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responsible for the expanded

electrochemical window
+
The unique local structure with (Li (H2O)2)n polymer-like aggregation in super-

concentrated LiNO3 aqueous solution assists in stabilizing the aqueous solution at

extreme potentials. Such molecular-level and quantitative understanding will

further assist in tailor designing more effective approaches to stabilizing water

electrochemically.
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Window of Aqueous Electrolytes
Jiaxin Zheng,1,7 Guoyu Tan,1,7 Peng Shan,1,7 Tongchao Liu,1,7 Jiangtao Hu,1 Yancong Feng,1

Luyi Yang,1 Mingjian Zhang,1 Zonghai Chen,2 Yuan Lin,1 Jun Lu,2 Joerg C. Neuefeind,3 Yang Ren,4

Khalil Amine,2 Lin-Wang Wang,5 Kang Xu,6 and Feng Pan1,8,*
The Bigger Picture

Because of their non-flammable

nature, low toxicity, and low

production cost, aqueous Li-ion

batteries (LIBs) promise very

tempting alternatives to the state-

of-the-art LIBs that rely on highly

flammable and toxic non-aqueous

electrolytes. However, the

intrinsic narrow electrochemical

stability window (1.23 V) of water

sets an upper limit on the practical

voltage and energy output. Here,

we report a super-concentrated

(unsaturated) LiNO3-based

aqueous electrolyte that

effectively expands the aqueous

stability window to 2.55 V. We

further revealed that a unique

local structure with (Li+(H2O)2)n
polymer-like aggregation arises at

the super-concentration, which

assists in stabilizing the aqueous

solution at extreme potentials via

both thermodynamic and kinetic

contributions. This fundamental

revelation of liquid structure and

its effect on the electrochemical

stability window provides a new

pathway for designing high-

voltage aqueous electrolytes.
SUMMARY

Aqueous electrolytes come with an intrinsic narrow electrochemical stability

window (1.23 V). Expanding this window represents significant benefits in

both fundamental science and practical battery applications. Recent break-

throughs made via super-concentration have resulted in >3.0 V windows, but

fundamental understanding of the related mechanism is still absent. In the pre-

sent work, we examined the widened window (2.55 V) of a super-concentrated

(unsaturated) aqueous solution of LiNO3 through both theoretical and spectral

analyses and discovered that a local structure of intimate Li+-water interaction

arises at super-concentration, generating (Li+(H2O)2)n polymer-like chains to

replace the ubiquitous hydrogen bonding between water molecules. Such struc-

ture is mainly responsible for the expanded electrochemical stability window.

Further theoretical and experimental analyses quantitatively differentiate the

contributions to this window, identifying the kinetic factor (desolvation) as

the main contributor. Such molecular-level and quantitative understanding

will further assist in tailor designing more effective approaches to stabilizing

water electrochemically.

INTRODUCTION

Aqueous Li-ion batteries (LIBs) are receiving considerable attention1–6 because of

their non-flammable nature, low toxicity, and low production cost. They promise

very tempting alternatives to the state-of-the-art LIBs that rely on highly flammable

and toxic non-aqueous electrolytes;7,8 however, their inherently narrow electro-

chemical stability window (1.23 V) of water sets an upper limit on the practical

voltage and energy output. It has been a scientific challenge to eliminate this ulti-

mate restriction by stabilizing water thermodynamically, especially on the anode

side where water is reduced to evolve hydrogen. Adjusting pH has been a popular

practice in fabricating aqueous energy storage devices, which proved effective in

suppressing hydrogen evolution at the anode,3,9 but this practice is always accom-

panied by corresponding compromise in stability at the other electrode because the

overall electrochemical stability window of aqueous electrolytes remains constant at

1.23 V as governed by a Pourbaix diagram.2 Kinetic protection presents a more

practical alternative through the formation of an interphase on the electrode

surface, which is similar to the well-understood solid-electrolyte interphase (SEI) in

non-aqueous LIBs, although a dense deposition of protective layer in an aqueous

medium has not been deemed possible until recently. The groundbreaking work

by Suo et al., followed by Yamada et al., opens a new avenue in this
Chem 4, 1–11, December 13, 2018 ª 2018 Elsevier Inc. 1
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direction2,3,6,10–12 with the adoption of a few selected Li salts at extremely high con-

centrations (>20M). Electrochemical stability windows of these aqueous electrolytes

was expanded to >3.0 V but with the strict confinement to only a few costly Li salts

with anions bearing perfluorinated alkyl substituents. The expanded voltage window

in these works was attributed to the scarcity of free water molecules as a result of

high salt concentration (thermodynamic) and the formation of a protective SEI of

anion origin (kinetic), respectively.

Although these pioneering efforts led to unprecedented stabilization of aqueous

electrolytes, such improvements were achieved with expensive Li salts such as

lithium bis(trifluoromethane sulfonyl)imide (LiTFSI),2 lithium bis(pentafluoroethane

sulfonyl)imide (LiBETI),6 and lithium trifluoromethane sulfonate (LiOTF),10 whose

adoption in large-scale applications raises questions. On the fundamental level,

there was also little understanding about how the individual thermodynamic and

kinetic factors contribute to the expanded voltage windows. In particular, these

super-concentrated aqueous solutions present completely new realms of solutions,

whose local structure should significantly differ from those well established for dilute

aqueous solutions,13 and hence directly dictate the thermodynamic states of water

molecules and salt anions and thus their corresponding electrochemical behaviors.

Although in a more recent work some of these authors realized the possible exis-

tence of unique local structures in those super-concentrated electrolytes,14 they

failed to make a direct correlation to the electrochemical stability, let alone quanti-

tatively differentiate the contributions from thermodynamic and kinetic factors to

such new electrochemical properties.

Here, we report a super-concentrated (unsaturated) aqueous electrolyte that is

based on a commodity Li salt, LiNO3 and effectively expands the aqueous stability

window to 2.55 V without the need to form a protective SEI. Combining theoretical

and experimental approaches, we identified a local structure in the solution as the

result of a condensed Li+-hydration sheath, whose self-assembly into linear aggre-

gation between Li+ and water molecules generates (Li+(H2O)2)n polymer-like chain.

In such polymer-like aggregation, a great number of Li+ pairs share water molecules,

and the hydrogen-bonding network, ubiquitous in neat water or diluted aqueous

solutions, was replaced by intimate Li+-OH (water oxygen) interactions. Molecular

dynamics (MD) simulations and pair-distribution function (PDF) using high-energy

X-ray diffraction revealed that the distance between the two water oxygen atoms

in the Li+-OH chain is only 3.1 Å. Further theoretical calculations combined with calo-

rimetry studies precisely determined the thermodynamic contribution from the

chain-like aggregation to be only 0.015–0.029 V, which is far outweighed by the

electrochemical measurement (about 0.6–0.7 V). This quantitative differentiation

not only sheds light on the hitherto unexplored local structure of super-concentrated

aqueous solutions but also provides molecular-level understanding and guidelines

to further tailor the electrochemical properties of these electrolyte materials.
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RESULTS AND DISCUSSION

Self-Assembled (Li+(H2O)2)n Polymer-like Chain

From the measured solubility curve of LiNO3, one can find a large increase (from 117 to

163g) in LiNO3 solubility from30�C to35�C, corresponding to a sudden jump in the salt/

water molar ratio (Li+:H2O) from 1:3.3 to 1:2.35 (Figure S1). The latter number ap-

proaches the super-concentrated aqueous electrolytes named either water-in-salt

(2.6),2 water-in-bisalt (2.0),10 or hydrate melt (2.0).6 Although the unsaturated or satu-

rated LiNO3 aqueous electrolytes have been previously reported,1,15–18 they were
2 Chem 4, 1–11, December 13, 2018
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Figure 1. Molecular Dynamics (MD) Simulations of the LiNO3 Aqueous Solution with the Increasing Concentration

(A) Illustration of the evolution of the Li+ primary solvation sheath from diluted to highly concentrated LiNO3 aqueous solution.

(B–D) MD simulated local structure evolution of LiNO3 aqueous solution from concentration of 1:48 (LiNO3:H2O) (B) to 1:4 (C) to 1:2 (D).

(E) Crystal structure of LiNO3$3H2O and the (Li+(H2O)2)n polymer-like chains in the crystal.

Please cite this article in press as: Zheng et al., Understanding Thermodynamic and Kinetic Contributions in Expanding the Stability Window of
Aqueous Electrolytes, Chem (2018), https://doi.org/10.1016/j.chempr.2018.09.004
prepared at room temperature and did not reach the super-concentrated state like the

reported water-in-salt electrolytes. Thus, the LiNO3/H2O system at 35�C was chosen

because of the high ionic population of LiNO3 in water and its simple chemical structure

containing only three elements, which makes both the theoretical and experimental

study of its solution structure much easier than with the polyatomic TFSI and BETI struc-

tures. All the simulations and experiments were also conducted at 35�C in the following

text. On the basis of the well-developed force fields both for NO3
�19–26 and water sys-

tems H2O,27–31 here we first used MD simulations to depict the structure evolution for

LiNO3 aqueous solution with increasing concentration. In classic aqueous solutions

whose salt-to-water (S/W = LiNO3/H2O) molar ratio falls below 1:10, Li+ forms a

Li+(H2O)4 complex and moves with this first solvation sheath composed of four water

molecules,32–34 with each individual Li+ ion randomly scattered throughout the solution.

This picture is exactly what the MD simulation snapshot captures for a LiNO3 solution at

200 ns, wherein S/W = 1:48 (Figures 1A-I and 1B; also see details in Supplemental Infor-

mationSectionS1andFigureS2), and the individualNO3
� is dispersed randomlyamong

the water molecules without any coordination. However, even in such extremely dilute

solution, Li+ distribution still possesses certain short-range regularity. The first Li+–Li+

peak is located at 4.5 Å, as shown in the radial distribution functions (Figure S3), and a

small amount of Li+ pairs can be found in the image of dilute solution, where two Li+

ions simultaneously coordinate with two to three water molecules to generate

Li2
+(H2O)6 dimer (Figure 1A-II). In this dilute solution, only 1.9% of water molecules are

shared by Li+ pairs, and 16.1% of water molecules are coordinated by isolated Li+

ions. Most Li+ ions carry their complete solvation sheaths with at least four water mole-

cules, and 82% of water molecules remain free and interact with each other only via

hydrogen bonds.

When the salt concentration increases to S/W = 1:4, the number of free water mol-

ecules rapidly drops to 10.6% (Figures 1C and S4); at S/W = 1:2, only 1.2% of water

molecules are still free (Figures 1D and S4). By contrast, with increasing salt concen-

tration, more and more Li+ ions appear in pairs because they tend to partially share

the primary water sheaths with each other; thus the number of water molecules

shared by Li+ increases accordingly. This process bears close resemblance to the
Chem 4, 1–11, December 13, 2018 3
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condensation reaction of hydroxyl-containing monomers well established in poly-

mer chemistry (Figures 1C and 1D). Furthermore, with S/W between 1:4 and 1:2,

an extended linear chain of Li+ and water molecules forms (Figure 1A-III), where

most of the Li+(H2O)4 complex condenses into (Li+(H2O)2)n (Figure 1D), accompa-

nied by complete disappearance of hydrogen bonds. This dynamic picture from

MD simulations directly reflects the drastic transformation in local structure from

dilution to super-concentration. Interestingly, it is found that LiNO3 can crystallize

with three water molecules to form a hydrate lattice LiNO3$3H2O at room tempera-

ture (Figures 1E and S5–S9), which can be precipitated from the super-concentrated

LiNO3 aqueous solution (see Supplemental Information Section S2). In this hydrate

crystal lattice, (Li+(H2O)2)n chains are kept intact surrounded by NO3
� by electro-

static interactions, and can be viewed as the ‘‘living fossil’’ image frozen from the

local liquid structure during its precipitation from the super-concentrated solution.

However, the distance between two oxygen atoms belonging to the two nearest wa-

ter molecules (d(OH–OH)) in Li+-H2O chains of the LiNO3$3H2O crystal structure is

2.85 Å, while it is 3.1 Å in Li+-H2O chains in super-concentrated LiNO3 solution (Fig-

ure 1A-III). Compared with dilute LiNO3 solution and a LiNO3$3H2O crystal, the local

structure of aggregated (Li+(H2O)2)n chains adopts a much more relaxed conforma-

tion; thus Li+ ions could still remain mobile in such structures. It represents a unique

characteristic for the super-concentrated LiNO3 solution, which situates itself

midway between a crystal and a classic solution with merits from both, and is

destined to reflect in macroscopic physical and chemical properties.

Experimental Proof for the (Li+(H2O)2)n Polymer-like Chains

To validate the existence of such (Li+(H2O)2)n polymer-like chain structure predicted

by MD simulations, the atomic PDF analysis using high-energy X-ray diffraction was

conducted at beamline 11-ID-C at the Advanced Photon Source with light wave-

length of 0.11729 Å for pure water and LiNO3 aqueous solutions with concentra-

tions of S/W = 1:20, 1:5, 1:3, and 1:2.5 at 35�C (Figure 2A). There are three main

peaks that represent the distance between the O atom and N atom in NO3
�

(d(N–ON)), the distance between two oxygen atoms in NO3
� (d(ON–ON)), and

d(OH–OH) (Figure 2B), respectively. We can see that when the LiNO3 solutions tran-

sition from the dilute to the super-concentration, d(N–ON) and d(ON–ON) remain

unchanged, but the d(OH–OH) becomes larger. Figure S10 shows the calculated

PDF results for LiNO3 aqueous solution in different concentrations. Figures 2C

and 2D compare the calculated and experimental PDF results for diluted and

super-concentrated LiNO3 aqueous solutions from 1.8 to 8 Å, respectively. It is

immediately apparent that a perfect consistency exists between the MD simulations

and experiments for both dilute and super-concentrated LiNO3 aqueous solutions.

A peak at 2.1 Å that represents the d(ON–ON) in NO3
� is observed in both solutions

(Figures 2C and 2D), whereas the peak at 2.8 Å in dilute solution represents the

d(OH–OH) between two nearest water molecules connected through a hydrogen

bond. As the salt concentration increases, this peak shifts upward to 3.1 Å and be-

comes broader and weaker in intensity, and the two nearest water molecules

become coordinated by a common Li+, resulting in the formation of the (Li+(H2O)2)n
polymer-like chains (Figure 1A-III). During the process, the original hydrogen bond

network is completely replaced by Li+-OH (water oxygen) interactions. At super-

concentrated states, a series of new peaks also appear both in MD simulated

and experimental PDFs, the first of which is located at 4.7 Å. According to

our MD simulations, it may represent the d(OH–ON) between the oxygen of H2O

in (Li+(H2O)2)n and NO3
� by electrostatic interactions. We also did a non-

elastic neutron PDF test for the super-concentrated LiNO3 aqueous electrolyte

(S/W = 1:2.5), as shown in Figure S11. It looks nearly the same as the atomic
4 Chem 4, 1–11, December 13, 2018



Figure 2. Experimental Proof of the Existence of the (Li+(H2O)2)n Polymer-like Chains

(A) Schematic illustration of the experimental setup for atomic pair-distribution function (PDF) analysis of high-energy X-ray diffraction.

(B and C) PDF results of pure water and LiNO3 aqueous solution with different concentrations. The comparison of calculated and experimental PDF

results for dilute LiNO3 aqueous solution (LD) (B) and super-concentrated LiNO3 aqueous solution (LSC) (C). d(N-ON), d(ON–ON), and d(OH–OH)

represent the distance between the O atom and N atom in NO3
�, the distance between two oxygen atoms in NO3

�, and the distance between two

oxygen atoms belonging to the two nearest water molecules.

(D) Raman spectra of LiNO3 aqueous solution with increasing the salt concentration. Raman spectrum of pure water is also provided for comparison.

Chem 4, 1–11, December 13, 2018 5
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PDF analysis using high-energy X-ray diffraction and the MD simulations (Figure 2D),

which further validates the existence of the (Li+(H2O)2)n polymer-like chain structure

generated in super-concentrated LiNO3 aqueous electrolyte.

Raman spectroscopy was used to further characterize the OH–H stretching vibration

modes at different Li+ concentrations (Figure 2E). In pure water, various water

molecules with different hydrogen-bonding environments form water molecular

clusters, leading to a broad Raman band consisting of several components of the

OH–H stretching vibration. This result indicates that most of the water molecules

remain free from coordination with Li+. As LiNO3 concentration increases, a new

peak at 3,487 cm�1 appears with simultaneous disappearance of the broad band,

indicating the diminishing population of water molecules at such extreme concen-

trations. As a comparison, the OH–H stretching vibration modes of water molecules

in LiTFSI solution were also characterized at different concentrations (Figure S12).

The resultant Raman spectra are consistent with the previous reported results2,6

and bear striking similarities to the spectra of LiNO3 solutions. Additional evidence

comes from the infrared spectroscopy (IR) analysis of LiNO3 solutions, which was car-

ried out in LiNO3 solutions of different concentrations at 35�C (Figure S13A). The

wave number of OH–H stretching vibration is 3,338 cm�1 in pure water and

3,350 cm�1 in the LiNO3 aqueous solution of S/W = 1: 55. With increasing concen-

tration, the wave number of this stretching increases, and the peak becomes

sharper, indicating the gradual phase out of hydrogen bonds throughout the

solution. At the super-concentration of S/W = 1:2.5, the wave number is already

identical to that of the hydrate crystal LiNO3$3H2O with a sharp peak at

3,487 cm�1 (Figure S13A). In other words, the chemical environment of water mole-

cules in the solution is the same as that in the lattice of LiNO3$3H2O. Similarity can

also be found from the aqueous LiTFSI solutions (Figure S13B). The concentration

dependence of the chemical shift on LiNO3 concentration as observed in the proton

nuclear magnetic resonance reveals the same transformation process (Figure S14),

whose upward displacement is induced by the diminishing hydrogen bond and

the increase in Li+-OH (water oxygen) interactions. According to our previous

work,35 the average binding energy between one water molecule and Li+ is about

1.0 eV, and the average water-water binding energy is about 0.27 eV per molecule.

So the interaction between the water molecule and the Li ion is stronger than the

hydrogen bond between the water molecules. Therefore, in super-concentrated

aqueous solution, the limited water population will lead to the diminishing hydrogen

bond and the increase in Li+-OH (water oxygen) interactions.

Expanding the Electrochemical Window

The electrochemical stability windows of the LiNO3 aqueous solutions with

S/W = 1:55 and 1:2.5 are demonstrated in Figure 3A, where linear sweep voltam-

metry was conducted on Pt electrodes using a scan rate of 10 mV s�1. As a compar-

ison, the electrochemical windows of the LiTFSI-based aqueous solutions (1 M and

21 M) are also displayed. A high anodic limit of �4.90 V versus Li/Li+ is observed

in the LiNO3 aqueous solution at S/W = 1:2.5, whereas at S/W = 55, the value is

only 4.55 V. In comparison, the anodic limit of 21 M LiTFSI aqueous solution is

4.80 V, which decreases to 4.50 V in 1 M LiTFSI aqueous solution. These results sug-

gest that the super-concentrated Li+ aqueous solution using inorganic LiNO3

achieves the same anodic stability against oxidation as the super-concentrated

organic LiTFSI aqueous solution, whereas the cathodic limits remain the same for

all solutions. Apparently the resistance of water molecules against oxidation is signif-

icantly improved as their OH atoms are occupied by Li+, as in the case of LiNO3. As

previously reported,6 the cathodic limit remains almost constant on the Pt surface
6 Chem 4, 1–11, December 13, 2018



Figure 3. Expanding the Electrochemical Window of Super-Concentrated LiNO3 Aqueous Electrolyte

(A) Potential window of highly concentrated LiNO3 aqueous solution (1:2.5) compared with that of a diluted LiNO3 aqueous solution (1:55) and the

typical LiTFSI solutions with concentrations of 21 M and 1 M, evaluated via linear sweep voltammetry (scan rate: 0.1 mVs�1) on Pt electrode.

(B) The MD simulated curve of potential energy versus concentration for LiNO3 solution.

(C) A titration thermal experiment to evaluate the thermodynamic extension: the integrated dilution heat (Q) versus the concentration for the LiNO3

solution (red curve) and LiTFSI solution (black curve).

Error bars correspond to the measurement error of the titration thermal equipment.
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(2.35 V), showing no retardation effect on the hydrogen evolution reaction regard-

less of the salt species or concentrations.

UsingMD simulations, we attempted to quantitatively differentiate the contributions

to the expanded window (see details in Figure S15 and Supplemental Information

Section S2). Figure 3B shows the simulated curve of potential energy versus

concentration for LiNO3 solution. We can see that the potential energy shows a

linear relationship with the concentration in dilute solution (e.g., from S/W = 1:10

to S/W = 1:50) and highly concentrated solution (e.g., from S/W = 1:2 to

S/W = 1:5), respectively. The slope of such energy versus concentration curve indi-

cates the latent heat (Q) of the solution, and the thermodynamic extension can thus

be obtained by comparing the difference between the latent heats in diluted and

super-concentrated states. Based on this technique, the thermodynamic contribu-

tion to the electrochemical stability is estimated to be 0.030(7) V. Thermal titration

experiments further verify this quantitative assignment (see more details in Supple-

mental Information Section S2). The integrated dilution heats (Q) versus the concen-

tration for LiNO3 solution (black curve) and LiTFSI solution (red curve) are shown in

Figure 3C. We can clearly see that the Q value displays a nearly linear relationship
Chem 4, 1–11, December 13, 2018 7
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with the salt concentration in both diluted (e.g., from S/W = 1:10 to 1:50) and super-

concentrated solutions (e.g., from S/W = 1:2.5 to 1:6) both for LiNO3 and for LiTFSI

aqueous solutions, in good agreement with the MD simulated results (Figure 3B).

Thus, the thermodynamic extension is estimated to be 0.015(5) V both for super-

concentrated LiNO3 and LiTFSI aqueous solutions, close to what MD predicts.

Despite the minute difference in values, all the preceding results converge into a

single conclusion that the thermodynamic stability of the aqueous electrolytes, as

induced by the unique local structure consisting of chain-like aggregation, can

indeed be improved by the super-concentration of LiNO3, but this contribution is

almost negligible (only about 0.01–0.02 V) compared with the overall stabilization

as observed by electrochemical measurement (about 0.6–0.7 V). Kinetic factors

therefore should have played the major role.

Previous works have attributed the stabilization of aqueous electrolytes to the

kinetics protection provided by an interphase formed from reduction of anions

(TFSI or BETI) on anode.2,3,6,10–12 In our aqueous system based on LiNO3, an inter-

phase is not expected, because chemically, LiNO3 cannot provide any building

block that can deposit in dense form from aqueous media. Thus, the kinetic

contribution should come only from the unique local structure consisting of inti-

mately connected (Li+(H2O)2)n polymer-like chains. For example, because all the

charge-transfer process must occur at the electrode surface, if the journey of a

single water molecule is visualized during its decomposition, its first step has to

be exit from the bulk solution (desolvation), where it either exists in a cluster (in

diluted solution) or in (Li+(H2O)2)n polymer-like aggregation (in super-concen-

trated solution), followed by adsorption on the electrode surface. Thus, the

different local structure of the single water molecule in diluted solution and su-

per-concentrated solution will lead to the difference in the kinetic barriers in the

desolvation process. We can hence attribute the improvements in electrochemical

properties mainly to the kinetic contribution, which originates from the unique

local structure of intimately connected water and Li+ in the (Li+(H2O)2)n poly-

mer-like aggregation.

Performance of Aqueous Super-Concentrated LiNO3 versus LiTFSI Electrolyte

Solution for LIBs

A three-electrode electrochemical cell was constructed to evaluate the viability of

the super-concentrated LiNO3 solution, where two types of commercial cathodema-

terials, LiMn2O4 (LMO) and LiNi1/3Mn1/3Co1/3O2 (NMC333), served as working elec-

trodes, and active carbon and Ag/AgCl (in saturated KCl aqueous solution) were

used as counter and reference electrodes, respectively. In comparison, the same

tests were also conducted with super-concentrated LiTFSI aqueous solution (21 M)

as electrolyte. Figure S16 shows the cyclic voltammeter curves of LMO and

NMC333 electrodes in aqueous electrolytes with different salt concentrations. We

can see that the reversibility is improved significantly in super-concentrated aqueous

electrolytes. Figures 4A and 4C show the charge-discharge curves of the aqueous

LIB using 1:2.5 LiNO3 electrolyte. At a C rate of 1 C (1 C = 148 and 180 mAh g�1),

LMO and NMC333 batteries show discharge capacities of 135 mAh g�1 and

165 mAh g�1, respectively. Compared with the charge-discharge curves of diluted

(S/W = 1:55) LiNO3 aqueous LIBs (Figure S17), the average discharge voltage is

improved by about 0.3 V with super-concentrated LiNO3 (S/W = 1:2.5). Figures 4B

and 4D compare the rate capabilities of aqueous LIB cells using both 1:2.5 LiNO3

and 21 M LiTFSI solutions, where no evident difference can be found between

them. At current densities of 3 C, 5 C, 10 C, and 20 C, reversible capacities of

120/120, 86/92, 60/63, and 40/38 mAh g�1 are achieved for LMO/NMC333 in
8 Chem 4, 1–11, December 13, 2018



Figure 4. Electrochemical Performance of the Highly Concentrated LiNO3 LIBs

(A and C) The charge–discharge curves of 1:2.5 LiNO3 aqueous electrolyte-based LiMn2O4 (LMO) (A) and LiNi1/3Mn1/3Co1/3O2 (NMC333) (C) LIBs.

(B and D) The rate capability of LMO (B) and NMC333 (C) in the 1:2.5 LiNO3 aqueous solution and the 21 M LiTFSI aqueous solution between 0 and 1.2 V

(versus Ag/AgCl), respectively.
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1:2.5 LiNO3 aqueous electrolyte, respectively. In addition, 96% of the initial

capacity can be retained after 20 cycles. We also chose a high-voltage LiCoO2

material as cathode and cycled it in 1 M (Li+:H2O = 1:55) and super-concentrated

(Li+:H2O = 1:2.5) LiNO3 aqueous electrolytes, respectively. Figure S18 shows their

charge and discharge curves. We can see that in dilute LiNO3 aqueous electrolyte

(1 M), the water became split seriously during the charge process, and LiCoO2 could

not be discharged after charging. By contrast, a LiCoO2 cathode can be cycled

reversibly at the voltage of 1.3 V in super-concentrated (Li+:H2O = 1:2.5) LiNO3

aqueous electrolyte.
Conclusions

In summary, a super-concentrated aqueous electrolyte based on LiNO3 was discov-

ered. It provides an expanded electrochemical stability window of 2.55 V at much

lower cost than its counterparts based on LiTFSI, LiBETI, and LiOTF. Extensive

MD simulations combined with advanced spectral analysis, including atomic PDF

of high-energy X-ray diffraction data, reveal that a unique local structure arises at

the super-concentration of LiNO3 in water, where the limited water population
Chem 4, 1–11, December 13, 2018 9
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forces the Li+ to merge their primary solvation sheath, resulting in (Li+(H2O)2)n poly-

mer-like aggregation. Such a new liquid structure assists in stabilizing the aqueous

solution at extreme potentials via both thermodynamic and kinetic contributions.

Detailed MD calculations and calorimetry studies further differentiated these contri-

butions quantitatively, and identified the kinetic factor, i.e., the energy barrier for

water molecules to free themselves from the (Li+(H2O)2)n polymer-like aggregation,

that dominates the electrochemical stability improvements. This fundamental reve-

lation of liquid structure and its effect on the electrochemical stability window pro-

vides a new pathway for the design of high-voltage aqueous electrolytes, where

costly Li salts with highly fluorinated anions may no longer be necessary.
EXPERIMENTAL PROCEDURES

Full experimental details are provided in the Supplemental Information.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

(method details, more detailed results of the molecular dynamics, characterization

of supersaturated LiNO3 aqueous solution, the thermodynamic extension calcula-

tion, the titration experiment that measured the heat of solution, and other experi-

mental results), 18 figures, 2 tables, and 1 data file and can be found with this article

online at https://doi.org/10.1016/j.chempr.2018.09.004.
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