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Experimental Section
Materials
All chemicals were used directly without further purification. zinc sulfate

(ZnSO4 7H,0, =99.5 %, AR) were purchased from Chengdu Kolon Chemical
Company, N, N-dimethylacetamide (DMAC, 99 %, AR) and NH;Ac (99%, GR) were

purchased from Shanghai Maclean Biochemical Technology Company. Urea (=99.5

%, AR) were purchased from Shanghai Aladdin Bio-Chem Technology.

Materials preparation

Preparation of cathode and anode

The anode was made of purchased zinc foil (thickness 100 pm, 99.99%) with an
abrasive material to remove the passivation layer. The zinc foil was then cut into discs
(p = 14 mm) to serve as zinc electrodes. The NH,V,40,( was synthesized by a simple
one-step hydrothermal reaction. In a typical synthesis, 0.354 g NH,V3;03 was added
to60 ml of distilled water and stirred for 1 h until completely dissolved. Then, 0.2835¢g
of H,C,04-2H,0 was added to the solution, and stirred until completely dissolved.
After that, the whole solution was transferred to a 100 mL PTFE-lined stainless-steel
autoclave for a 24 h reaction at 180 °C. The powders were collected by centrifugation
and washed 3 times with distilled water and absolute ethanol, and dried overnight in a
vacuum oven at 60 °C. The NH4V 40O, cathodes were prepared by mixing the active
material, Super P carbon and polyvinylidene fluoride in a 7:2:1 weight ratio using N-
methyl-2-pyrrolidone as a solvent. The slurry mixture was coated onto the Ti foil and

dried under vacuum at 70°C for 12 hours. The prepared electrodes were cut into circular

pieces (¢ = 10 mm) for use in coin-type cells.

Preparation of HESE

To prepare the ZnSO, electrolyte, 0.2 mol ZnSO4-7H,0 and deionized water were
mixed in a 100 mL volumetric flask. High entropy electrolyte (HESE-1) was prepared
by adding 0.01 mol urea, 5 vol % DMAC and 0.03 mol NH;Ac to 10 mL 2 M ZnSO,
electrolyte. After experimental determination, the concentration of the mixed HESE
was optimized, and the most concentrated electrolyte was HESE-0.5 electrolyte.

Materials characterization

X-ray diffraction analysis (XRD) was characterized by equipment (Smart Lab, Riga ku,
Japan) with a Cu-Ko (A = 1.540598 A, Smart Lab) source (scan rate of 4°min~'), with
detected angular range of 2°< 20 < 80°. The morphology of the samples was studied by
field emission scanning electron microscopy (SEM, FEI, Sirion 200). The samples were
characterized for elemental analysis using field emission scanning electron microscopy
(SEM, FEI-Quanta 250, USA) and the corresponding energy dispersive x-ray (EDX)
elemental mapping. The Bruker AVANCE AVIII 400 spectrometer was used to acquire
the nuclear magnetic resonance (NMR) spectra of the electrolytes. The Fourier
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transform infrared (FTIR) and Raman spectroscopy was used to acquire DGME
exchange the solvation structure and adsorption behavior.

Electrochemical evaluation

The Zn||Zn symmetric cell, the Zn//Cu asymmetric cell and the Zn//NVO full cell were
assembled in air to form a coin cell (CR2032). The batteries were assembled using a
Zn plate (thickness of 100 um) as the anode, electrolyte (200 uL), and glass fiber filters
as the separator. The cycling performance of batteries was obtained by the LAND
battery test system. The electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), linear scanning voltammetry (LSV), Tafel profiles and
chronoamperometry (CA) was performed on electrochemical workstations (CHI660E
and CHI760E). The equivalent circuit of EIS fitting is R(C(RW)), and the equivalent

circuit diagram is as follows:
W]

Density functional theory (DFT) calculations
The calculations for binding energy and deprotonation energy were conducted in
Gaussian09 and ORCA software package.l'! The level B3LYP(D3)/6-31+g(d,p) was
used for the optimized geometry, the energy calculations of combination of Zn?" and
other molecules were performed under the ®B97M-V/def2TZVP level of theory while
MO06-2X(D3)/def2TZVP was used for evaluating weak interactions between organic
molecules and water. In addition, the Solute Electron Density (SMD) implicit solvation
model was used to describe the solvation effect.?’] The binding energies (Epinding)
between two sections were calculated by

Ebinding =E,p-E,-Ep
where E,p is the total energy of the complex, E5 and Eg are the energies of each
fragment. For deprotonation reaction computation, we conducted further precise
analysis on the Zn?' solvation clusters according to MD simulation results. The
deprotonation energy for H,O in solvation clusters was computed by the following
equation:

E E

Edeprotonation = Ecluster ~ gt - Edeprotonated cluster

where Ey* is the absolute aqueous solvation free energy of the proton, E e and
E(deprotonated clustery ar€ the energies of the cluster in the presence and absence of H*
respectively.3

The calculations for entropy in electrolyte systems were implemented in CP2K and
Shermo.* 31 Five system models were constructed preliminarily using the results of
molecular dynamics simulation. System 1(2M ZnSO,):5 ZnSO,, 130 H,O; System
2(2M ZnSO4-Urea):5 ZnSO,4, 130 H,0, 3 Urea; System 3(2M ZnSO4,-DMAC):S
ZnSQOy, 130 H,0, 3 DMAC; System 4(2M ZnSO4-NH4"/AcO"):5 ZnSO,, 130 H,0, 2
NH4%,2 AcO-; System 5(2M ZnSO,4-Urea/DMAC/NH4+/AcO"):5 ZnSO,, 130 H,O0, 3
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Urea, 3 DMAC, 2 NH4*, 2 AcO-; The orbital transformation method was used for the
wavefunction optimization and the plane wave cutoff was set to 600 Ry. The basis set
was DZVP-MOLOPT-SR-GTH level and the core electrons were represented by
Goedecker-Teter-Hutter (GTH) pseudopotentials.[®! Perdew-Burke-Ernzerhof (PBE)
functional was used to describe the exchange-correlation effects. The geometries were
optimized by Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimizer and the structural
optimization parameter of max force was set to 1x107.l7 81 The entropy of the
electrolyte was ultimately determined by analyzing the frequency results of the
optimized structure.

Molecular Dynamics (MD) simulations

The classical MD simulations were performed in the Large Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS). 1 The MD parameters for all molecules
were obtained from OPLS-AA force fields and set up by Moltemplate while SPC/E
model was applied to water.l') To avoid the impact of overestimating charges on the
simulation, the charge of ions in the electrolyte was reduced proportionally in all cases
according to the method proposed by Vega and Acevedo (Zn?*" and SO, scaled by
0.85, NH;" and AcO- scaled by 0.8).['!: 12] The particle-particle particle-mesh solver
(PPPM) was applied in long-range electrostatic interactions. A cut-off distance of 1.2
nm was used for electrostatic and 12-6 Lennard-Jones interactions.

For electrolyte structure determination, a canonical (NVT) ensemble for 1 ns was
applied firstly to 2 M ZnSO, (60 ZnSO, 1200 H,O) and 2 M ZnSOy4-
Urea/DMAC/NH4*/AcO- (60 ZnSQOy4, 1200 H,0, 40 Urea, 40DMAC, 20 NH4*, 20AcO")
electrolyte systems. The experimental system was then subjected to two cycles of
quench-annealing dynamics which the temperature was cycled between 298 K and 500
K to drive the system to reach the lowest potential energy. After that two systems were
equilibrated under an isothermal-isobaric (NPT) ensemble for 10 ns at a temperature of
298 K and a pressure of 1 atm with a time step of 1 fs. Finally, another 10 ns simulation
was performed in the NVT ensemble under Nose-Hoover thermostats at 298 K to
analyze the radial distribution function (RDF) of the system.

For surface energy calculation, simulation boxes contain molecular model of ZnSO,
electrolyte with or without additives which is exposed to zinc metal surface at 30x30
A2, The MEAM potential was applied to zinc metal while Lennard-Jones potential was
used to describe the interactions between zinc metal and liquid molecules.!'3! The
surface energy of zinc metal crystal faces (002) (100) (101) in solution environment
(Esurf) was defined as:

_ E sol
E surf = Yst ﬂ
Where v; is the surface energy of metal crystal planes under vacuum conditions which
was evaluated by dividing metals to form new crystal planes, E, is the interaction
energy between the solution and the crystal plane which was obtained by built-in
commands during simulation while A is the area of contact between them. All the
snapshots of the MD simulations were implemented by VMD software.[14]



The activation energy is calculated from the Arrhenius equation

L _, Eq
R_ct = Aexp( ﬁ)
Where Rct is the charge transfer resistance (), A is the pre-exponential factor, Ea is
the activation energy (KJ mol™"), R is the gas constant (8.314J (mol*K) '), T is the
Kelvin temperature (K).

The (cumulative plating capacity) CPC calculation formula

Cumulative plating capacity = area capacity x cycle number
In this work, the symmetric cells are used to cycle more than 1750 cycles at 5 mA cm™
and 5 mAh cm2, thus the CPC is 5 mAh m™2 x1750 cycles, and the result is 8750 mAh
cm 2,
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Figure S17. SEM images of soaking in ZSO electrolyte with (a) urea, (b) NH4Ac
and (c) DMAC for 10 days.
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Figure S22. Optical photos of different concentrations of HESE electrolyte.
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Figure S32. SEM of NVO cathode material.
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Figure S35. SEM images of Zn anode of Zn//NVO battery a) cycled for 50 times in
7SO0 electrolyte, b) cycled for 50 times in HESE.
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Figure S36. SEM images of NVO cathode of Zn//NVO battery a) cycled 50 times in
7SO0 electrolyte, b) cycled 50 times in HESE.
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Figure S37. Map Sum Spectrum and EDS mapping of Zn anode in a Zn//NVO full
cell using ZSO electrolyte after 50 cycles.
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Table S1: The electrochemical performance of ZMBs in this study was compared with
that of previously reported electrolytes.

Symmetric Zn cells Asymmetric
Zn cells
Electrolyte | Current Density (mA/cm?) | Lifespan CPC Average CE (%) Ref.
S /Capacity (mAh/cm?) (h) (mAh/cm?)
HESE (this 5/5 3500 8750 99.76 —
work) 10/10 1300 6500
BMIm* 5/5 1400 3500 99.8 )
10/10 1000 5000
ET 1/1 5700 2850 99.6 el
5/5 2000 5000
NMI 1/1 2600 1300 99.74 17
L-CN 1/1 6083 3041.5 98..85 (18]
CH;0H 5/5 1000 2500 99.5 [191018]
DMAC+TMP 5/5 1600 4000 99.5 (201191
SrTiO3 1/0.5 2000 1000 99 (21]
2/1 2000 2000
N -ac 10/10 1200 6000 99.81 [22]
2/2 3100 3100
Tris 3/1 2600 3940 99.2 (23]
HMPA 10/10 500 2500 99.4 [24]
Y3* 52 2100 6000 98.4 (23]
Azi 10/10 1000 5000 99.1 126]
11 4000 2000
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