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Experimental section

Materials

The main chemical reagents used in the experiment are: Imidazolidiny urea
(ALADDIN, 98%) NaCF;SO; (MACKLIN, 98%), Zn(CF;SOs), (ALADDIN, 98%),
Na,SO,4 (SINOPHARM, AR), ZnSO4-7H,0 (ALADDIN, AR), NaBF; (ALADDIN,
AR, 99%), Zn(BF,), (ALADDIN, CP), Zn(Ac), (ALADDIN, 99%), ZnCl, (Alfa
Aesar, 98+%), Zn(TFSI), (ALADDIN, 98%), Sodium bromate (MACKLIN, 99.5%),
Hydrobromic acid (MACKLIN, ACS, 48%), Tetrabutylammonium bromide

(ALADDIN, AR, 99%), Ketjen Black, PVDF.

The preparation and fabrication of Br; electrodes

In a typical synthesis, 75 mmol of NaBrO; was dissolved in 25 mL of deionized
(DI) water to form solution A, 25 mL 48% HBr was added in solution A to form
solution B, ultrasonic uniform dispersion. 225 mmol of C,cH3;,NBr was dissolved in
50 mL of deionized (DI) water to form solution C. Solution B and solution C were
added to the beaker and magnetically stirred. After magnetic stirring, pour away the
supernatant liquid and dry the remaining solids.

The Br, electrodes were prepared by a slurry coating method on carbon cloth
(CFC). The Br; electrode is composed of 70 wt% Br,-solids, 20 wt% Ketjen Black,
and 10 wt% polyvinylidene fluoride (PVDF) binder. The electrodes were dried under

vacuum at 40 °C for 12 h before cells fabrication.



Materials and electrolytes characterization

The nuclear magnetic resonance (NMR) spectra were acquired on a Bruker
ADVANCE NEO 500 spectrometer using D,0O as the field frequency lock. The
electrolyte structure was investigated using a Fourier transform infrared (FTIR)
spectrometer (Bruker Tensor II). The Raman spectroscopy of electrolyte was tested
by WITec Alpha300R. The low-temperature properties were performed in the high-
low temperature test chamber. The field emission scanning electron microscope
(FESEM, ZEISS, Gemini SEM 300) with an accelerating voltage of 10.0 kV was used
to obtain the morphologies of Zn anode. The high-resolution transmission electron
microscopy (HRTEM, Talos F200X) with an accelerating voltage of 200.0 kV was
used to obtain the SEI. The Bruker D8 ADVANCED X-ray diffractometer was
employed to obtain X-ray diffraction (XRD) patterns using Cu-Ka radiation (A =

1.5418 nm).

Electrochemical measurements
The Zn||Br; cells were assembled in air with metallic Zn as anode, Br; as cathode,
glass-fiber membrane (GF/A) as separator, and the prepared electrolyte. The Zn||Zn or
Zn||Ti coin-type cells were assembled by a similar method. Zn||Br, pouch cell was
also fabricated by Zn anode (10 x 10 cm), glass-fiber membrane separator (11 x 11
cm) and Br;, cathode (10 x 10 cm) followed by packaging it with vacuum packed bag.
Electrochemical tests including LSV, CV, Tafel, EIS and IT were performed on

the Correst electrochemistry workstation. LSV and CV tests were carried out on the



asymmetric Zn||Ti cells with two electrodes; EIS and IT tests were carried out on the
zinc-symmetric battery with two electrodes; Tafel tests were carried out with three
electrodes configuration: working electrode was Zn electrode, the counter electrode
was platinum electrode, and the reference electrode was Ag/AgCl electrode. The
LAND Battery Testing System was used to carry out long cycle test and multiplier
test for symmetric Zn||Zn cells, long cycle test for asymmetric Zn||Cu cells and long

cycle test and multiplier test for Zn||Br;, cells.

Measurement method of ionic conductivity
Assembling Ti || electrolyte ||T1 battery tests ionic conductivity, EIS frequency

range 0.01 Hz ~ 100 KHz, amplitude of 10 mV, computation formula is as follows:

_ d
RS (1)

Where o, d, R and S represent ionic conductivity, the thickness of SPEs (0.086

cm), A. C. resistance, and the area of SPEs (1 cm?), respectively.

Measurement method of ion migration number

Ion transfer number was calculated using the Evans-Vincent-Bruce equation:
L2t T I AV=TRY
0 sfts (2)

Where t7,>" represents the ion transfer number, R and /; are the A. C. resistance and
initial current before potentiopolarization, R, and / are the reaction resistance and

stable current after potentiopolarization, respectively. The 4V is the potential size. In



the test, the frequency range of EIS is 0.01Hz~100 KHz, the amplitude is 10 mV and
the potentiopolarization potential is 10 mV.
Measurement method of activation energy (E,)

Ion transfer number was calculated using the Evans-Vincent-Bruce equation:

E
a

—~1 _ 4 RT
Where R is the charge transfer resistance, A4 is the frequency factor, R is the gas

constant, and 7 is the absolute temperature.

Computational Details

Periodic density functional theory (DFT) calculations were performed by
employing the projector-augmented wave method with the VASP code.! 2 Perdew-
Burke-Ernzerhof scheme of generalized gradient approximation’ was used for
describing the exchange-correlation functional, and DFT-D3 method* was used for
the van der Waals interaction corrections. The kinetic energy cutoff was set as 450 eV.
All the atoms in the models were allowed to relaxed, and the geometric structures
were optimized until the energy and force convergence criteria of 10 ¢V and 0.02
eV/A were reached. Only the gamma point was used for sampling the first Brillouin
zone. A vacuum layer with a thickness of more than 20 A was added to avoid
interactions between adjacent cells.

The binding energies between molecules, anions, and Zn?>* were calculated by
DFT in the ORCA package.” The structural relaxation, single-point energy

calculations, and solvation free energy calculations were performed under the



B3LYP-D3BJ/6-311G*,% 6 7 B2PLYP-D3BJ/def2-TZVP,* ¢ 8 and M06-2X/6-31G*
levels,> ! respectively. The implicit solvent model SMD was used in the
calculations.!?

Classical molecular dynamics (MD) simulations were performed by using
LAMMPS code!3 with the generalized Amber force field (GAFF).!* TIP3P model was
used for water molecules,'> and force field parameters for SO42-, BF4-, and OTf were
taken from literature.'6-!° The initial geometric structures and parameters for the
LAMMPS simulations were generated by Packmol?* and Moltemplate?' codes, and
the numbers of molecules/anions/Zn?" in the simulations were listed in Table S1.
During the MD simulations, the time step was set as 1 fs, and energy minimization
was first performed for each system with an energy tolerance of 10-*. Next, each
system was equilibrated for 10 ns in the NPT ensemble (Nosé-—Hoover
thermostat/barostat; pressure and temperature were set as 1 atm and 300 K,
respectively).?> 2> Another 5 ns simulations in the NVT ensemble (Berendsen
thermostat, 300 K)?* were subsequently performed, and the last 4 ns trajectory was
used to collect the data for analysis. Periodic boundary conditions were considered in

the MD simulations. Geometric structures were visualized in VESTA and VMD. 25 26
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Figure S1. 'H NMR spectra of (a) ZnSOy4, ZnSO4(1U)g 1, ZnSO4(1U)g 25, ZnSO4(1U)g s,
ZnSO4(IU);, and ZnSO4IU);s electrolytes; (b) Zn(OTf),, Zn(OTf)(IU)o;,
Zn(OTf),(IU)g 25, Zn(OTH),(IU)g 5, Zn(OTH),(IU);, and Zn(OTH),(IU); 5 electrolytes; (c)
Zn(BFy),, Zn(BF4)>(IU)o1, Zn(BF4),(IU)gas, Zn(BF4)y(IU)ss, Zn(BF.),(IU);, an

Zn(BF,),(IU); 5 electrolytes
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Figure S2. FT-IR spectra of (a) ZnSO4, ZnSO4(IU)y1, ZnSO4(IU)gss, ZnSO4IU)ys,
ZnSO4(IU);, and ZnSO4(IU);s electrolytes; (b) Zn(OTf),, Zn(OTf),(IU)o;,
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Zn(BF,),(IU); 5 electrolytes
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Figure S3. Electrostatic potential mapping of H,O and IU.
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Figure S4. Snapshots during MD simulations for (a) 2m ZnSQy, (b) 2m Zn(OT¥), and
(c) 2m Zn(BF,), aqueous electrolytes. Color code for atoms: Zn, greyish blue; O, red;

H, white; S, yellow; C, grey; N, blue; B, pink; F, cyan.
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Table S1. Coordination number (CN) around Zn?* of O/F atoms in H,O, anions (SO,

BF4, OTf), and imidurea in the first solvation shell from MD simulations.

S CN for O CN for O(SO4 CN for CN for
stem
Y (H,0) VE(BE)OOTE)  Oco(IU) Oox(1U)
2 M ZnSO, 5197 0.803 ;
2 M ZnSO4(IU)o 5 4.100 0.788 0.83 0.28
2 M Zn(OTf), 5.194 0.806 ; ]
2M
3.858 1.056 0.83 0
Zn(OT1),(IU)g 25
2 M Zn(BF,), 5.055 0.945 ; ]
oM
4011 0.906 0.83 0

Zn(BF4),(1U0)g 25
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Figure S6. H-O and H-F radial distribution function (RDF) for (a) 2 m ZnSO4(IU), »s,

(b) 2 m Zn(OT1),(IU)gos and (¢) 2 m Zn(BF4),(IU)g,s aqueous electrolytes. For

imidurea-H,O interactions, Ooy-Hp.0, Oc-0-Hu:0, and Hyg-Omao pairs are considered;

For imidurea-SO4'/BF4'/OTf' interactions, HNH'OSO43 HNH'FBF% HNH'OOTfa and HNH'

Fors, pairs are considered.
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Table S2. The number of molecules/anions/Zn?" in electrolytes in the MD simulations.

Number of Total
Number Number of Number
System SO4/BF, . number of
of Zn*" Imidurea of H,O
/OTf atoms
2 M ZnSO, 36 36 0 1000 3216
2 M ZnSO4(IU) 25 36 36 9 1000 3603
2 M Zn(BF,), 36 72 0 1000 3396
2M
36 72 9 1000 3783
Zn(BF4),(1U)g 25
2 M Zn(OTY), 36 72 0 1000 3612
2M
36 72 9 1000 3999

Zn(OThH),(TU)o.2s

14
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Figure S7. Raman spectra and corresponding fitted curves of -O-H stretching bond of
water in (a) ZnSO,, (b) ZnSO4(IU)g2s, (¢) Zn(OTf),, (d) Zn(OT1),(IU)gos, (e)
Zn(BF,), and (f) Zn(BF,),(IU), 15 electrolytes. Generally, the broad peak of O-H band
could be fitted as three peaks. The shoulder peak at ~3613 cm! corresponds to free
O-H in water molecules (non H-bond). Peaks at ~3411 cm! and peaks at ~3254 cm’!
are assigned to the asymmetric O-H stretching vibration (weak H-bond) and

symmetric O-H stretching vibration modes (strong H-bond), respectively.
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Figure S15. Galvanostatic Zn plating/stripping in Zn||Zn symmetrical cells using (a)
Zn(Ac),, Zn(Ac),(1U) 15 electrolytes, (b) ZnCl,, ZnCl,(1U), »5 electrolytes and (c)

Zn(TFSI),, Zn(TFSI),(IU), »5 electrolytes.
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Figure S16. The charge/discharge curves of ZnllZn symmetric cells (a) at current
density of 2 mA-cm? with 1 mAh-cm? Zn cycled and (b) at current density of 5

mA-cm with 2.5 mAh-cm™ Zn cycled using ZnSO, and ZnSO,(IU), 55 electrolytes.

24



——Zn(0Tf), ——2Zn(OTH,(IU),,s 2 MA-cm?;1 mAh-cm™

'03 . | = | = | |
0 80 160

| | | |
240 320 400

Time (h)

Voltage(V)

=——2Zn(0Tf), ==2Zn(OTh,(IU)y,s 5 mA-cm?; 2.5mAh-cm™
_03 | = | | = | | | |
0 80 160 240

Time (h)

| | ||
320 400

Figure S17. The charge/discharge curves of ZnllZn symmetric cells (a) at current
density of 2 mA-cm? with 1 mAh-cm? Zn cycled and (b) at current density of 5
mA-cm? with 2.5 mAh-cm? Zn cycled using Zn(OTf), and Zn(OTf),(IU)g s

electrolytes.
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Figure S18. The charge/discharge curves of ZnllZn symmetric cells (a) at current
density of 2 mA-cm? with 1 mAh-cm? Zn cycled and (b) at current density of 5
mA-cm? with 2.5 mAh-cm? Zn cycled using Zn(BF,), and Zn(BF4),(IU)2s

electrolytes.
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Figure S19. Rate capability of ZnllZn symmetric cells using (a) ZnSO,, ZnSO4(1U) 25,

(b) Zn(OTH),, Zn(OT1),(IU)g 25 and (¢) Zn(BF,),, Zn(BF,),(IU), 15 electrolytes.
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Figure S20. The charge/discharge curves of ZnllZn symmetric cells at different
temperature and different current density, respectively, using ZnSO, and

ZnSOy4(IU), »5 electrolyte.
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Figure S21. The calculated activation energies of Zn?* diffusion in Zn/electrolyte

interface by the Arrhenius equation.
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Figure S22. Linear polarization curves showing the corrosion on Zn metal using (a)

ZnS0y4, ZnSO4(IU)0 25, (b) Zn(OTL),, Zn(OTH)(IU)g 25, (¢) Zn(BFy),, Zn(BF4),(1U)q 25,

(d) Zn(Ac),, Zn(Ac)(IU)g2s,

Zn(TFSI),(IU), »5 electrolytes.
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Table S3. Corrosion potential and corrosion current density at Zn anodes in several

different electrolytes.

Corrosion potential

Corrosion current density

(V vs. Ag/AgCl) (mA-cm)
2 M ZnSOy4 -0.99 15.04
2 M ZnSOy4(IU)g 25 -0.98 3.71
2 M Zn(OTf), -0.83 26.03
2 M Zn(OT1),(1U)g 25 -0.80 8.62
2 M Zn(BF), -0.73 12.01
2 M Zn(BF4),(1U) 25 -0.71 5.02
Corrosion potential Corrosion current density
(V vs. Zn/Zn?") (mA-cm)
2 M Zn(Ac), -0.007 9.268
2 M Zn(Ac),(IU)g 25 -0.024 4.543
2 M ZnCl, -0.001 36.141
2 M ZnCl,(IU)g 25 -0.004 10.018
2 M Zn(TFSI), -0.012 1.792
2 M Zn(TFSI),(IU)g 25 -0.018 0.026
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Figure S23. Ratio of XRD surface intensity of deposited zinc.
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Figure S24. Chronoamperograms (CAs) of Zn metal using Zn(Ac),, Zn(Ac),(1U) s,
ZnCl,, ZnCly(IU)g 25, Zn(TFSI), and Zn(TFSI),(1U), »5 electrolytes at a -150 mV

overpotential.
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