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Fluorinated salts and/or high salt concentrations are usually necessary to produce protective films on the
electrodes for high-voltage aqueous batteries, yet these approaches increase the cost, toxicity and reac-
tion resistances of battery. Herein, we report a dilute fluorine-free electrolyte design to overcome this
dilemma. By using the LiClO4 salt and polyethylene glycol dimethyl ether (PED) solvent and optimizing
the LiClO4/PED/H2O molar ratio, we formulate a 1 mol kg�1 3 V-class hybrid aqueous electrolyte that
enables reversible charge/discharge of 2.5 V LiMn2O4|Li4Ti5O12 full cell at both low (0.5C, 92.4% capacity
retention in 300 cycles) and high (5C, 80.4% capacity retention in 2000 cycles) rates. This excellent per-
formance is reached even without the generation of protective film on either anode or cathode as iden-
tified by in/ex situ characterizations. The selection of appropriate ingredients that have both high
stability and strong interactions with water is critical to widen the potential window of electrolyte while
suppressing parasitic reactions on the electrodes. This work suggests that expensive and toxic fluorinate
salts are no longer necessary for 3 V-class aqueous electrolytes, boosting the development of low-cost,
environmentally-friendly, high-power and high-energy-density aqueous batteries.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Safe and environment-friendly batteries are urgently in demand
for the development of sustainable energy system. Aqueous
lithium-ion batteries have attracted intense attention owing to
their intrinsic safety, eco-environmental friendliness, facile manu-
facture and high power [1,2]. However, the energy density of the
present aqueous batteries (e.g., lead-acid and Ni-Cd batteries) is
less than one-third of that of conventional nonaqueous lithium-
ion batteries, which dramatically decreases the market share of
aqueous batteries. The low energy density of aqueous batteries is
mainly attributed to the narrow electrochemical stability window
(1.23 V) of water that excludes the utilization of most of high-
capacity anodes and cathodes adopted in nonaqueous lithium-
ion batteries (see Fig. 1 left). Recently, the electrochemical stability
window of aqueous electrolytes is expanded to > 3 V by applying a
salt-concentrated strategy and/or hybridizing with organic compo-
nents, which effectively reduces the content of free-state water in
aqueous electrolytes and endows robust electrolyte-electrode
interphase (or protective film), and consequently, achieving an
enhanced energy density closing to some nonaqueous lithium-
ion batteries [3–9]. These above strategies quite rely on fluorinated
salts, such as lithium bis(trifluoromethane sulfonyl)imide (LiTFSI),
lithium trifluoromethane sulfonate (LiOTf) and lithium bis
(pentafluoroethane sulfonyl)imide (LiBETI), for stable interphase
formation. However, these fluorinated salts are expensive and tox-
ic, and the produced protective film increases the battery internal
resistance, which considerably undermines the merits of low cost,
low toxicity and high power of aqueous batteries (Fig. 1 middle)
[10].

Ideally, using cheap and fluorine-free salts, such as lithium
polyacrylate (LiPAA), lithium acetate (LiAc), and lithium perchlo-
rate (LiClO4), instead of fluorinated salts can address the issues of
cost and environmental hazards. However, in fluorine-free aqueous
electrolytes, the electrode-electrolyte interphases are usually not
stable enough to support a long-term operation of high-voltage
aqueous batteries even under the condition of high salt
reserved.
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Fig. 1. Electrolyte design for dilute and fluorine-free high-voltage aqueous battery. Conventional dilute aqueous electrolyte shows a narrow electrochemical window,
suffering from severe water decomposition when charging the battery at high voltages. Fluorinated salt-concentrated electrolyte (such as 21 m LiTFSI–H2O) expands the
electrochemical stability window because of the reduction of free-state water and the formation of protective electrode-electrolyte interphases mainly derived from TFSI�

anion. However, the salt-concentrated strategy with fluorinated salt inevitably increases the cost and toxicity of electrolytes and the internal resistance of battery. This
dilemma can be addressed by using the dilute fluorine-free aqueous electrolyte. The stable LiClO4 salt and PED solvent are selected to regulate the hydrogen-bonding network
and the molar ratio of LiClO4:PED:H2O is optimized to minimize the water activity. Consequently, this 1 mol kg�1 fluorine-free aqueous electrolyte achieves a wide
electrochemical window of 3.3 V (1.3 � 4.6 V vs Li+/Li) even without the aid of protective electrolyte–electrode interphases.
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concentrations [11–14]. For a dual-salt concentrated aqueous elec-
trolyte (32 m KAc�8 m LiAc in H2O), a significant capacity decay
was found in the 2.2 V LiMn2O4 (LMO)|TiO2 full cell after 50 cycles
[11,13]. For an aqueous/nonaqueous hybrid salt-concentrated
electrolyte (5.7 m LiClO4 in H2O/Methylsulfonylmethane), the
Coulombic efficiency (CE) was only 89.4% at 1C for the Li4Ti5O12

(LTO) electrode, indicating it is difficult to support a stable
charge/discharge operation at a moderate current density,
let alone at a smaller one [11,13]. Most recently, the liquid polymer
of polyethylene glycol (PEG) was reported to effectively suppress
the hydrogen evolution reaction (HER) at a relatively low salt con-
centration of 2 m via altering the hydrogen-bonding network to
reduce the water activity, thus widening the electrochemical sta-
bility window of aqueous electrolyte [15]. However, the PEG has
poor oxidative stability because its terminal hydroxide group
of �OH is readily oxidized at potentials above 4.1 V vs Li+/Li [16],
which would impair the long-term stability of high-voltage aque-
ous batteries. Therefore, it remains a challenge to develop low-
cost, environmentally friendly (fluorine-free) and high-voltage
aqueous electrolytes.

In this work, we selected the LiClO4 salt and polyethylene glycol
dimethyl ether solvent (PED, structurally similar to PEG but with a
stable terminal group of �OCH3) to formulate the aqueous elec-
trolyte based on three aspects: (1) PED and LiClO4, with electro-
chemical stability windows of 1 � 4.3 V vs Li+/Li [16–18] and
1 � 4.6 V vs Li+/Li [19–22], respectively, are both stable in the
working potential range of the LMO|LTO battery (1.3 � 4.3 V vs
Li+/Li), avoiding adverse decomposition on the cathode/anode
upon the charge and discharge; (2) Both PED and Li+ cation can
strongly interact with H2O, which regulates the hydrogen-
bonding network to reduce the activity of water, and thus, sup-
pressing the decomposition of water during the cycling; (3) Both
LiClO4 and PED are inexpensive and fluorine-free, benefiting for
the decrease of cost and toxicity of the electrolyte. By optimizing
the molar ratios of LiClO4: PED: H2O, the content of free-state
water in the electrolyte can be substantially reduced even at a
dilute concentration of 1 m (Fig. 1 right). Finally, we obtained a
1 m fluorine-free aqueous electrolyte that enabled a stable
charge/discharge operation of a 2.5 V LMO|LTO battery (150 Wh
kg�1) at both low and high rates, i.e., 92.4% capacity retention for
181
300 cycles at 0.5C and 80.4% capacity retention for 2000 cycles at
5C, without the generation of significant protective films on either
anode or cathode.
2. Experimental

2.1. Electrolyte preparations

Lithium perchlorate (LiClO4) and lithium bis(trifluoromethane
sulfonyl) (LiTFSI) with a purity of > 99% were purchased from
DodoChem (Suzhou). Polyethylene glycol dimethyl ether (PED
250, > 98%) and polyethylene glycol (PEG 250, > 98%) were pur-
chased from LookChem (Shanghai). The LiClO4/H2O solutions were
firstly prepared by dissolving the LiClO4 salt into the deionized
water (purified by Milli-Q from Millipore) with a given salt-to-
H2O molar ratio (1:10, 1:5, 1:3, 1:2) at ambient atmosphere. The
PED-assisted electrolytes of 1 m Li�10H2O�3.3PED, 1 m Li�5H2-
O�3.6PED, 1 m Li�3H2O�3.8PED and 1 m Li�2H2O�3.9PED were
prepared by introducing the PED into the above LiClO4/H2O solu-
tions until the salt concentration reached 1 m. The compositions
of as-prepared 1 m PED-assisted aqueous electrolytes are listed
in Table S1. For comparison, aqueous electrolytes of 1 m Li�56H2-
O, 6 m Li�9H2O, 1 m Li�2H2O�3.9PEG and 2 m LiTFSI�1.7H2-
O�1.2PEG were prepared in the same way. Besides, a commercial
nonaqueous electrolyte of 1 M LiPF6 in ethylene carbonate/
dimethyl carbonate (by vol 1:1) (1 M LiPF6�EC/DMC) purchased
from DodoChem (Suzhou) was also used as the reference.
2.2. Electrode preparations

Li4Ti5O12 (LTO), LiMn2O4 (LMO), active carbon, acetylene black
and polyvinylidene fluoride (PVDF) were purchased from Kejing
Co. ltd (Shenzhen). The electrode materials of LTO and LMO have
particle sizes of 5 � 20 lm and 10 � 25 lm, respectively (see
Fig. S1), and they were used directly without any surface coating.
The electrode slurry was prepared by mixing the active material,
acetylene black and PVDF with a weight ratio of 8:1:1. Stainless-
steel foil (SUS, 10 lm thickness) and Ti foil (10 lm thickness), pur-
chased from Guangdong Canrd New Energy Technology Co. ltd,



R. Lin, J. Chen, C. Ke et al. Journal of Energy Chemistry 77 (2023) 180–190
were used as current collectors for the cathode and anode, respec-
tively. The as-prepared electrodes were dried under vacuum at
120 �C for 4 h. The mass loadings of the LMO and LTO electrodes
were 6 � 8 and 4 � 5 mg cm�2, respectively.

2.3. Cell assembly and electrochemical measurements

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
measurements were carried out in a Swagelok three-electrode cell
on a potentiostat (BioLogic, MPG-2) to evaluate the electrochemi-
cal stability window and reaction reversibility of the electrodes,
respectively. The active carbon (mass loading: 8 � 10 mg cm�2)
and Ag/AgCl (in saturated KCl solution, 3.239 V versus Li+/Li) were
used as the counter electrode and reference electrode, respectively.
For LSV, the Ti and SUS electrodes were used as the working elec-
trodes for the cathodic and anodic scans, respectively. The scan-
ning rate was 5 mV s�1. The onset potential of the
electrochemical window was set at the current density of
0.05 mA cm�2. For CV, the scanning rate of CV was 0.5 mV s�1.

The full cells were assembled at ambinent atmosphere on a
CR2032-type coin cell using the LMO cathode, LTO anode and glass
fiber (Whatman, GF/D) separator. The negative/positive (N/P)
capacity ratio was 0.8 � 0.9. The amount of electrolyte in a coin cell
was about 30 lL. A Ti foil was placed between the anode and bat-
tery case to minimize side reactions between the aqueous elec-
trolyte and the SUS coin cell. Galvanostatic charge/discharge
cycling and rate capability measurements were conducted on a
battery test system (Neware, CT-4008) at 25 ℃. Charge and dis-
charge were conducted at the same C-rate without using a
constant-voltage mode at both ends of the charge and discharge.
The capacity was calculated based on the total weight of positive
and negative active materials. A 1C rate corresponds to 68 mA g�1

on the weight basis of all active materials from both the cathode
and anode. The energy density of the full cell was calculated by
the total weight of the cathode and anode.

2.4. Characterizations of solution structures

The hydrogen-bonding structures of aqueous solutions were
characterized by a Fourier transform infrared spectrometer (FTIR,
ThermoFisher iS50) with an attenuated total reflection (ATR) sam-
ple cell. All ATR-FTIR spectra were recorded in 32 scans with a res-
olution of 4 cm�1. The coordination state of ClO4

� anions in the
solutions were evaluated by a Raman spectrometer (Anton Paar,
Cora 5700) using a 785 nm laser.

2.5. Measurements of physical and chemical properties of electrolytes

The ionic conductivity of various solutions was measured in a
symmetric Pt|electrolyte|Pt cell on an AC impedance spectroscopy
(Solartron, 1470E) with a frequency range from 106 to 0.1 Hz and a
potential amplitude of 10 mV. The viscosity was measured by a
kinematic viscometer (Anton Paar, SVM 3001). Electrochemical
impedance spectroscopy (BioLogic, MPG-2) of the LMO|LTO full
cells at the half-discharge state (50% SOC) was tested on a fre-
quency range from 20 kHz to 0.005 Hz with an AC amplitude of
10 mV. Self-extinguishing times of the electrolytes were deter-
mined in a flame test, in which the electrolyte-soaked glass fiber
was ignited by a propane-oxygen torch burner.

2.6. Characterizations of materials’ surface and morphology

The surface analysis of the cycled electrodes was conducted by
an X-ray photoelectron spectrometer (XPS, ESCALAB Xi+) with Al-
Ka X-ray source. The charge neutralizer was applied to compensate
for the surface charge. All studied electrodes were subjected to a
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rinse by the DMC solvent and dried under vacuum before XPS mea-
surements. The binding energy was calibrated using C 1 s peak at
284.8 eV. The morphology of the electrode materials was charac-
terized by a field emission scanning electron microscope (FE-
SEM, Gemini500) and transmission electron microscopy (TEM,
Talos F200X G2).

2.7. In situ ATR-FTIR measurements

In situ ART-FTIR measurements were carried out in a crafted
two-electrode cell that was fixed on the sample stage of ATR (PIKE,
VeeMAX III). The LMO or LTO electrode was pressed on the dia-
mond crystal for study. On a potentiostat (IVIUM, OctoStat200),
the LMO|LTO full cell was charged and discharged at a 1C rate. Dur-
ing the initial two charge-discharge cycles, FTIR spectra were col-
lected to reveal the formation process of protective films on the
studied LMO or LTO electrode. All spectra were recorded in 32
scans with a resolution of 4 cm�1.

2.8. In situ DEMS measurements

In situ DEMS measurements were applied to detect hydrogen
and oxygen gases generated on the assembled Swagelok cells that
were connected to a quadrupole mass spectrometer (QAS 100,
Shanghai Linglu). The charge/discharge tests of the LMO|LTO full
cell with different electrolytes were controlled by a potentiostat
(IVIUM, OctoStat200). Before the DEMS measurement, pure Ar
was flushed to remove the air for 2 h.

2.9. Simulations

The solution structure was theoretically investigated by Vienna
ab initio simulation package (VASP), a software for performing
ab initio molecular dynamics (MD) simulation using a plane wave
basis set. The projector augmented wave method was used for
electronic structure calculations. The exchange–correlation inter-
action was described by PBE functionals with D3 dispersion correc-
tion from Grimme. The cutoff energies and electronic energy self-
consistency criteria were set to 380 eV and 10�6 eV, respectively.
The solution of 1LiClO4–2H2O–4PED was calculated in a cubic
supercell with a lattice constant of 12 Å. The gamma point was
only used to sample the Brillouin zone in MD simulations. The tem-
perature of NVT ensemble was controlled using the Nose-hoover
thermostat. The solution was first equilibrated at a higher temper-
ature (698 K, 5 ps) to generate a configuration with fully mixed sol-
vents and solutes. The high-temperature equilibrated solution
structures were then used as the initial configuration of the MD
simulation with a longer time (15 ps) at room temperature.
3. Results and discussion

3.1. Preparation and characterization of dilute fluorine-free aqueous
electrolytes

A series of aqueous solutions with different molar ratios of
LiClO4: PED: H2O were prepared in an ambient atmosphere. The
concentration of LiClO4 salt is 1 m and the compositions of the
solutions are listed in Table S1. For convenience, the aqueous solu-
tions are named as 1 m Li�xH2O�yPED, wherein x and y corre-
spond to the molar ratio of H2O-to-LiClO4 and PED-to-LiClO4,
respectively. For comparison, the LiClO4�H2O solutions with dif-
ferent salt concentrations were also prepared for study.

As shown in Fig. 2(a) and Fig. S2, HAO stretching vibration
(3200 � 3700 cm�1) in different solutions was characterized by
Fourier Transform infrared (FTIR) spectroscopy. The absorbance



Fig. 2. Characterizations of aqueous solutions dependent on the PED content. (a) FTIR spectra of various PED-assisted aqueous solutions (1 m Li�xH2O�yPED, x and y
correspond to the H2O-to-LiClO4 and PED-to-LiClO4 molar ratio). (b) The contents of different hydrogen-bonding components in as-prepared aqueous solutions. (c) Raman
spectra of as-prepared aqueous solutions in the range of 910 � 960 cm�1 (ClO4

� stretching mode). (d) A snapshot of a typical equilibrium trajectory of 1 m LiClO4�2H2O�4PED
electrolyte during Ab initioMD (AIMD) simulations. The dashed line represents the hydrogen bond. (e) Ionic conductivities of various PED-assisted aqueous solutions at 25 �C.
Pure water, (dilute 1 m and saturated 6 m) LiClO4�H2O solutions and 1 m Li�H2O�3.9PEG were used as references.
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peaks at �3290, �3450 and �3600 cm�1 correspond to water
molecules with strong hydrogen-bond (SHB), weak hydrogen-
bond (WHB) and non-hydrogen-bond (NHB), respectively [23]. To
quantify the contents of water molecules in different states, we
deconvoluted the FTIR absorbance peaks and the calculated results
are shown in Fig. 2(b) and Fig. S2. The introduction of either LiClO4

or PED in water can significantly decrease the content of SHB, indi-
cating both the LiClO4 and PED have the capability of regulating
hydorgen-bonding network. For the pristine LiClO4�H2O solutions
without PED, when the salt concentration increased from 1 m to
saturated 6 m, the formation of contact-ion-pairs (CIPs) and/or
aggregates (AGGs) further decreased the content of free-state
water, however, the content of SHB component remained the
major part (�60%) even in the saturated concentration. By contrast,
when both LiClO4 and PED were added to the water, the content of
SHB can be dramatically decreased to < 30% even at a dilute con-
centration of 1 m Li�10H2O�3.3PED, evidencing strong interac-
tions among the H2O, LiClO4 and PED that break the hydrogen-
bonding network of water. When the content of PED increased,
the SHB components further decreased and the WSB and NSB com-
ponents became dominant at y > 3.6 (> 80%). In the 1 m Li�2H2-
O�3.9PED, the SHB components almost disappeared, indicating
that the content of free-state water is substantially reduced in this
solution. The states of ClO4

� in solution were characterized by
Raman spectroscopy. As shown in Fig. 2(c), the Cl�O symmetric
stretching vibration of ClO4

� ion in 1 m LiClO4�56H2O solution
positioned at 932.8 cm�1, which blueshifted to 933.8 cm�1 in
6 m LiClO4�9H2O solution because the ClO4

� anion participated
in the coordination to Li+ with the formation of CIPs and/or AGGs.
By contrast, in the 1 m PED-assisted electrolytes, the Raman peak
of ClO4

� anion had a slight redshift as compared to that of the
1 m LiClO4�56H2O solution, indicating that ClO4

� anions existed
in a free state with no coordination to either Li+ or PED.

To understand how the interactions among H2O, Li+ and PED
regulate the hydrogen-bonding network of water, we carried out
Ab initio MD (AIMD) simulation to investigate the solvation struc-
ture of the 1 m Li�2H2O�3.9PED solution. Fig. 2(d) shows a snap-
shot of a typical equilibrium trajectory of the solution during AIMD
simulations. Clearly, PED and water molecule are in the primary
solvation sheath of Li+. Typically, one Li+ coordinates with one
183
H2O and two PED molecules via Li���O interaction. Besides, the
other H2O interacts with the left PED through hydrogen bond (H
(H2O)���O (PED)). In this way, the strong hydrogen-bonding net-
work of water is cut off and the water activity is effectively reduced
in the solution of 1 m Li�2H2O�3.9PED. For the ClO4

�, we found it
keeps in a free state during the simulation, consistent with the
Raman results.

According to FTIR, Raman and AIMD results, it is clear that the
PED is tightly coordinated to H2O and Li+ cation but rather than
to ClO4

�. The strong interactions among H2O, Li+ and PED not only
effectively reduce the water activity but also suppress the volatility
of the dilute electrolyte. From a thermogravimetric test (see Fig. S3
and Table S2), the weight loss of 1 m Li�2H2O�3.9PED was only
�3.1 wt% upon heating to 100 �C, which is 20 times lower than that
of 1 m Li�56H2O (�65.4 wt%). Because the PED is flammable, the
1 m Li�2H2O�3.9PED hybrid aqueous electrolyte has a self-
extinguishing time of 30 s g�1, which is slightly shorter than the
PEG-based electrolytes (see Table S2). On the other hand, the pres-
ence of free-state ClO4

� anion in the unique solvation structure of
1 m Li�2H2O�3.9PED promotes the dissociation of LiClO4 salt in
the solution. The ionic conductivity of 1 m Li�2H2O�3.9PED solu-
tion reached 2.1 mS cm�1 at room temperature, which is nearly an
order of magnitude higher than that of 1 m Li�2H2O�3.9PEG (0.22
mS cm�1) (see Fig. 2e), and also significantly higher than most
reported polymer-based solid/quasi-solid electrolytes, benefiting
for a fast charge/discharge operation of batteries.

3.2. Electrochemical properties of fluorine-free aqueous electrolytes

The electrochemical stability windows of various solutions
were evaluated by linear sweep voltammetry (LSV). Stainless steel
(SUS) and titanium (Ti) foils were used as the working electrodes to
test the anodic and cathodic potential limits, respectively. The
onset current density for the electrochemical stable window was
set as 0.05 mA cm�2. As shown in Fig. 3(a), the electrochemical sta-
bility window of 1 m Li�56H2O was only 1.8 V, which increased to
2.1 V by increasing the salt concentration from 1 m to 6 m. Alter-
natively, the introduction of PED remarkably widened the electro-
chemical stability window to 2.6 V with the lower and upper
potential limits at 1.8 and 4.4 V vs Li+/Li, respectively, even in a



Fig. 3. Compatibility tests of as-prepared aqueous electrolytes with various electrodes. (a) LSV curves of different aqueous electrolytes: Ti and stainless steel (SUS) were used
as the working electrodes for the cathodic and anodic scans, respectively. CV curves of the LTO and LMO electrodes in the electrolyte of 1 m Li�2H2O�3.9PED were also
presented. Charge/discharge curves of LMO and LTO electrodes in three-electrode cells using aqueous electrolytes of 1 m Li�2H2O�3.9PED (b), 1 m Li�2H2O�3.9PEG (c) and
2 m LiTFSI�1.7H2O�1.2PEG (d), and a nonaqueous electrolyte of 1 M LiPF6�EC/DMC (e). The active carbon and Ag/AgCl electrodes were used as the counter electrode and the
reference electrode, respectively. A 1C rate corresponds to 170 mA g�1 for the cell using the LTO working electrode, and to 140 mA g�1 for the cell using the LMO working
electrode, respectively.
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dilute solution (1 m Li�10H2O�3.3PED), evidencing the role of PED
in stabilizing the water. When optimizing the PED/H2O molar ratio
to decrease the water content in the solution (1 m Li�2H2-
O�3.9PED), the electrochemical stability window further
expanded to 3.3 V (1.3 � 4.6 V vs Li+/Li), which enabled a fully
reversible Li+ intercalation/de-intercalation of both LTO and LMO
electrodes. Similar to 1 m Li�2H2O�3.9PED, the electrolyte of
1 m Li�2H2O�3.9PEG also allowed reversible Li+ intercalation/
de-intercalation of LTO electrode. However, due to the poor oxida-
tive stability of the terminal group of �OH, this PEG-assisted elec-
trolyte only showed an upper potential limit at 4.1 V vs Li+/Li,
which cannot support a stable charge/discharge operation of the
LMO electrode. The poor oxidation stability of PEG can be solved
via the usage of the fluorinated salt and high salt concentration,
which endows protective films on the electrodes to suppress the
continuous decomposition of PEG. In the case of 2 m LiTFSI�1.7H2-
O�1.2PEG, the generation of protective films during the first LSV
scan extended the lower and upper potential limits to �1.2 and
4.8 V vs Li+/Li, respectively (see Fig. S4). However, this approach
184
also significantly increases the cost and toxicity of the electrolyte.
By contrast, our electrolyte of 1 m Li�2H2O�3.9PED successfully
expanded the electrochemical stability window without compro-
mising the cost and toxicity. Interestingly, the first and second
LSV curves were almost identical for the fluorine-free PED-
assisted electrolyte, implying that no protective films have been
generated during the LSV scans.

To confirm the compatibility between the as-prepared elec-
trolytes and the LMO and LTO electrodes, we carried out the
charge/discharge operation in a three-electrode cell with the
LMO (or LTO), active carbon and Ag/AgCl as the working, counter
and reference electrode, respectively. As shown in Fig. 3(b and c),
both the PED- and PEG-assisted electrolytes can support reversible
Li+ de-/intercalation of the LTO electrode. However, for the LMO
electrode, an apparent oxidation reaction in the PEG-assisted elec-
trolyte occurred at voltages > 4.2 V in the first charge process with
a poor initial CE of < 50% (Fig. 3c). The electrolyte of 2 m
LiTFSI�1.7H2O�1.2PEG enabled reversible charge/discharge reac-
tions of both LMO and LTO (Fig. 3d). However, the initial anodic
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and cathodic CEs were 59.4% and 80.2%, respectively, which are
considerably lower than those (87.3% and 95.2%) using the
fluorine-free 1 m Li�2H2O�3.9PED electrolyte. It is well-known
that the commercial LMO|LTO batteries using nonaqueous elec-
trolytes do not generate compact protective films on the electrodes
because the redox potentials of LMO (1.3 V vs SHE) and LTO
(�1.5 V vs SHE) locate within the electrochemical stability window
of the nonaqueous carbonate ester electrolyte [24–27]. Compared
to the LMO|LTO battery using the nonaqueous electrolyte of 1 M
LiPF6�EC/DMC (initial anodic CE 84.5%, cathodic CE 96.8%, see
Fig. 3e), the one using 2 m LiTFSI�1.7H2O�1.2PEG demonstrates
considerably lower initial CEs, indicating that protective films have
formed on the electrodes, whereas, the one using 1 m Li�2H2-
O�3.9PED shows comparable initial CEs, indicating that no such
protective films have formed on the electrodes.

In this study, the initial anodic and cathodic CEs are not very
high in the nonaqueous electrolyte of 1 M LiPF6�EC/DMC and
our dilute fluorine-free electrolyte of 1 m Li�2H2O�3.9PED. The
reason may be related to the electrode materials themselves,
which are used as received without any surface treatment. Some
parasitic reactions may occur between the chemically active spots
of the electrode and the electrolyte, which decrease the initial CEs
but don’t contribute to the formation of continuous and compact
protective interphase on the electrode surface (see Fig. 1). Qian
et al. reported that the surface of LTO particles is usually aggre-
gated by some impurities and defects during the material synthe-
sis, which can induce side reactions with the electrolytes, causing a
low initial CE of 88.5% [28]. Moreover, our results of initial CEs are
consistent with much literature about LMO [29–33] and LTO [34–
38], respectively. In addition, we examined the gas generation dur-
ing the first charge/discharge cycle by in situ differential electro-
chemical mass spectrometry (in situ DEMS) and found very little
hydrogen production (see Fig. S5).

We then tested the electrolytes in the 2.5 V LMO|LTO full cells
(N/P = 0.8 � 0.9 and 30 lL electrolyte). The rate and cycling perfor-
mances are demonstrated in Fig. 4 and Fig. S6. Using 1 m Li�2H2-
O�3.9PED electrolyte, the reversible capacity of the aqueous full
cell was above 60 mA h g�1 (based on the total weight of LMO
Fig. 4. Rate and cycling performances of LTO|LMO full cells using PED- and PEG-assisted
different rates. (c and d) Cycling performance and Coulombic efficiency of the LMO|LTO
same C-rate with a cut-off voltage of 1.5 � 2.8 V at 25 �C. The capacity was calculated b

185
and LTO electrodes) at 0.5 � 1C, which corresponds to � 90% of
theoretic capacity. Even at a high rate of 5C, the reversible capacity
remained 36 mA h g�1, indicating a good rate capability using the
PED-assisted aqueous electrolyte (Fig. 4a). Moreover, this PED-
assisted electrolyte also enabled a stable cycling operation at both
low and high rates: at 5C, the capacity retention and average CE
reached 80.4% and 99.1% in 2000 cycles, respectively; even at a
small current density of 0.5C, the capacity retention and average
CE reached 92.4% and 93.5% in 300 cycles, respectively (see
Fig. 4c and d). The CE of 93.5% reflects the existence of some para-
sitic reaction in the battery at a small current density. This parasitic
reaction is likely the corrosion of the current collector as previ-
ously reported in literature [7,10] but rather than a hydrogen evo-
lution reaction because the latter will consume the electrolyte
quickly and cannot support a long-term cycling with a limited
amount of electrolyte (30 lL). By sharp contrast, the battery using
1 m Li�2H2O�3.9PEG electrolyte showed a very poor rate capabil-
ity and cycling durability: the reversible capacity was only 30 and
16 mA h g�1 at 2C and 3C, respectively (Fig. 4b); the capacity
declined very fast within 10 cycles together with a very low CE
of < 50% at either low (0.5C) and high (5C) rates (Fig. 4c and d).
These above results firmly confirm that our dilute fluorine-free
electrolyte design enables a fast-rate and stable 2.5 V aqueous Li-
ion battery.

3.3. Internal resistances of the fluorine-free aqueous battery

To understand the kinetic property, we studied the internal
resistances of batteries using different electrolytes. Generally, the
Li+ intercalation process involves three main resistances, which
are Li+ transport in the electrolyte (Relyt), Li+ charge transfer at
the electrolyte-electrode interphases (Rct), and Li+ transport in
the electrolyte-electrode interphases (Rinter) [26]. To evaluate these
resistances in the LMO|LTO aqueous battery, we carried out elec-
trochemical impedance spectroscopies (EIS) at a half-discharge
state (50% SOC) during the first 20 cycles (Fig. S7). The Nyquist
plots of the LMO|LTO full cells using different electrolytes and
the equivalent circuit are exhibited in Fig. 5(a and b), respectively.
aqueous electrolytes. (a and b) Charge/discharge profiles of the LTO|LMO full cells at
full cells at 0.5C and 5C, respectively. Charge and discharge were conducted at the
ased on the total weight of positive and negative active materials.



Fig. 5. Electrochemical resistance analysis of LMO|LTO batteries using different aqueous electrolytes. (a) Electrochemical impedance spectroscopies of the LMO|LTO batteries
using aqueous (1 m Li�2H2O�3.9PED, 1 m Li�2H2O�3.9PEG, 2 m LiTFSI�1.7H2O�1.2PEG) and nonaqueous (1 M LiPF6�EC/DMC) electrolytes upon cycling. (b) Equivalent
circuit for the LMO|LTO batteries. (c and d) Variances of calculated Rct and Rinter upon cycling.
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A typical EIS fitting is shown in Fig. S8 and the calculated resis-
tances based on the equivalent circuit are summarized in
Table S3 and plotted in Fig. 5(c and d). It is clear that, for the bat-
tery using the 1 m Li�2H2O�3.9PED electrolyte, Relyt, Rct and Rinter

were evaluated as 18.6, 28.8, and 3.1 X, respectively, which keep
almost unchanged during the cycling, confirming a very stable
electrochemical impedance. By sharp contrast, for the battery
using the 1 m Li�2H2O�3.9PEG electrolyte, Relyt, Rct and Rinter at
1st cycle were evaluated as 106.1, 214.9, and 114.2X, respectively,
which dramatically increased to 239.9, 367.8, and 169.1 X after 20
cycles. Such an unstable electrochemical impedance should result
from the continuous oxidation of PEG on the cathode surface
(Fig. 3c and S7b). It is worth noting that the Rinter (3.1 X) in 1 m
Li�2H2O�3.9PED electrolyte is very small as compared to the Relyt

(18.6 X) and Rct (28.8 X), showing a negligible resistance for Li+

transport in the electrolyte-electrode interphases. This characteris-
tic is very similar to the SEI-free LMO|LTO battery using the non-
aqueous electrolyte of 1 M LiPF6�EC/DMC (Relyt 3.6, Rct 15.4,
Rinter 4.7 X), intrinsically different from that in the reference elec-
trolyte of 1 m Li�2H2O�3.9PEG or previously reported molecular
crowding electrolyte of 2 m LiTFSI�1.7H2O�1.2PEG, both of which
encounter a considerably larger Rinter. For 2 m LiTFSI�1.7H2-
O�1.2PEG, the issue of unstable PEG is addressed via the formation
of compact protective interphases on the electrodes. However, it
brings about a new problem of increased Li+ transport resistances
(Rct 418.1, Rinter 221.4 X) that severely compromise the rate capa-
bility, let alone the cost and toxicity issues. Overall, the introduc-
tion of PED leads to an expanded electrochemical stability
window, a negligible Rinter, and a small yet stable total internal
resistance, contributing to the development of a stable high-
voltage LMO|LTO hybrid aqueous battery without compromising
the properties of cost, toxicity and rate.

3.4. Electrolyte-electrode interphases of the fluorine-free aqueous
battery

The electrolyte-electrode interphase profoundly affects the bat-
tery performances. To check if any electrolyte-electrode interphase
is produced in the battery using the as-prepared aqueous elec-
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trolytes, we applied in situ attenuated total reflectance Fourier
transform infrared (in situ ATR-FTIR) spectroscopy to monitor the
changes on the surface of both cathode and anode during the initial
two charge/discharge cycles (see Fig. 6 and Fig. S9). For the LMO|
LTO battery using 1 m Li�2H2O�3.9PEG electrolyte, two new IR
absorbance peaks at around 1647 cm�1 (C@O) and
3060 � 3670 cm�1 (OAH) appeared on the LMO surface at the volt-
ages of > 2.5 V (see Fig. 6a), which can be attributed to the forma-
tion of PEG-carboxylic acid (named as R�COOH(Li)) caused by the
oxidation of PEG [39,40]. This oxidative product likely adhered on
the surface of ATR crystal, which causes the decrease of electrolyte
concentration around the ATR crystal and brings a counter-
absorbance of IR signal at around 844 and 1020 cm�1. A similar
phenomenon was also reported previously [8]. Whereas on the
LTO surface, no IR absorbance can be detected, indicating that no
significant reduction products were generated on the LTO surface
during the charge/discharge process (see Fig. 6b). For the LMO|
LTO battery using the 1 m Li�2H2O�3.9PED electrolyte, we did
not observe any IR signal on the surface of either LMO or LTO dur-
ing the whole charge/discharge process (Fig. 6c and d), indicating
that both of the two electrodes kept stable in the electrolyte and
no interphase reaction occurred.

Moreover, we carried out X-ray photoelectron spectroscopy
(XPS) measurements to study the chemical composition of the sur-
face of the cycled electrodes (shown in Fig. 7 and Fig. S10). For
comparison, the pristine and the electrolyte-soaked LMO and LTO
electrodes were used as references. Consistent with the results of
in situ ATR-FTIR, only the oxidation product of PEG was observed
on the surface of the LMO electrode cycled in the 1 m Li�2H2-
O�3.9PEG electrolyte and no significant oxidation or reduction
products can be observed on the other electrodes. Besides, we also
studied the LMO and LTO electrodes before and after cycling by
transmission electron microscopy (TEM, Fig. S11 and Fig. S12), by
which we did not observe a significant protective film on the elec-
trode surface either. All these results above evidence that the
fluorine-free electrolyte of 1 m Li�2H2O�3.9PED does not con-
tribute to significant protective film on either LMO or LTO in bat-
tery operation. Hence, the selection of appropriate ingredients
with both high stability and high regulation capability of the



Fig. 6. In situ ATR-FTIR observations on the surface of the LMO and LTO electrodes in PED- and PEG-assisted aqueous electrolytes. (a) FTIR spectra of the LMO surface in the
PEG-assisted electrolyte, (b) FTIR spectra of the LTO surface in the PEG-assisted electrolyte, (c) FTIR spectra of the LMO surface in the PED-assisted electrolyte, and (d) FTIR
spectra of the LTO surface in the PED-assisted electrolyte. In situ ATR-FTIR measurements were carried out in the LMO|LTO full cells during the initial two charge/discharge
cycles. Only PEG-carboxylic acid (R�COOH(Li)) was detected on the LMO electrode surface in the electrolyte of 1 m Li�2H2O�3.9PEG, which is ascribed to the oxidation of
PEG at high voltages.
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hydrogen-bonding network is vital for the dilute fluorine-free
aqueous electrolyte design.

3.5. Cost merit of the dilute fluorine-free aqueous electrolyte

The cost is one of the most important parameters for large-scale
applications. Both the LiClO4 salt and PED polymer are inexpensive,
showing the good merit of cost for our designed dilute flurorine-
free aqueous electrolyte. Compared to LiTFSI, the most widely used
salt in high-voltage aqueous electrolytes, the price of LiClO4 is
reduced by > 84%. Moreover, the content of LiClO4 salt in our
1 m Li�2H2O�3.9PED electrolyte is only 9.5 wt%, which is consid-
erably lower than those of the reported salt-concentrated aqueous
or hybrid aqueous electrolytes (36 � 86 wt%) [4–6,9,15,41–45]. To
the best of our knowledge, this is the lowest one among all the
reported 3 V-class aqueous electrolytes. We assess the price of
the aqueous electrolytes based on Chinese market quotations
(see Table S4, 5). As shown in Fig. 8, the price of our 1 m Li�2H2-
O�3.9PED electrolyte is estimated to be 5500 USD ton�1, which is
only one 18th of the salt-concentrated electrolyte of 21 m
LiTFSI�2.6H2O and one 8th of the molecular crowding electrolyte
of 2 m LiTFSI�1.7H2O�1.2PEG. Even compared with the commer-
cial nonaqueous electrolyte of 1 M LiPF6�EC/DMC (�15000 USD
ton�1), our dilute fluorine-free electrolyte also demonstrates an
obvious advantage in the cost. In addition, the high-voltage aque-
ous Li-ion batteries are manufactured at an ambient atmosphere
with no need for high-energy-consuming dry rooms. This feature
unique to the aqueous batteries will further reduce the cost consid-
erably, promoting their large-scale applications.
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4. Conclusions

We have developed a dilute fluorine-free hybrid aqueous elec-
trolyte of 1 m Li�2H2O�3.9PED with an electrochemical stability
window of 3.3 V. This electrolyte design relies on the usage of
stable LiClO4 salt and PED solvent to regulate the hydrogen-
bonding network. Owing to strong interactions among PED, Li+

cation and H2O, the water activity of the PED-assisted aqueous
electrolytes is efficiently reduced via optimizing the molar ratio
of LiClO4: PED: H2O even at the dilute salt concentration of 1 m,
by which the parasitic reactions of water and other ingredients
on the electrode surface are effectively suppressed. Using this
new electrolyte, the 2.5 V LMO|LTO battery realized a stable
charge/discharge cycling at both low and high rates: 92.4% capacity
retention over 300 cycles at 0.5C and 80.4% capacity retention over
2000 cycles at 5C. The EIS analysis revealed that this battery has a
very small internal resistance that is comparable with that of the
well-known SEI-free LMO|LTO battery using the nonaqueous elec-
trolyte of 1 M LiPF6�EC/DMC, which accounts for a good rate capa-
bility. In situ ATR-FTIR and XPS characterizations further confirmed
that no significant protective film is generated on the surface of
either LMO or LTO in the battery using the dilute and fluorine-
free electrolyte of 1 m Li�2H2O�3.9PED, which is intrinsically dis-
tinguished from the reported salt-concentrated aqueous elec-
trolytes and molecular crowding electrolytes. Hence, the
expensive and toxic fluorinated salt is no longer necessary in a
3 V-class aqueous electrolyte design. Moreover, owing to the low
cost and low toxicity of LiClO4 and PED, our electrolyte exhibits
remarkable advantages in the cost and environment-friendliness



Fig. 7. XPS analysis of the surfaces of the LMO and LTO electrodes cycled in PED- and PEG-assisted aqueous electrolytes. (a) XPS spectra of the LMO electrodes cycled in PED-
and PEG-assisted aqueous electrolytes. (b) XPS spectra of the LTO electrodes cycled in PED- and PEG-assisted aqueous electrolytes. The pristine and the electrolyte-soaked
LMO and LTO electrodes were used as references. Only PEG-carboxylic acid was detected on the cycled LMO electrode in the PEG-assisted aqueous electrolyte.
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Fig. 8. Comparison of our fluorine-free aqueous electrolyte with other 3 V-class aqueous electrolytes previously reported. The price of various aqueous electrolytes was
estimated based on the information from Chinese market quotations as listed in Table S3 and Table S4.
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among the reported 3 V-class aqueous electrolytes. Consequently,
our work provides a simple yet pragmatic approach to developing
low-cost, low-toxic, high-power and high-energy-density aqueous
batteries, not just for Li+ but also for other batteries that are suffer-
ing from either severe hydrogen evolution reaction or high-
resistance passivation film, such as zinc aqueous batteries (see
Fig. S13).
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