating poor compatibility with the low-potential NbO2
anode (Figure S5).
Considering the low cost and stable spinel structure of

LiMn2O4, we further assembled LiMn2O4|NbO2 pouch cells
for comparison. As shown in Figures 5c and 5d, the MU0.72-
based LiMn2O4|NbO2 cell exhibited a high capacity retention
of 88.5% over 150 cycles at 0.25 C, further confirming the
robustness of the MU0.72 electrolyte across different battery
chemistries. In terms of energy density, our fabricated LiCoO2|
NbO2 and LiMn2O4|NbO2 pouch cells achieved gravimetric
energy densities of ∼184 and ∼161 Wh kgcathode+anode−1 ,
respectively, outperforming previously reported aqueous
batteries4,12,14,35−45 (Figure 5e and Table S4). Importantly,
these results were achieved using a 2.6 m MU-modulated
aqueous electrolyte without compromising cost-effectiveness
or safety, underscoring the potential of our electrolyte design
for practical applications in high-voltage aqueous lithium-ion
batteries.
In summary, we present a simple yet effective diluting

electrolyte strategy for the development of high-voltage
aqueous batteries. By leveraging the structural asymmetry of
MU, we accessed a previously unexplored compositional space
of low-salt concentration LiTFSI−H2O−MU electrolytes,
which is inaccessible for the LiTFSI−H2O−U electrolytes
using symmetric urea. Within this uncharted regime, the
solvation structure can be further tuned by adjusting the MU
content, taking advantage of its donor−acceptor amphiphi-
licity. This property enables simultaneous modulation of the
inner solvation sheath and anchoring of water molecules in the
outer coordination layer. As a result, we developed a 2.6 m
aqueous electrolyte with suppressed water activity and the
ability to form a stable organic−inorganic dual-layer
interphase. This interphase effectively mitigates parasitic

hydrogen evolution, extending the cathodic stability limit to
1.2 V vs Li+/Li and enabling compatibility with low-potential,
high-capacity NbO2 anode. Under stringent testing conditions
(P/N ratio = 1.2; Al current collectors), NbO2|LiCoO2 (184
Wh kgcathode+anode−1 ) and NbO2|LiMn2O4 (161 Wh kgcathode+anode−1 )
pouch cells demonstrated 96% capacity retention after 24 h at
100% SOC and stable cycling over 150 cycles, even at a low
rate of 0.25 C. This diluting electrolyte strategy reduces salt
concentration, viscosity, and density while simultaneously
enhancing ionic conductivity and broadening the electro-
chemical stability window. Consequently, it significantly
enhances the energy density of aqueous batteries without
compromising cost-effectiveness or safety, thereby promoting
their practical advancement.
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