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batteries (ALIBs), hindering their applica-
tion.[2] Furthermore, compared with the 
cathode, it is more challenging for the 
anode to suppress the hydrogen evolu-
tion reaction (HER) because the lithiation 
potential of most anode materials is lower 
than that of the HER, resulting in cycling 
fading.[3] Considering that the HER occurs 
on the interface of the anode, interfacial 
properties are the critical factors, particu-
larly under the electric field coming from 
the anode, because water-rich domains 
preferably form on the anode interface 
owning to the occupation of ion–water 
solvation in the inner Helmholtz layer.[4] 
Recently, water-in-salt (WIS) electrolytes 
have been proposed and successfully 
expanded the electrochemical window of 
aqueous electrolytes by over 3  V through 
the manipulation of the interphase chem-
istry and interface structure,[5] leading to 
the advent of ALIBs above 2 V.[5b,6] These 
studies indicate that interfacial properties 
are clearly the determining and dominant 
factors behind achieving a stable aqueous 
electrolyte in real batteries.[3b]

Developing various WIS electrolytes, many efforts that 
take the salt concentration as the crucial variable for the 
development of high-concentration aqueous electrolytes (such 
as water-in-bisalt, WIBS)[5b,7] that indeed refresh the record of 
the concentration. However, limited by the lithium reserve on 
land, the rapid increase of lithium consumption may result 
in a lack of lithium supply.[8] In this scenario, a high salt 

High-concentration water-in-salt (WIS) electrolytes expand the stable elec-
trochemical window of aqueous electrolytes, leading to the advent of high-
voltage (above 2 V) aqueous Li-ion batteries (ALIBs). However, the high 
lithium salt concentration electrolytes of ALIBs result in their high cost 
and deteriorate kinetic performance. Therefore, it is challenging for ALIBs 
to explore aqueous electrolytes with appropriate concentration to balance 
the electrochemical window and kinetic performance as well as the cost. In 
contrast to maintaining high concentrations of aqueous electrolytes (>20 m), 
a small number of hydrophobic cations are introduced to a much lower 
electrolyte concentration (13.8 m), and it is found that, compared with WIS 
electrolytes, ALIBs with these concentration-lowered electrolytes possess a 
compatible stable electrochemical window (3.23 V) and achieve better kinetic 
performance. These findings originate from the added cations, which form 
an electric-field-reinforced hydrophobic cationic sieve (HCS) that blocks 
water away from the anode and suppresses the hydrogen evolution reaction. 
Meanwhile, the lower electrolyte concentration provides significant benefits 
to ALIBs, including lower cost, better rate capability (lower viscosity of 18 cP 
and higher ionic conductivity of 22 mS cm−1 at 25 °C), and improved low-
temperature performance (liquidus temperature of −10.18 °C).

Research Article

1. Introduction

Aqueous electrolytes are sustainable for electrical energy 
storage because of the safety, environmental friendliness, and 
low cost of water solution.[1] However, the narrow electrochem-
ical window of aqueous electrolytes lowers the output voltage 
and cycle life of aqueous batteries, such as aqueous Li-ion 
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concentration is not appropriate and inevitably results in a high 
cost. What’s more, poor kinetic and low-temperature perfor-
mance due to high viscosity, low conductivity, and a high solid–
liquid transition temperature further limit the application of 
high-salt-concentration electrolyte.[5b]

Therefore, it is still challenging to achieve an aqueous elec-
trolyte with a wide electrochemical window and superior kinetic 
property with decreased concentration because lowering the 
salt concentration would exacerbate the HER problem on the 
anode interface.[1c,5a,7a,9] Inspired by the regulation of the inter-
face structure to prevent water from the reaction,[10] we propose 
using hydrophobic cations to tune the interface on the anode 
side to suppress the HER. Specifically, under the electric field 
stemming from the anode, hydrophobic cations could accumu-
late on the anode, serving as a sieve (named hydrophobic cation 
sieve, HCS) that excludes the water from the interfacial region, 
resulting in the suppression of water decomposition. This con-
ceptual HCS would make high salt concentration unnecessary 
for WIS electrolytes. Furthermore, considering the solvation 
effect of Li+,[11] when the concentration of the lithium salt reaches 
an appropriate concentration of 13.8 m, the molar ratio of Li+ to 
water becomes 1:4. At this molar ratio, Li+ ions in the electrolyte 
are sufficiently abundant to bind with all the water molecules so 
that almost no free water is left. Hence, the appropriate concen-
tration electrolyte (ACE) of 13.8  m salt with HCS may achieve 
stability as high-concentration WIS electrolytes (>20 m).

In this work, tetraethylammonium+ (TEA+) is selected as 
the hydrophobic cation to demonstrate the concept of HCS. As 
revealed by molecular dynamics (MD) simulations, the more 
negative the polarization is, the more TEA+ ions in HCS-ACE 
(5 wt% TEA+ added to 13.8 m LiTFSI) accumulate on the anode 
to form a stronger HCS. Consequently, the more interfacial 
water molecules decrease, elaborating the electric-field-rein-
forced effect of HCS. It reveals for the first time that the added 
hydrophobic cations (TEA+) modulate the electronic double layer 
(EDL) on anode interface from the molecular perspective, and 
therefore lower the concentration of the aqueous electrolyte. Fur-
thermore, the HCS-ACE can reach an electrochemical window 
of 3.23 V, comparable to WIBS electrolytes (28 m). Importantly, 
the salt concentration is significantly lowered with the aid of 
hydrophobic TEA+, so that the HCS-ACE costs much less while 
exhibiting excellent physical–chemical behaviors, including low 
viscosity (18  cP at 25  °C), high ion conductivity (22  mS  cm−1), 
and a low liquid temperature (−10.18 °C), which are beneficial to 
improve the kinetics and temperature tolerance of ALIBs.

2. Result and Discussion

2.1. Constructing the Hydrophobic Cationic Sieve (HCS) on the 
Anode Surface

Theoretically, the coordination number of water molecules in 
the primary solvation shell of a solvated Li+ is four,[11] and then 
if only considering the effect of solvated Li+ on lowering water 
activity, the molar ratio of Li+ to water can be minimized to 1:4 
(corresponding to a concentration of 13.8  m), so that all the 
water is possibly bounded with Li+ (Figure 1a). When the molar 
ratio of Li+ to water is less than 1:4, some water molecules will 
be in the secondary solvation sheath of Li+ and exist in a free 

state.[4b] Such water molecules are unfavorable for the stable 
electrochemical window of the electrolyte[5a] (Figure 1a). There-
fore, the relatively low concentration of 13.8  m LiTFSI (i.e., 
ACE) is selected as the base solution whose concentration is 
the minimum demand for Li+–water solvation. It is known that 
under the negative polarization, solvated Li+ prefers to occupy 
the interfacial region of the anode, resulting in the HER.[4a,b,d] 
To minimize the possibility of water molecules contacting the 
anode, a certain amount of tetraethylammonium trifluorometh-
anesulfonate (TEAOTF) is introduced into ACE. Driven by the 
electric field coming from the anode, the hydrophobic TEA+ 
cations accumulate to construct the HCS (Figure 1b). Because 
of the hydrophobicity and large size of TEA+, it has negligible 
hydration ability[10d] and inertness to the electrode.[7c] During 
the lithiation of the anode, the HCS tends to occupy the inter-
facial region, thus preventing some water molecules from con-
tacting the anode surface (Figure  1b) and then generating a 
chemical environment that is more difficult for the HER.

To determine the optimal amount of TEAOTF added into 
the ACE, we performed Fourier-transform infrared spectros-
copy (FTIR), Raman, and nuclear magnetic resonance (NMR). 
As shown in Figure 2a and Figure S1 (details in Note S1, Sup-
porting Information), the FTIR and Raman spectra of ACE with 
TEAOTF reveal that the S–N–S bending vibration mode[5a,12] is 
nearly unchanged after adding 5 wt% TEAOTF. However, with 
TEAOTF increasing to 22  wt%, the S–N–S bending vibration 
mode exhibits a redshift of 2 cm−1. The same trend occurs in the 
C–F3 symmetric stretching mode, as shown in Figure 2b. These 
results suggest that 5 wt% TEAOTF does not change the chem-
ical environment of anions, but the interaction between cations 
and anions becomes weaker as the TEAOTF increases from 
5 to 22 wt%. In Figure 2c and Figure S2, the O–H stretching 
mode[13] of the water molecule remains constant before and 
after adding 5 wt% TEAOTF, indicating that the TEA+ cations 
are not solvated by water. By contrast, the O–H stretching mode 
exhibits a large redshift of 14 cm−1 for TEAOTF: 22 wt%, sug-
gesting that excessive TEAOTF could affect the Li+–water sol-
vation structure, weakening the interaction between water 
and salt. NMR measurements further confirm these results 
(Figure  2d–f). The 1H spectrum of water molecules exhibits 
nearly no change after adding 5  wt% TEAOTF, but there is a 
slight chemical shift of 0.09  ppm from 5 to 22  wt% TEAOTF 
(Figure 2d). A weaker electronic density is found around H and 
O of H2O in TEAOTF:22  wt% compared to TEAOTF:5  wt% 
(Figure  2d; Figure S3, Supporting Information). The 1H sig-
nals of CH3– and –(CH2)– verify the existence of TEA+ again 
(Figure  2d; Figure S4, Supporting Information). As shown in 
Figure  2e, with increasing TEAOTF, the 19F signals of TFSI− 
experience upfield shift of 0.02 (from 0 to 5  wt% TEAOTF) 
and 0.04 ppm (from 5 to 22 wt% TEAOTF), respectively, while 
the 19F signals of OTF− show a downfield shift of 0.14  ppm 
(from 5 to 22  wt% TEAOTF). This opposite trend for the 19F 
signals can be ascribed to the interaction of TEA+–TFSI− and 
TEA+–OTF−, demonstrating that the cation–anion interaction 
follows the order: TEA+–TFSI− > TEA+–OTF−. In ACEs with dif-
ferent amounts of TEAOTF, the 7Li signal shows an interesting 
upfield shift of 0.02 ppm from 0 to 5 wt% TEAOTF, indicating 
strong ion shielding or increased Lewis basicity around Li+ 
(Figure  2f).[13b] However, the 0.03  ppm downfield shift of 7Li 
signals from 5 to 22  wt% TEAOTF further verifies that the 
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excessive addition of TEAOTF can damage the Li+–water solva-
tion structure, which would enlarge the water activity.

FTIR, Raman, and NMR results were understood by 
MD simulations (Figure  2g; Table S1, Supporting Infor-
mation). Specifically, the coordination number of TFSI− 
around TEA+ for TEAOTF:5  wt% is much more than that 
of OTF− (9.46 and 0.3, respectively; Figure  2h; Figure S5, 
Table S2 and Note S2, Supporting Information). This prob-
ably suggests that the general cation–anion interaction fol-
lows the order of TEA+–TFSI− > TEA+–OTF−, in line with our 
experimental observation. Moreover, OTF− shows a stronger 
interaction with Li+ than TFSI− (Table S3, Supporting Infor-
mation) and then replaces TFSI− in the solvation shell of Li+ 
(Figures S6 and S7, Supporting Information). With the addi-
tion of TEAOTF, TFSI− associates less with Li+, thus obtaining 
a more negatively charged environment. The effect is opposite 
for OTF−, which is consistent with the 19F shift trend observed 
for TFSI− and OTF− (Figure  2e). By scrutinizing the solvation 
shell of Li+ in different systems, we observe that the addition of 
TEAOTF decreases the coordination number of TFSI− and water 

surrounding Li+ and increases that of OTF− (Figure 2i; Table S2, 
Supporting Information). Hence, the change of general charge 
around Li+ may vary with TEA+ concentration, which would 
account for the phenomenon in Figure  2f. Furthermore, with 
the addition of TEAOTF, the water staying in the solvation shell 
of Li+ changes very little with TEAOTF:5 wt%, while some water 
would become free for the TEAOTF:22  wt%, suggesting that 
adding 5 wt% TEAOTF will not effectively change the solvation 
structure of water (Figures S8 and S9, Supporting Information).

In short, it can be concluded that the optimum addition of 
TEAOTF is 5 wt%, which could achieve well-balanced interac-
tions between Li+, water molecules, and anions. Herein, we 
define the ACE with 5 wt% TEAOTF as the HCS-ACE.

2.2. Modulating the Effect of the HCS on the Anode Interfacial 
Structure

To investigate how TEAOTF would affect the structure of 
electrode–electrolyte interfaces and then resist HER, MD 

Adv. Mater. 2022, 2207040

Figure 1.  The interface construction of hydrophobic cationic sieve (HCS). a) Lithium salt concentration with the molar ratio of water to lithium.[1f,5a–c,7a–c] 
b) Schematics of HCS effect on the interfacial structure of anode. The labels in (b) indicate: (1) Bound water, (2) Hydrophobic cationic sieve (HCS), 
(3) Restrained HER, (4) Appropriate concentration electrolyte (ACE).
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simulations of electrode–electrolyte interfaces were performed, 
constructed as the channel system (Figure 3a,b). With the 
addition of TEAOTF, the first peak of water number density 
decreases remarkably, regardless of the degree of negative 
polarization (Figure 3c,d; Figure S10, Supporting Information). 
The same trend is observed for Li+ and TFSI−. To quantitatively 
describe interfacial electrosorption, the accumulative number of 
each species in the interfacial region was calculated (Figure 3e,f; 
Figure  S11, Supporting Information). With the addition of 
TEAOTF, interfacial water is reduced by 40%–50% (Figure 3e). 
Interfacial free water, which accounts for ≈10%–15% of the 
total interfacial water, is decreased by 20%–46% with adding 
TEAOTF (The details for the bound state of water are discussed 
in Note S2 and Figures S12–S14, Supporting Information). 
Despite the addition of a small amount of TEAOTF (the molar 
ratio of TEA+ to Li+ is 1:13.8; Table S1, Supporting Information), 
there is an adlayer of TEA+ under 0 V (Figure 3c) with a strong 
van der Waals interaction with the anode (about −49 kJ mol−1, 

Figure S15, Supporting Information), which is consistent with 
the free energy well below the bulk region (Figure S16, Sup-
porting Information). The change of interfacial structure mainly 
caused by TEA+ leads to a positive shift of point of zero charge 
(from −0.48  V for ACE to −0.35  V for HCE-ACE, taking bulk 
region in simulation system as reference), which is consistent 
with the experimental measurement (Figure S17, Supporting 
Information). As the polarization becomes more negative, the 
minimum value of free energy well decreases from −52.5 to 
−73.3 kJ mol−1 (Figure S16, Supporting Information) because of 
the enhanced electrostatic interaction (Figure S15, Supporting 
Information), leading to the stronger accumulation of TEA+ 
ions on the anode (Figure 3f) and the formation of an electric-
field-reinforced HCS that facilitates the exclusion of water at 
the anode. To find the origin of the decreased interfacial water 
via the HCS, we further explored the 2D structures of water 
and ions in the interfacial region. As shown in Figure 3g and  
Figures S18–S20, the water is in the vicinity of Li+, consistent 

Adv. Mater. 2022, 2207040

Figure 2.  Cation–anion and ion–water interactions in ACE with the variation of TEAOTF. a) S–N–S bending vibration mode and b) C–F3 symmetric 
stretching mode of ACE with 0, 5, and 22 wt% of TEAOTF in FTIR, denoted as: (1) TEAOTF: 0 wt%, (2) TEAOTF: 5 wt%, and (3) TEAOTF: 22 wt%, 
respectively. c) O–H stretching modes of water molecule of (1) TEAOTF: 0 wt%, (2) TEAOTF: 5 wt%, and (3) TEAOTF: 22 wt% in Raman. d) 1H, e) 19F, 
and f) 7Li NMR chemical shift in: (1) TEAOTF: 0 wt%, (2) TEAOTF: 5 wt%, and (3) TEAOTF: 22 wt%. g) The snapshot of the MD simulation of TEAOTF: 
5 wt%. h) the Coordination number of TEA+ from MD simulation. i) Number of species of Li+ solvation shell from MD simulation. The coordination 
number of other species is summarized in Table S2 (Supporting Information).
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Figure 3.  The interfacial structure at the anode. a) Interfacial structure without HCS. b) Snapshot of MD simulation containing HCS and the interfacial 
structure with HCS. c,d) Number density distribution of water (top), cations (middle), and anions (bottom) under potentials of 0 V (c) and −1.5 V (d). 
Throughout the analysis, the position of different species is based on the center of mass. e) Electrosorption of water at anode surface in ACE and HCS-
ACE systems. The accumulative number was calculated by integrating number density in the interfacial region (0.35 nm from the anode, determined 
by water’s vdW diameter[4e]). f) Electrosorption of TEA+ at anode surface in HCS-ACE system. The accumulative number was calculated by integrating 
number density in the interfacial region (0.50 nm from the anode, which was determined based on the first valley of the number density distribution for 
TEA+). g) 2D density distribution of interfacial water at the anode. The white lines sketch contours of HCS distribution. Unit of the color bar is # nm−3.

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207040 by anxing zhou - <
Shibboleth>

-m
em

ber@
ucas.ac.cn , W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2022 Wiley-VCH GmbH2207040  (6 of 11)

www.advmat.dewww.advancedsciencenews.com

with that the majority of interfacial water molecules are bound 
with Li+ (Figure S14, Supporting Information), while few water 
molecules stay in the space taken by hydrophobic TFSI−. A 
considerable part of the interfacial space is occupied by the 
HCS after adding TEAOTF, and the room for interfacial water 
decreases remarkably (Figure  3g; Figures S18 and S21, Sup-
porting Information). TEA+, with four ethyl branches, shows 
the weakest interaction with water among the electrolyte 
components (Table S3, Supporting Information) and is large 
enough to achieve an effectual steric hindrance at the anode. 
Accordingly, fewer water molecules are found to stay within 
the interfacial region compared with the case in the absence of 
TEAOTF. The more negatively the anode is polarized, the larger 
is the amount of interfacial space occupied by TEA+ cations, 
which leads to fewer interfacial water molecules (the decrease in 
interfacial water is 1.40 per nm2 at 0 V and 2.27 per nm2 under 
−1.5  V, Figure  3e). Therefore, the addition of TEA+ modulates 
an interfacial microstructure with tougher kinetics for water 
touching the anode surface, which could potentially result in an 
environment wherein the HER is more difficult to occur. About 
the interfacial electrosorption of TEA+ at cathode can be seen in 
Note S2 and Figure S22 (Supporting Information).

2.3. Physicochemical Properties of the HCS-ACE

Previous work has reported that WIBS (21 m LiTFSI + 7 m 
LiOTF) has a high cost due to its high concentration,[5b] whereas 

in this work, the proposed HCS-ACE has a much lower con-
centration, rendering a lower cost (Figure 4a; Note S3 and 
Table S4, Supporting Information). This decrease of lithium salt 
concentration brings out many advantages in ionic transport 
properties, including the highest ionic conductivity (22 mS cm−1 
at 25 °C) and lowest viscosity (18 cP at 25 °C) among all available 
WIS electrolytes (Figure 4b; Table S5, Supporting Information). 
Furthermore, as a kind of surfactant, TEAOTF could effec-
tively reduce the surface tension of water, thereby improving 
the wettability of electrolytes to the electrode.[14] As Figure  4c 
shows, the contact angle of HCS-ACE is 32.7°, demonstrating 
better wettability than ACE (49.7°) and WIBS (51.7°). Further-
more, the HCS-ACE exhibits a much lower solid–liquid transi-
tion temperature (Tl) of −10.18  °C compared to that of WIBS, 
which is 20.21 °C (Figure 4d; Figure S23, Supporting Informa-
tion). Meanwhile, the HCS-ACE follows Arrhenius behavior at 
a wide temperature range of −20 to 20  °C, and WIBS displays 
an inflection point below −10 °C due to liquid–solid phase tran-
sition[15] (Figure S24, Supporting Information).

2.4. Evaluating the Electrochemical Power of the HCS-ACE

The electrochemical stability window of HCS-ACE and ACE 
was evaluated by linear sweep voltammetry (LSV) on the 
cathodic side (Al foil) and anodic side (Ti foil). Impressively, 
the electrochemical window of the HCS-ACE is measured to 
be 3.23  V (Figure 5a). It shows that the HER of HCS-ACE is 

Adv. Mater. 2022, 2207040

Figure 4.  The physicochemical properties of HCS-ACE. a) Cost analysis between this work and WIBS. The price of LiTFSI is taken as 300 and 550 $ per 
kg for LiOTF (details in Experimental Section, Supporting Information). b) Comparison of ionic conductivity and viscosity for HCS-ACE, 21 m LiTFSI,[5a] 
Li(TFSI)0.7(BETI)0.3·2H2O,[7a] 21 m LiTFSI + 7 m LiOTF,[5b] 32 m KOAc + 8 m LiOAc,[7e] 42 m LiTFSI + 21 m Me3EtN·TFSI[7c] and Li(PTFSI)0.6(TFSI)0.4·H2O[5c] 
electrolytes. c) The contact angles between the electrolyte of HCS-ACE, ACE, and WIBS. d) Thermal stability was measured by differential scanning 
calorimetry (DSC) at the rate of 2 °C  min−1 from −25 to 30 °C of HCS-ACE, ACE, and WIBS. Tl means the liquid temperature.

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207040 by anxing zhou - <
Shibboleth>

-m
em

ber@
ucas.ac.cn , W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2022 Wiley-VCH GmbH2207040  (7 of 11)

www.advmat.dewww.advancedsciencenews.com

significantly suppressed, compared with the ACE, and espe-
cially on the cathodic side, the potential can be defined as 
1.6  V (inset of Figure  5a and details in Note S4, Supporting 
Information), which is lower than that of the ACE (1.8 V), illus-
trating that the small amount of TEA+ can effectively suppress 
the HER and push the HER potential of 0.2  V. Even at chal-
lenging 1.0 V versus Li/Li+,[5a,7c] the current density of HER in 
HCS-ACE (1.08 mA cm−2) is an order of magnitude lower more 
than in ACE (11.7 mA cm−2), which strongly proves the effective 
interfacial modulation of the HCS revealed by MD simulations. 
On the anodic side, the onset of oxygen evolution reaction 
(OER) potential is pushed from 4.78  V in ACE into 4.83  V in 
HCS-ACE (Figure S25 and Note S4, Supporting Information). 
The electrochemical stability window of ACE and HCS-ACE 
were also evaluated with a slow-scanning rate of 1 mV s−1. The 
HER potential of HCS-ACE is 1.66  V, and the ACE is 2.01  V 
(Figure S26 and Note S4, Supporting Information). It is impres-
sive that the HER potential of HCS-ACE is much lower than 

that of ACE at a slow-scanning rate. In the interface environ-
ment without HCS, the HER reaction becomes more severe 
when the scan rate becomes lower (The HER potential of ACE 
is 1.8  V with 10  mV  s−1 scanning rate, while The HER poten-
tial of ACE is 2.01 V with a 1 mV s−1 scanning rate. The HER 
potential of HCS-ACE is almost unchanged when the scanning 
rate becomes lower). This result strongly proves the effective 
interfacial modulation of the HCS revealed by MD simula-
tions. Moreover, the small amount of TEA+ not only changes 
the potential of HER but also reduces the H2 evolution rate 
according to the Tafel slope in Figure S27 (The details in Note S4,  
Supporting Information). The onset of OER potential can be 
seen in Figure S26 and Note S4 (Supporting Information). The 
suppression of HER is further verified by cyclic voltammetry 
measurement (Figure S28, Supporting Information). A promi-
nent reaction peak appears in ACE, while the curve remains the 
EDL behavior in HCS-ACE (Figure S28, Supporting Informa-
tion). The electrochemical window of WIBS was measured. It 

Adv. Mater. 2022, 2207040

Figure 5.  Electrochemical performance of HCS-ACE and ACE. a) The electrochemical window of ACE and HCS-ACE, which was measured on Al foil 
(cathodic side) and Ti foil (anodic side) at the scanning rate of 10 mV s−1. Inset: onset of the HER potential of ACE and HCS-ACE. b) The first charge–
discharge curves at 0.5 C (1 C = 168 mA g−1) of 30 mAh (design capacity) pouch cell with ACE and HCS-ACE. The initial coulombic efficiency of the full 
cell with HCS-ACE and ACE is marked by the energy density of the full cell. c) The cycling performance and coulombic efficiency of 30 mAh pouch cell 
with ACE and HCS-ACE. Inset: Optical photograph of assembled 30 mAh ALIB pouch cell with HCS-ACE. d) The first and second charge–discharge 
curves at 3 C of 12 mAh (design capacity) pouch cell with HCS-ACE. e) The cycling performance and coulombic efficiencies of 12 mAh pouch cell. Inset: 
Optical photograph of assembled 12 mAh ALIB pouch cell with HCS-ACE. The mass ratio of cathode and anode in every pouch cell is 2.
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is worth noting that the HER potential of HCS-ACE is 1.60 V, 
which is comparable to that of WIBS. This result can prove 
again the ability of TEA+ to suppress the HER (Figure S29 and 
Note S4, Supporting Information). Thus, with the support of the 
electric-field-reinforced HCS-ACE, the redox couple of spinel 
LiMn2O4 (LMO) and carbon-coated anatase TiO2 (C-TiO2) (see 
details in Figures S30–S32, Supporting Information), whose 
characteristic redox peaks are 4.55 V/4.22 V, 4.40 V/4.02 V, and 
2.31 V/1.79 V, can be enveloped in the electrochemical window 
(Figure S33, Supporting Information). Moreover, the C-TiO2 
shows superior cycling reversibility in the half cell with a high 
mass loading condition of ≈11 mg cm−2 (Figure S34, Supporting 
Information).

Comparing the electrochemical windows of the ACE and 
HCS-ACE, it can be concluded that the electric-field-reinforced 
HCS could modulate the interfacial structure to significantly 
reduce the water at the anode interface, thereby shifting the 
negative potential of the HER. To demonstrate the electro-
chemical ability of HCS-ACE in the realistic full cell, we assem-
bled the ALIBs with LMO cathode and C-TiO2 anode. The full 
cell first processes 5 cycles at 5 C and then charges into 2.5 V, 
finally holding at 100% stage of charge (SOC) for 220  min to 
see the current decay (Figure S35, Supporting Information). 
It shows that the current decreases from 1.41 mA to less than 
0.1  mA in 8  min, indicating the electrochemical stability of 
HCS-ACE. The self-discharge behavior of our ALIBs with HCS-
ACE was evaluated in two methods shown in Figure S36 (Sup-
porting Information). All the full cells with HCS-ACE were run 
at 2  C for 5 cycles first, then stood at the SOC of 100%. The 
full cells showed no obvious voltage drop after standing for 
5000  min and can have 80% capacity retention after standing 
for 2000  min. It indicates a good storage performance of our 
full cells with HCS-ACE. Meanwhile, the in-situ pressure test 
with the cycling was conducted on our full pouch cell with 
HCS-ACE in Figure S37 (Supporting Information). It can be 
concluded that there is no noticeable change in pressure during 
cycling (the pressure is reduced by 6.86%), indicating that our 
full cell does not show obvious gas production during cycling. 
Also, our full cell with HCS-ACE and high mass loading LMO 
(≈20  mg  cm−2) and C-TiO2 (≈11  mg  cm−2) demonstrate supe-
rior electrochemical performance with high-capacity retention 
and >99% Coulombic efficiency. These results can collectively 
illustrate the electrochemical stability of HCS-ACE. The elec-
trochemical performance of the full cell in ACE with 22  wt% 
mentioned above was evaluated in Figure S38 (Supporting 
Information). The addition of 22  wt% TEAOTF significantly 
affects the electrochemical performance of the full cell probably 
due to the increase of free water.

Based on the above results, furthermore, the 2.5  V single-
layer mAh-level pouch cell (design capacity: 30 mAh) with 2.1 V 
output voltage is constructed with LMO cathode (≈20 mg cm−2) 
and C-TiO2 anode (≈11 mg cm−2) in a high mass loading condi-
tion. By sharp contrast, the ACE shows visible decomposition 
and low coulombic efficiency (the initial coulombic efficiency 
is 60% and stabilized to 95% after 100 cycles), resulting in the 
full cell that cannot survive beyond 100 cycles (Figure  5b,c). 
While benefiting from the electric-field-reinforced HCS, the 
full cell with HCS-ACE maintains higher coulombic effi-
ciency of 75% initial efficiency and ≈99% after several cycles 

(Figure S39, Supporting Information), which exhibits superior 
cycling stability with 78% capacity retention after 200 cycles 
at 0.5 C (Figure 5b,c). Because the HER and OER reactions[16] 
may not occur symmetrically in the aqueous batteries and the 
HER is easier to take place,[17] higher Coulombic efficiency 
indicates that the system has fewer HER and is more revers-
ible. More importantly, our single-layer pouch cell (30  mAh) 
delivers 40  Wh  kg−1 (note that the energy density calculation 
excludes the weight of the package,[18] and the details are listed 
in Table S6, Supporting Information). The 30 mAh pouch cell 
can maintain high energy efficiency (>85%, Figure S40, Sup-
porting Information) during cycling, which is key to energy 
storage systems. Furthermore, the pouch cell with HCS-ACE 
shows a long-term cycle life of up to 350 cycles at 3.5  C with 
retention of 71% (Figure  5d,e). The XPS and TEM were per-
formed on the C-TiO2 electrode after cycling in HCS-ACE and 
found that no anion-derived SEI formed (Figures S41, S42 and 
Note S4, Supporting Information). The electric-field-reinforced 
HCS should be the critical factor for the superior performance 
of ALIBs with HCS-ACE.

The rate capability and low-temperature performance of 
HCS-ACE were evaluated in comparison with the WIBS. The 
full cell with HCS-ACE can release almost three times more 
capacity than that with WIBS at a low temperature of −20 °C, 
which illustrates superior low-temperature performance in 
HCS-ACE (Figure 6a). Meanwhile, the full cell displays out-
standing rate capability, superior to WIBS (75.58% capacity 
retention at 4 C in HCS-WIS while 61.59% capacity retention at 
4 C in WIBS, Figure 6b). The better temperature tolerance and 
rate capability of the full cell with the HCS-ACE originate from 
the higher ionic conductivity and lower solid–liquid transition 
temperature of the HCS-ACE compared with WIBS. Different 
from WIBS, which has higher Tl (Figure 4d) and lower conduc-
tivity (0.44 mS  cm−1 at −20  °C; Figure S22, Supporting Infor-
mation) that result in poor kinetics at low temperature,[19] the 
HCS-ACE has a much lower Tl (Figure 4d) and relatively higher 
conductivity at the same temperature (4.27 mS cm−1 at −20 °C; 
Figure S22, Supporting Information). The HCS-ACE has the 
profound advantages of high ionic transportation, low viscosity, 
and low liquid–solid transition temperature due to the decrease 
in lithium salt concentration. Noticeably, the full cell with the 
HCS-ACE can achieve a high-power density of 949 W kg−1 with 
remarkable cycling performance for 1000 cycles at 8  C with a 
capacity retention rate of almost 70% (Figure 6c). These results 
can be attributed to the better wettability, higher ionic conduc-
tivity, and lower viscosity of the HCS-ACE at room temperature. 
The full cells with WIBS were also evaluated at 0.5 and 8  C 
for long-term cycling performances for comparison shown in 
Figure S43 and Note S4 (Supporting Information). Meanwhile, 
the interfacial resistances of the full cell with HCS-ACE and 
WIBS were evaluated in Figure S44 (Supporting Information), 
showing better interfacial reaction kinetics of HCS-ACE than 
WIBS. To our knowledge, the electrochemical performance 
of LMO/TiO2 can be the best with such dilute electrolyte in 
Table S7 (Supporting Information). Based on environmental 
friendliness, energy density, energy efficiency, cost, rate capa-
bility, and low-temperature performance, the figure of merit on 
ALIBs with HCS-ACE, ALIBs with concentrated electrolytes, 
and lead–acid batteries was draw (Figure  6d). Compared with 
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ALIBs with concentrated electrolytes, the ALIBs with HCS-ACE 
have better low-temperature performance, better rate capa-
bility, and lower cost. Compared with lead–acid batteries,[17a] the 
ALIBs with HCS-ACE are more environmentally friendly with 
better rate capability and higher energy density.

3. Conclusion

We have proven the importance of the conceptional HCS for 
the stability of aqueous electrolytes, which can reduce high-
concentration electrolytes to an ACE. Our simulations suggest 
that the introduction of TEA+ can modulate the interface struc-
ture at the anode. As a large hydrophobic cation, TEA+ can be 
absorbed on negatively polarized electrodes to form HCS, occu-
pying parts of the interfacial space at the anode. Thus, owing 

to the hydrophobic nature of TEA+, some water molecules are 
excluded from the interfacial region and have difficulty con-
tacting the anode surface. This contributes to an environment 
wherein it is more difficult for the HER to occur. Moreover, 
when the electrode polarization becomes more negative, more 
TEA+ ions can accumulate at the anode, and more water mole-
cules are expelled from the anode interface, implying that the 
HCS effect is electric-field-reinforced. The wider stable elec-
trochemical window of HCS-ACE indicates the restraint of the 
HER at the anode interface. Compared with the ACE, a full cell 
with the HCS-ACE achieves better cycling performance (78% 
retention after 200 cycles at 0.5  C in mAh-level pouch cell), 
higher coulombic efficiency (≈99% at 0.5 C), and high energy 
density (40 Wh kg−1). Meanwhile, owing to the decrease in con-
centration, the HCS-ACE possesses high ionic conductivity 
and a low liquidus temperature. Therefore, a full cell with the 

Figure 6.  Rate capability and low-temperature performance of HCS-ACE. a) Electrochemical performance of the LMO/C-TiO2 full cell at the low-tem-
perature test from 20 to −20 °C in WIBS and HCS-ACE. b) Rate capability of the LMO/C-TiO2 full cell of HCS-ACE and WIBS. c) Cycling performance 
of the LMO/C-TiO2 full cell of HCS-ACE at a high rate of 8 C. The capacity is based on the mass of cathode and anode, the mass ratio of cathode and 
anode is 2. d) Figure of merit on ALIBs with HCS-ACE, ALIBs with concentrated electrolytes, and lead–acid batteries.
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HCS-ACE has better rate performance and low-temperature 
performance than with WIBS. Our work provides an essential 
step toward developing high-performance and low-cost ALIBs 
for large-scale energy storage and a fundamental understanding 
of interfacial chemistries in ALIBs.

This work also demonstrates that the sizable hydrophobic 
cation plays an essential role in adjusting the anode inter-
face structure to suppress the HER in aqueous electrolytes. 
This strategy could be extended to other large cations, like 
asymmetric trimethylpropyl+ (TMP+) and symmetric tetrabutyl-
ammonium+ (TBA+), with different structures and sizes. Impor-
tantly, our work reveals that ALIBs with decreased lithium salt 
concentration of aqueous electrolytes and low-cost electrode 
materials, such as LiMn2O4 and anatase TiO2, are suitable for 
large-scale energy storage and sustainable aqueous batteries.

4. Experimental Section
The details of experimental section/methods are in the Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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