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Abstract: Aqueous batteries (ABs) have attracted increasing attention
because of their inherent safety and low cost. Nevertheless, hydrogen
evolution reaction (HER) at the anode presents severe challenges for stable
and safe operation of ABs. Instead of passivating the anode surface to
hinder HER kinetics, a novel design strategy is proposed here to suppress
the HER via alternating its thermodynamics pathway. By adding a
hydrogen bond acceptor, dimethyl sulfoxide (DMSO), the onset potential
of HER can be delayed by as much as 1.0 V (on titanium mesh). Spectral
characterization and molecular dynamics simulation confirm that the
formation of hydrogen bonds between DMSO and water molecules can
reduce the water activity, thereby suppressing the HER. This strategy has
proven to be universal in expanding the electrochemical window of
aqueous electrolytes. For instance, unconventional V2+↔V3+ redox
processes in Na3V2(PO4)3 (-1.2 V versus Ag/AgCl) and highly stable Zn
plating/stripping processes can be realized in ABs.

Introduction. With the ever-increasing demand for large-scale energy
storage

systems,

aqueous

rechargeable

batteries

are

receiving

unprecedented attentions owing to their advantages of environmental
friendliness, non-flammability, low-cost and high ionic conductivity of
electrolytes1-5. However, traditional aqueous electrolytes provide a narrow
electrochemical stability window (1.23 V) limited by the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)6-8.
Compared to the OER process, HER presents even more severe challenges
due to its high thermodynamic redox potential above most anode materials
and its favorable reaction kinetics (two-electron process vs. four-electron
process in OER). As a result, Anode materials are refrained from accessing
multi-electron reaction processes or suffer from serious side reactions in
aqueous electrolytes. Even in trace amounts, hydrogen will severely
deteriorate the electrode stability during cycling9, which greatly restricts
the choice of anode materials for aqueous batteries.
Up to now, several strategies have been implemented in suppressing
HER. A common practice was to increase the pH of the electrolyte to lower
the HER potential10,11. However, strong alkaline solution can influence the
stability of most electrode materials. Recently, a “water-in-salt” (WIS)
electrolyte (e.g. 21 m lithium bis(trifluoromethane)sulfonimide (21 m
LiTFSI))9 was used in aqueous batteries. By decreasing the amount of free
water molecules and forming a solid–electrolyte interphase (SEI) via anion

reduction on the anode, which kinetically prevents sustained reduction of
both water and anion, the electrochemical stability of the aqueous
electrolyte was improved. However, the onset potential for HER was only
reduced by 0.2 V compared to the low-concentration electrolyte (1 m
LiTFSI in H2O). Although high concentration aqueous electrolytes with
different salt species (e.g. nitrate, perchlorate, chloride, acetate and etc.)
have been studied14-19, their inhibitory effects on HER are not satisfactory.
Besides, the suppression of HER in those systems typically relies on the
formation of a surface passivation layer, which prevents on the direct
contact between the anode and the aqueous electrolyte and avoid excessive
water reduction reactions kinetically. Not only extensive optimization of
electrolyte formulations is needed to form an effective passivation layer on
the anode, but also the passivation layer itself can break to expose new
anode-electrolyte

interfaces

due

to

anode

volume

changes

in

charge/discharge cycles. Besides, using highly concentrated salts
(including some highly fluorinated salts, e.g. LiTFSI, lithium
bis(pentafluoroethanesulfonyl)imide (LiBETI)12, lithiumtri-fluoromethane
sulfolate (LiOTF)13), may significantly increase the toxicity and cost of
electrolyte, which compromises the economic benefits, and plagues the
large-scale application of ABs. There are also other strategies to suppress
HER, including the current collector design20, anode surface protection21,
molecular crowding electrolytes22, etc. Although some excellent results

have been achieved via these strategies, the strict experimental conditions
and high-cost hinder the large-scale applications. Taking account of the
pitfalls of strategies mentioned, a simple yet universal strategy to decrease
the inherent activity of H2O in HER is highly desirable.
Here, a novel strategy from the perspective of thermodynamics is
firstly introduced to reduce the HER potential of ABs, by manipulating the
hydrogen bond (H-bond) structure of water molecules. It was found out
that by adding DMSO with a mole fraction of 0.5 into aqueous electrolytes
(e.g. 2 m NaClO4 in H2O), the HER potential can be reduced by 1.0 V (from
0.6 V to 1.6 V, versus Ag/AgCl with saturated KCl). Spectral
characterization and molecular dynamics simulation (MD) demonstrate
that all the hydrogen atoms in water molecules are bound in the DMSOH2O H-bond network, which effectively reduces the activity of water
molecular. In addition, DMSO enter the cation solvation sheath directly to
replace part of coordinating water molecules, thus inhibiting their
involvement in interfacial electrochemical reactions. Benefiting from the
greatly suppressed HER in aqueous electrolytes via this strategy, efficient
utilization of the V2+↔V3+ reaction of the Na3V2(PO4)3 anode material,
which cannot proceed in conventional aqueous electrolytes, can be
achieved; in addition, the Coulombic efficiency of Zn metal anode can be
largely improved.

Results
Electrolyte structure design. Fig. 1a displays the schematic of HER in
aqueous electrolytes. During the charging and discharging process, water
molecules migrates to the electrode surface together with cations, and
subsequently undergo a deprotonation process to generate hydrogen. This
deprotonation step not only changes the chemical bond in water molecules,
but also disrupts the intermolecular H-bond. Therefore, HER of water
molecules is a competitive process with the H-bond formation process in
the solution22-25,46. In principle, modulating the H-bond structure of water
can reduce the activity of water, thus suppressing HER in ABs.
DMSO, as a highly polar aprotic solvent, can form strong H-bonds with
water molecules and significantly change the original H-bond structure of
water molecules26,27. As shown in Fig. 1b, there are two main types of Hbonds between water molecule and DMSO (1DMSO-2H2O, 2DMSO1H2O). Thus, the unique characteristic makes DMSO a favorable H-bond
acceptor to form H-bonds with water molecules and reduce their activities.
An apparent exothermal reaction was noticed when mixing H2O with
DMSO, as illustrated by the thermal images of the reaction mixture in Fig.
1c, in which the temperature of the mixed systems rose above 40℃. It was
confirmed

by

Fourier

transform

infrared

spectroscopy

(FT-IR,

Supplementary Fig. 1) that no new substance is produced when DMSO and
water are mixed. Therefore, the heat generated by the mixture should be

attributed to the formation of H-bonds between H2O and DMSO molecules.
The HER potentials for these aqueous electrolytes (2 m NaClO4 electrolyte
with different mole fractions of DMSO) were evaluated with linear sweep
voltammetry (LSV) on platinum electrodes (1 cm × 1 cm), with first
cathodic scan curves shown in Fig. 1d. As the amount of DMSO increases,
the hydrogen evolution potential decreases. When the DMSO molar
fraction is 0.5 (2 m-0.5), the lowest hydrogen evolution potential is
obtained, which pushes well beyond the electrochemical equilibrium
potential of water. No additional DMSO was added to maintain a relatively
low electrochemical impedance of the electrolyte (Supplementary Fig. 2).
It is worth mentioning that the strategy for suppressing HER is universal,
unlike WIS electrolytes which depend on the selections of suitable salts
and their concentrations. The hydrogen evolution potential of 1 m LiTFSI0.5 (adding DMSO with a mole fraction of 0.5 to 1 m LTFSI aqueous
electrolyte) is lower than that of both 1 m LiTFSI and 21 m LiTFSI (Fig.
1e). Similarly, a low hydrogen evolution potential is achieved after adding
DMSO with a mole fraction of 0.5 to 1 m KNO3 (1 m KNO3-0.5)
(Supplementary Fig. 3). This result demonstrates that the presence of
DMSO in aqueous electrolyte successfully suppressed the HER.

Fig. 1 The schematic of the electrolyte structure design. a Schematic diagram of the
HER process. b H-bond patterns between DMSO and water molecules. c Thermal
imaging pictures when different mole fractions of DMSO and water are mixed
(Different areas may have different temperatures). d Linear voltammetry curves
recorded at 10 mVs-1 in 2 m NaClO4-(0~0.5) electrolytes. e Linear voltammetry curves
recorded at 10 mVs-1 in 1 m LiTFSI, 21 m LiTFSI and 1 m LiTFSI-0.5 aqueous
electrolytes. We selected the onset potentials at which a current of 0.1 mA cm-2 is
observed to define the hydrogen evolution potential.

Experimental and theoretical consideration of electrolyte working
mechanism. The 23Na nuclear magnetic resonance (NMR) was utilized as
a sensitive indicator to study the surrounding environment of Na +. As
shown in Fig. 2a, apparent differences of 23Na chemical shifts in 2 m-0 and
2 m-0.5 systems were observed, which indicates the Na+ solvation structure
was changed with the addition of DMSO. Moreover, MD simulation and
quantum chemical calculation are applied to deeply understand the

mechanism underlying the H2O-DMSO electrolyte systems. While the
distribution radii for H2O and DMSO within the primary and secondary
sheath are the same as that of H2O in 2 m-0 system from the radical
distribution function (RDF) analysis, the formation of H2O-DMSO Hbonds and the changes of relative ratios of H2O in solvation sheathes play
significant roles in DMSO-induced property alterations. The formation of
H-bonds can be evidenced by FT-IR and Raman spectroscopies. Fig. 2c
shows the regional FT-IR spectroscopy of 2 m NaClO4 with different
DMSO molar fractions (full FT-IR spectroscopy displayed in
Supplementary Fig. 4). As the amount of water molecule increases, the
signal of the stretching mode of sulfoxide bond (νS=O, 900-1050 cm-1) in
FT-IR spectra shifts to a lower wavenumber (Fig. 2cⅰ). Such trend could be
explained by the H-bond interaction between the O-H bond in the water
molecule and the S=O double bond in DMSO, i.e. S=O····H-O45. The two
O-H stretching vibration (νO-H) peaks shift in opposite directions as the
DMSO concentration increases (Fig. 2cⅱ). The part that moves to a higher
wavenumber is attributed to the vibration of O-H that does not form Hbond with DMSO, and the part that moves to the lower wavenumber is
explained by the vibration of O-H that forms H-bond with DMSO47.
Supplementary Fig. 5 summarizes the Raman spectroscopy of 2 m NaClO4
with different DMSO molar fractions. Changes of the corresponding peaks
in Raman spectroscopy are in consistent with those from the FT-IR

spectroscopy. With more water molecules trapped by DMSO in the H-bond
network, the HER suppression would be easier to be observed. We
performed statistical analysis for H-bond formation of water with DMSO
in different solvation regions to get further details. In 2 m-0.5 system, the
averaged H2O-DMSO H-bond number distribution in Na+ solvation sheath
is presented in Supplementary Fig. 6. The water molecules replaced by
DMSO are distributed in the outer sheath region and formed stable H-bond
with outer sheath DMSO as a rather narrowed distribution region has been
observed. For those water molecules that participated in H2O-DMSO Hbond formation, each of them donates at least one proton in the reaction.
We further studied the ratio distribution of 1DMSO-2H2O divided by
2DMSO-1H2O in different sheath. It is interesting to notice that, in the
secondary and outer solvation sheath, over one third of H2O-DMSO Hbond adducts are in the form of 1DMSO-2H2O (Fig. 2d). Such result
indicates that relatively more water would be fixed with H2O-DMSO
interaction especially for the outer sheath region in which the replacement
water is re-distributed. The trapping effects together with the obvious
potential reduction of H2O-DMSO adduct help to further explain the
successful suppression of HER with the addition of DMSO in aqueous
electrolyte. Furthermore, we analyzed the coordination number of water
and DMSO within each solvation sheath around Na+ along the simulation
trajectories. It is unsurprising to find that, DMSO has penetrated into each

sheath as the averaged number of water is reduced from 6 to 2 in the
primary sheath and from 18 to 9 in the secondary sheath, respectively. The
replacement has been made with 3 DMSO in primary sheath and 6 DMSO
in secondary sheath (Fig. 2e, Supplementary Figs. 7, 8 and 9). Carrying
lesser water molecules in Na+ solvation sheath would also be beneficial for
HER suppression. In order to gain further insights into the mechanism of
HER suppression in H2O-DMSO electrolytes, potentials of H2 evolution in
water-water and H2O-DMSO adduct was compared by density functional
theory (DFT) calculations. The theoretical potential of H2 evolution in
H2O-DMSO adduct (2 m-0.5) is estimated to be reduced by 0.45 V at room
temperature (298.15 K) compared with that for water-water adduct,
corresponding to a free energy change of 10.47 kcal mol-1 (43.8 kJ mol-1)
in the H2O-DMSO adduct from the water-water adduct (Fig. 2f). This
further supports our conclusion that the thermodynamic pathway of HER
can be effectively modulated by the H-bond network with DMSO addition.

Fig. 2 The electrolyte structures including H-bonds and Na+ solvation structure. a
The 23Na NMR spectra in 2 m-0.5 and 2 m-0 electrolytes. b The radical distribution
function of water and DMSO molecules around Na+ in 2 m-0.5 and 2 m-0 systems. The
first and second minimum from the center is taken to be the Na+ first and second sheath
radii. c FT-IR of 2 m NaClO4 with different mole fractions of DMSO (ⅰ) S=O band; (ⅱ)
O-H stretching band of water. d The statistics of H-bonds formed between water and
DMSO in sheath regions (Ratio value, which takes the amount of DMSO molecules in
the 1DMSO-2H2O formation as divisor and the 2DMSO-1H2O formation as dividend).
The inner box-plot counts on the relative HB number in Na+ primary sheath (Primary),
primary and secondary sheath interaction surface (Interaction), secondary sheath
(Secondary) and outer sheath (Outer). The relative H-bond number was calculated as
the total H-bond number formed between water and DMSO in each region divided by
the number of water molecules participated in the H-bond formation. The outer violinplot summarizes the ratio distribution of 1DMSO-2H2O H-bond formation with
2DMSO-1H2O H-bond formation in each region. The red lines in box-plot and violinplot are trend indication plotted by the median of each region. e The schematic of Na+
solvation sheath of (i)2 m-0 and (ii)2 m-0.5 systems. f The HER potential and energy
difference in water-water adduct and H2O-DMSO adduct.

Electrochemical performance test. The overall electrochemical stability
window of 2 m-0.5 is expanded to 3.1 V when using titanium meshes as
the negative and positive current collectors (Fig. 3a). Particularly, the HER
onset potential is pushed from -0.6 V9 to -1.6 V versus Ag/AgCl. A low
hydrogen evolution potential can well satisfy reactions that cannot occur
in traditional aqueous electrolytes. For example, although Na3V2(PO4)3
(NVP) can undergo multivalent state transitions (V2+↔V3+↔V4+) (Fig. 3b),
the V2+↔V3+ redox process was excluded in traditional aqueous electrolyte
systems, because its reaction potential (-1.2 V versus Ag/AgCl) is much
lower than the HER potential on NVP (-0.8 V versus Ag/AgCl in 2 m
NaClO4). Nevertheless, NVP-based electrode can undergo a highly
reversible V2+↔V3+ reaction in the 2 m-0.5 electrolyte (Fig. 3c). The
discharge capacity of NVP reaches as high as 180 mAhg-1 at current density
of 0.5 Ag-1 in the 2 m-0.5 electrolyte (Fig. 3d). To the best of our knowledge,
this is the first time that NVP achieves its maximum discharge capacity in
an aqueous electrolyte. Fig. 3e presents the cyclic voltammetry (CV)
curves of NVP in the 2 m-0.5 system, where two pairs of redox peaks are
displayed within the range of −1.4-1.0 V versus Ag/AgCl (at a sweep rate
of 0.1 mVs-1). The voltage difference between the two pairs of redox peaks
is 1.7 V. Therefore, a symmetrical battery based on NVP as cathode and
anode in 2 m-0.5 can be assembled, as shown schematically in Fig. 3f. The
galvanostatic charge-discharge profiles of this symmetrical battery are

illustrated in Fig. 3g. Owing to the greatly improved stability of the
electrolyte against HER, the battery achieves an output voltage of 1.7 V
and delivers a reversible discharge capacity of ~90 mAhg -1 (at 1 A g-1,
based on the total mass of anode and cathode active materials) and a
capacity retention of ~88% after 100 cycles (Fig. 3h).

Fig.3 The electrochemical performance of the NVP anode in the 2 m-0.5 electrolyte.
a The electrochemical stability window of 2 m-0.5 on nonactive electrodes. b
Schematic diagram of V2+↔V3+↔V4+ reaction potential (versus Ag/AgCl). c Discharge
curve of NVP in 2 m-0 (black) and 2 m-0.5 (red). d Charge-discharge profiles of NVP
in 2 m-0.5. e The cyclic voltammetry (CV) curves of NVP at 0.1 mV s-1 in 2 m-0.5. f
Schematic diagram of symmetrical battery based on NVP as electrode. g The 1st, 2nd,
and 3th charge-discharge profiles of NVP symmetrical battery. h Cycling performance
of NVP symmetrical battery.

To further verify that this methodology is universal in suppressing HER
side reactions, its application in aqueous zinc metal batteries (AZMBs) is
studied. AZMBs are very attractive energy storage solutions due to their
safety, low-cost, etc. Nevertheless, the competitive HER on Zn anode
during the charging cycle raises serious challenge to develop AZMBs with
high Zn plating/stripping Coulombic efficiencies (CE) and good cycle

stability for practical implementation. In contrast to the clear H2 evolution
and rough Zn plating morphology in the 2 m Zn(CF3SO3)2 electrolyte as
shown in Fig. 4a-c, a highly smooth Zn surface without H2 evolution was
observed in the 2 m Zn(CF3SO3)2-0.5 electrolyte (2 m Zn(CF3SO3)2 added
dimethyl sulfoxide (DMSO) with a mole fraction of 0.5) (Fig. 4d-f). More
importantly, the average CE of Zn-Ti cell (as calculated from the ratio of
Zn removed from the Ti substrate to that of deposited during the same cycle)
in the first ten cycles is 99.02% in 2 m Zn(CF3SO3)2-0.5, which remains
stable even after 500 cycles(Fig. 4g, h, black line). In contrast, in 2 m
Zn(CF3SO3)2, the average CE of the Zn-Ti cell in the first ten cycles is only
85.60% (Fig. 4h, red line) and the CE values fluctuates greatly after ≈13
cycles, which is mainly due to the short circuit of the cell (Fig. 4i). The
stability of Zn metal anode was also evaluated by long-term galvanostatic
cycling of the symmetric Zn-Zn cells (Fig. 4j). Although with a slightly
higher polarization, all cells which use 2 m Zn(CF3SO3)2-0.5 display more
stable cycle performance than those using the 2 m Zn(CF3SO3)2 electrolyte.
After cycling for ~70 h at 1 mA cm−2, the polarization voltage drops
suddenly in the DMSO-free Zn-Zn cell, which can be ascribed to short
circuit induced by Zn dendrite. On the contrary, the Zn-Zn cell using
DMSO-containing electrolyte displays a prolonged cycling stability for
more than 1600 h. Even at a high rate of 5 mA cm-2 (0.5 mAh cm-2 per half
cycle) Zn-Zn cells still show excellent cycling stability (Supplementary Fig.

10).

Fig. 4 The electrochemical performance of the Zn anode. a. Schematic diagram of
Zn anode behavior with dendrite growth and H2 evolution in 2 m Zn(CF3SO3)2. b. H2
evolution observed in 2 m Zn(CF3SO3)2. c The scanning electron microscopy (SEM)
image of Zn deposits using 2 m Zn(CF3SO3)2 in Zn-Zn cells at 1 mA cm-2 (0.5 mAh
cm-2), after cycling for 100h. d Schematic diagram of Zn anode behavior in 2 m
Zn(CF3SO3)2-0.5. e No H2 evolution observed in 2 m Zn(CF3SO3)2-0.5. f SEM image
of Zn deposits using 2 m Zn(CF3SO3)2-0.5 at 1 mA cm-2 (0.5 mAh cm-2), after cycling
for 100h. g, h CE of Zn plating/stripping in different electrolytes obtained from Zn-Ti
cells at 1 mA cm-2 (0.5 mAh cm-2). i Voltage profiles of Zn plating/stripping using
different electrolytes in Zn-Ti cells at a current density of 1 mA cm−2. j Galvanostatic
cycling performance of symmetric Zn-Zn cells tests using different electrolytes at 1 mA
cm-2 (0.5 mAh cm-2).

Discussion
In this work, we demonstrate that the manipulation of intermolecular
H-bonds is an effective and universal strategy to suppress the HER side
reactions in aqueous electrolytes. DMSO, as a co-solvent, will participate

in the cationic solvation structure, replacing the water molecules in the
solvation sheath. At the same time, it can work as a H-bond acceptor to
interact with water molecules inside and outside of the solvation sheath.
The H-bonds between DMSO and water molecules can confine water
molecules through the DMSO-H2O H-bond network, thus reducing water
activity. The energy barrier for water molecules to deprotonate in the
system containing DMSO increases by 43.8 kJ mol-1. Benefiting from the
suppression of the HER, the electrochemical window of aqueous
electrolyte can be greatly expanded, enabling multi-electron redox
reactions of NVP with a discharge capacity of 180 mAhg-1 for the first time
(at a current density 0.5 Ag-1) and highly stable Zn metal cycling with CEs
over 99%.This study provides new insights to suppress the HER of aqueous
electrolyte from the perspective of thermodynamics.

Methods
Preparation of electrolytes and electrodes. The 2 m-0.5 samples were
formed by mixing the two components (2 m NaClO4 aqueous solution and
DMSO) with the required molar ratios (the DMSO/(DMSO+H2O) molar
ratio is 0.5) at room temperature. The same strategy was used to prepare 2
m Zn(CF3SO3)2-0.5 samples. NVP was synthesized according to the
previously reported method33. The corresponding characterization of NVP
is shown in Supplementary Figs. 11, 12 and 13. The NVP electrodes used
here comprise 80 wt% NVP, 10 wt% Super P carbon, and 10 wt%
polyvinylidene fluoride (PVDF), which were mixed and dispersed in Nmethyl-2-pyrrolidone (NMP) and cast on the Ti current collector (10 μm in
thickness). NVP was punched in the diameter of 12 mm (1.1304 cm2) for
the electrochemistry tests. The active mass loading for the NVP electrode
materials was 1.2 ± 1 mg cm-2 for normal tests. Zn foil (>99.99%) and Ti
foil (>99.99%) were purchased from Ailian of Tianjin. Zn and Ti foil were
punched in the diameter of 12 mm (1.1304 cm2) for the electrochemistry
tests.
Characterization. Thermal imaging camera (Hti-Xintai HT-101) to record
the exothermic phenomenon. NMR spectra were collected on Bruker
ASCEND400. FT-IR measurements were carried out on a Perkin-Elmer
spectrometer in the transmittance mode. Raman spectroscopy for the
electrolyte structure was conducted on Horiba LabRAM HR Evolution

microscope used a 532 nm excitation laser. The scanning electron
microscopy (SEM, JEOLJSM-7500F) was employed to detect the
morphologies of NVP and Zn deposits on the Zn-metal anodes. The X-ray
diffractometer (XRD) patterns were recorded on RigakuMiniFlex600 with
Cu-Kα1 radiation (λ = 1.5405 Å). The high-resolution transmission
electron microscopy (HRTEM) was conducted using FEITalosF200XG2.
Computational methods. MD simulations were performed on the 2 m
NaClO4 aqueous electrolyte systems with Amber 16 package34 to deeper
understand the solvation shell changes after adding DMSO with 0.5 mole
fraction. The force file parameters of ClO4- and DMSO applied here were
gathered from the literature35,36 (Supplementary Table 1). Water molecules
were described with TIP3P potential model37. A total 100 ns MD
production run was performed for each system after minimization run and
heating procedure to reach 300 K. The sampling strategies were carried out
under NpT condition with 2fs time step. The electrostatic interactions were
described with the particle mesh Ewald method (PBE)38 and cutoff
threshold of 10 Å was applied for non-bonded Van der Waals interaction.
The periodic boundary conditions (PBC) and SHAKE algorithm were
turned on during the production run39. Details of the simulated model
components could be referred to Supplementary Table 2. Supplementary
Fig. 14 presents the equilibrium properties of the two simulated systems.
Analysis was performed based on 10-100ns simulation trajectories.

A quantum chemistry study of the reduction reaction was performed
using Gaussian 16 to distinguish the energy profile of H2 evolution from
water in different H-bond systems captured from MD simulations. Density
functional B3LYP40 with 6-311G* and D3BJ41 dispersion correction was
used

for

geometrical

optimization.

The

double-hybrid

method

B2PLYPD342 with def2TZVP basis set was applied for thermodynamic
correction. The Minnesota functional M052X43 with equivalent basis set
was used to estimate the solvation effects. The SMD solvation model using
water solvent parameters was applied in all needed calculation scenarios.
The half cycle of H2 evolution could be described as:
𝑊𝑎𝑡𝑒𝑟/𝐷𝑀𝑆𝑂 ∙ 𝐻𝑂𝐻 + 𝑒 − → 𝑊𝑎𝑡𝑒𝑟/𝐷𝑀𝑆𝑂 ∙ 𝑂𝐻− +

1
𝐻
2 2

The free energy for the complex of interest denoted as water/DMSO Hbond cluster in solution could be calculated according to the following
expression:
∆𝐺 𝑆𝑜𝑙 = ∆𝐺 𝑆𝑜𝑙 (𝑊𝑎𝑡𝑒𝑟/𝐷𝑀𝑆𝑂 ∙ 𝑂𝐻 − )

− ∆𝐺 𝑆𝑜𝑙 (𝑊𝑎𝑡𝑒𝑟/𝐷𝑀𝑆𝑂 ∙ 𝐻𝑂𝐻)

The reduction potential was calculated as:

∆𝐺 𝑆𝑜𝑙
– 𝑆𝐻𝐸
𝐸 =−
𝐹
0

Where F is Faraday’s constant (1.0 eV/V) and SHE is the absolute potential
of the standard hydrogen electrode44. As we focused on the difference of
reduction potential, SHE part was eliminated from the deduction

calculation, so there is no need for interpretation of the value of SHE.
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Figures

Figure 1
The schematic of the electrolyte structure design. a Schematic diagram of the HER process. b H-bond
patterns between DMSO and water molecules. c Thermal imaging pictures when different mole fractions
of DMSO and water are mixed (Different areas may have different temperatures). d Linear voltammetry
curves recorded at 10 mVs-1 in 2 m NaClO4-(0~0.5) electrolytes. e Linear voltammetry curves recorded at
10 mVs-1 in 1 m LiTFSI, 21 m LiTFSI and 1 m LiTFSI-0.5 aqueous electrolytes. We selected the onset
potentials at which a current of 0.1 mA cm-2 is observed to de ne the hydrogen evolution potential.

Figure 2
The electrolyte structures including H-bonds and Na+ solvation structure. a The 23Na NMR spectra in 2
m-0.5 and 2 m-0 electrolytes. b The radical distribution function of water and DMSO molecules around
Na+ in 2 m-0.5 and 2 m-0 systems. The rst and second minimum from the center is taken to be the Na+
rst and second sheath radii. c FT-IR of 2 m NaClO4 with different mole fractions of DMSO () S=O band;
() O-H stretching band of water. d The statistics of H-bonds formed between water and DMSO in sheath
regions (Ratio value, which takes the amount of DMSO molecules in the 1DMSO-2H2O formation as
divisor and the 2DMSO-1H2O formation as dividend). The inner box-plot counts on the relative HB
number in Na+ primary sheath (Primary), primary and secondary sheath interaction surface (Interaction),
secondary sheath (Secondary) and outer sheath (Outer). The relative H-bond number was calculated as
the total H-bond number formed between water and DMSO in each region divided by the number of water

molecules participated in the H-bond formation. The outer violin-plot summarizes the ratio distribution of
1DMSO-2H2O H-bond formation with 2DMSO-1H2O H-bond formation in each region. The red lines in
box-plot and violin-plot are trend indication plotted by the median of each region. e The schematic of Na+
solvation sheath of (i)2 m-0 and (ii)2 m-0.5 systems. f The HER potential and energy difference in waterwater adduct and H2O-DMSO adduct.

Figure 3
The electrochemical performance of the NVP anode in the 2 m-0.5 electrolyte. a The electrochemical
stability window of 2 m-0.5 on nonactive electrodes. b Schematic diagram of V2+V3+V4+ reaction
potential (versus Ag/AgCl). c Discharge curve of NVP in 2 m-0 (black) and 2 m-0.5 (red). d Chargedischarge pro les of NVP in 2 m-0.5. e The cyclic voltammetry (CV) curves of NVP at 0.1 mV s-1 in 2 m0.5. f Schematic diagram of symmetrical battery based on NVP as electrode. g The 1st, 2nd, and 3th
charge-discharge pro les of NVP symmetrical battery. h Cycling performance of NVP symmetrical battery.

Figure 4
The electrochemical performance of the Zn anode. a. Schematic diagram of Zn anode behavior with
dendrite growth and H2 evolution in 2 m Zn(CF3SO3)2. b. H2 evolution observed in 2 m Zn(CF3SO3)2. c
The scanning electron microscopy (SEM) image of Zn deposits using 2 m Zn(CF3SO3)2 in Zn-Zn cells at
1 mA cm-2 (0.5 mAh cm-2), after cycling for 100h. d Schematic diagram of Zn anode behavior in 2 m
Zn(CF3SO3)2-0.5. e No H2 evolution observed in 2 m Zn(CF3SO3)2-0.5. f SEM image of Zn deposits
using 2 m Zn(CF3SO3)2-0.5 at 1 mA cm-2 (0.5 mAh cm-2), after cycling for 100h. g, h CE of Zn
plating/stripping in different electrolytes obtained from Zn-Ti cells at 1 mA cm-2 (0.5 mAh cm-2). i
Voltage pro les of Zn plating/stripping using different electrolytes in Zn-Ti cells at a current density of 1
mA cm−2. j Galvanostatic cycling performance of symmetric Zn-Zn cells tests using different electrolytes
at 1 mA cm-2 (0.5 mAh cm-2).
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