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Supplementary Fig. 1| The physical characterization of Ketjen black (KB). (a) N>

adsorption—desorption isotherm loop. (b) Pore—size distribution plot. (¢) SEM image and (d)
TEM image of KB material.
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Supplementary Fig. 2 | The physical characterization of sulfur/Ketjen black (S/KB)

composites. (a) Thermogravimetric analysis and (b) XRD pattern of S/KB composites.
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Supplementary Fig. 3| CV Profiles of Zn||S cells with ZnSO4—H,0, ZnSOs—Znl,—H,0, and

ZnSO04—Znl,—H,O-DMF electrolytes at a scan rate of 0.1 mV s .
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Supplementary Fig. 4| Tafel plots calculated from (a) reduction peaks and (b) oxidation peaks.
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Supplementary Fig. 5| (a, b) CV profiles of S/KB electrode in ZnSOs—Znl,—H>0, and

ZnSO4—Znlb—H>O—-DMF electrolytes. (¢, d) CV profiles of sulfur—free KB electrode in
ZnS0O4—Znlb—H>0, and ZnSO4—Znl,—H,O—DMF electrolytes.
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Supplementary Fig. 6|(a) The optical photographs of hybrid electrolytes with different Znl

concentrations. (b) The fifth—cycle galvanostatic charge—discharge curves of the Zn||S cells. (c)
Polarization potentials obtained from (b). (d) cycling performance of the Zn||S cells. (e)

Capacity retention obtained from (d).
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Supplementary Fig. 7| Galvanostatic charge—discharge curves of the Zn||S cells with (a)

ZnSO4—H>0 and (b) ZnSO4—H>O—DMF electrolytes at 0.1 C.
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Supplementary Fig. 8 | (a) The optical photographs of hybrid electrolytes with different

volume concentrations of DMF. (b) The fifth—cycle galvanostatic charge—discharge curves and

(c) the corresponding CV profiles of the Zn||S cells in the ZnSO4—Znl,—H>0 electrolytes with

different concentration of DMF.

Note: Although the DMF concentration exceeding 30 vol% could be achieved by reducing the
concentration of zinc salts, this also results in decreased ionic conductivity, negatively affecting
high-rate performance of Zn||S batteries for high—power—density practical applications.
Besides, while not a scientific drawback, higher DMF concentration would increase cost and
may raise handling/safety concerns due to its toxicity. Based on the overall consideration, the
optimized volume concentration of DMF is identified to be 30 vol% in this work.
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Supplementary Fig. 9| (a—d) CV profiles of the Zn||S cells under different scan rates from 0.1

to 0.5 mV s~! in the ZnSO4—Znl,—H,0 electrolytes with different concentration of DMF. (e, f)
Proportional relation between the reduction/oxidation peak current density and scan rate in

logarithmic plots.
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Supplementary Fig. 10| CV profiles of the Zn||S cells in the potential range between 0.92 V
and 0.98 V (vs. Zn*"/Zn) with (a) ZnSO4—Znl,—H,O and (b) ZnSO4—Znl,—H,O-DMF

electrolytes.
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Supplementary Fig. 11 | Pluse current response during the reductive potenital-OCP step from

the pulse voltammetry protocol of Zn||S cells with (a) ZnSO4—Znlb—H>O and (b)

ZnSO4—Znlb—H>,O—-DMF electrolytes.
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Supplementary Fig. 12| Zeta potential of the sulfur electrode in the ZnSOs—Znl,—H,O and

ZnSO4—Znlb—H20—DMEF electrolytes.

Note: Zeta potentials of sulfur electrodes in different electrolytes were measured to
experimentally disclose the surface charge states. As presented in Supplementary Fig. 12, the
sulfur electrode in the ZnSO4—Znl,—H>O—-DMF electrolye shows a lower Zeta potential of
—1.37 mV compared with that of —0.11 mV in the ZnSO4—Znl,—H>O0 electrolye, signifying that
much more negative charges are adsorbed at the electrode interface.
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Supplementary Fig. 13| The alternating current (A.C.) voltammetry measurement for Zn||S

cells with ZnSO4—Znl,—H>0 and ZnSO4—Znl,—H,O—-DMF electrolytes.
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Supplementary Fig. 14| The GITT voltage profiles and Zn—ion diffusion coefficients of sulfur

electrode in the (a) ZnSO4—Znlb—H>0O and (b) ZnSO4—Znl,—H,O—DMF electrolytes.
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Supplementary Fig. 15| Schematic diagram of Operando Raman cell configuration.
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Supplementary Fig. 16 | Operando Raman spectra of sulfur electrode surface during the

discharge—charge process in the ZnSO4—Znl,—H>O electrolyte.
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Supplementary Fig. 17 | Operando Raman spectra of sulfur electrode surface during the

discharge—charge process in the ZnSO4—Znl,—H,O—DMF electrolyte.
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Supplementary Fig. 18| (a) Raman spectra of the wetted separators from the disassembled
Zn||S cells after different cycles (1, 5, 10, 20, 50, 100 cycles at 1 C). (b) Enlarged view of (a)

representing the C—H stretching of DMF. (¢) Intensity change of Raman peak corresponding to

the C—H stretching of DMF during the initial 100 cycles.

Note: In order to investigate the consumption of DMF during the cycle process, the Zn||S
batteries after different cycles (1, 5, 10, 20, 50, 100 cycles at 1 C) were disassembled, and the
Raman spectra of the wetted separators were immediately acquired to prevent the evaporation
of electrolyte solvent. The experimental errors can be reduced as much as possible through
respectively disassembling at least three identical cells at the same conditions. As shown in
Supplementary Fig. 18, the characteristic Raman peaks of DMF could still be observed after
100 cycles. As a representative, the C—H stretching of DMF located at 2950 cm™! is selected to
determine the DMF concentration via the peak intensity, which shows a continuous decline
during the initial 20 cycles, but keeps unchanged in the subsequent battery cycles. This
indicates that the oxidative decomposition of DMF would hardly occur after the initial 20
cycles, thus ensuring the electrolyte stability in the long—term cycling process of Zn||S battery.
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Supplementary Fig. 19| Calculated adsorption energies of (a, b) DMF and (c, d) Zn?>* on the

carbon substrates without and with rich carboxyl groups.

Note: As resulted in Supplementary Fig. 19, the -COO groups as decomposition products of
DMF, could inhibit the surface adsorption of DMF, while enhance the Zn** adsorption on the
sulfur electrode, which have been proved by the theoretical calculations of adsorption energies.
This can well explain the suppressed DMF decomposition after the initial 20 cycles of Zn||S
batteries mentioned above. Moreover, —COO groups would be functionalized as a substitute of
DMF for Zn?" enrichment at the sulfur electrode interface to accelerate sulfur conversion
reaction in the long-term cycling process.
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Supplementary Fig. 20| XPS profiles of (a) C 1s and (b) O s peaks for pristine KB and

activated KB materials. (c) Galvanostatic charge—discharge curves of Zn|S cells with
ZnSO4—H>O—-DMF electrolytes at 0.1 C.

Note: Activated the Ketjen black (KB) with surface partial oxidation was prepared through a
simple hydrothermal method (the detailed synthesis process is as follows). The chemical
composition of activated KB material was characterized using the X-ray photoelectron
spectroscopy (XPS). As shown in Supplementary Fig. 20a, the XPS spectra of C ls can be
separated into three deconvoluted peaks located at 289.2 eV, 285.9 eV and 284.8 eV, which are
ascribed to the C=0, C-O and C—-C bonds on the surface of carbon materials, respectively.
Compared with the pristine KB, the activated KB displays stronger C=0 and C-O signals,
indicating more oxygen—containing functional groups on the surface. This also can be
confirmed by the XPS spectra of O 1s, in which activated KB exhibits an obviously higher
intensity response than pristine KB (Supplementary Fig. 20b). Subsequently, the sulfur
composites and sulfur electrode were prepared through the similar method, except using the
activated KB instead of KB. Zn||S cells were assembled with the ZnSO4—Znl,—H>O electrolyte
without DMF cosolvent. As shown from the galvanostatic charge—discharge (GCD) curves in
Supplementary Fig. 20c, the sulfur/activate KB composite performs a significantly reduced
reaction polarization for the discharging process. All the above results evidently demonstrate
that the carboxyl group could play the same role as DMF, to some extent, to enrich Zn** on the
electrode surface to accelerate sulfur reduction reaction.

Synthesis of activated Ketjen black (KB): Typically, 200 mg of the commercial KB was
uniformly dispersed in a mixed solvent (100 mL) of H2O and DMF with the volume ratio of
7:3. The resulted black solution was then sealed in a Teflon—lined stainless—steel autoclave and
maintained at 160 °C for 2 hours. After cooling down, the activated KB material can be
fabricated by washing with deionized water for several times and subsequent freeze—drying.
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Supplementary Fig. 21| Schematic diagram of a three—electrode Swagelok cell configuration

for in situ EIS tests.
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Supplementary Fig. 22| (a) Nyquist plot and (b) corresponding DRT spectra of the Zn||S cell

with ZnSO4—Znl,—H>O—-DMF electrolyte after discharging to 0.8 V in the third cycle. The
inserted figures are the partially enlarged images of high—frequency region. (c) Scheme of the
underlying electrochemical processes in the porous sulfur electrode and the affiliated

impedance elements according to the transmission line model.

Note: To elucidate the underlying physical mechanisms governing the impedance arcs of
porous sulfur electrode in the Zn||S cell with ZnSO4—ZnlLb—H>O—-DMF electrolyte, the Nyquist
plot upon discharging to 0.8 V in the third cycle was taken as an example. As shown in
Supplementary Fig. 22a, the resistance value of low-frequency impedance arc is much higher
than that of high-frequency impedance arc. According to the transmission line model (TLM)
of porous electrodes, the relaxation time (r) identifications of different electrochemical
processes during sulfur conversion reaction can be conducted. As shown Supplementary Fig.
22b, the high—frequency impedance arc (10* s < 7 <1072 s) should be attributed to the contact
resistance between the electrode and the current collector (Rcon). The presence of non—vertical
line in the mid—frequency region (102 s < 7 <I s) generally represents the ion transport in the
pore structure of electrode (Rion). And the low—frequency arc (1 s <7 <10% s) can be interpreted
as the interfacial charge transfer resistance (Rint), which is demonstrated to be the largest and
dominates the kinetics of sulfur conversion reactions. The corresponding equivalent circuit
diagram is presented in Supplementary Fig. 22c.
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Supplementary Fig. 23 | In situ GEIS measurements of sulfur electrode at different

potentials

with ZnSO4+—Znl>—H20 electrolyte.

(a) Potential

profiles and (b-g)

Potential-dependent impedance spectra in the initial three cycling process. The insets are the

partially enlarged images of high—frequency region.
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Supplementary Fig. 24 | In situ GEIS measurements of sulfur electrode at different

potentials with ZnSO4+—Znl,—H20-DMF electrolyte. (a) Potential profiles and (b—g)

Potential-dependent impedance spectra in the initial three cycling process. The insets are the

partially enlarged images of high—frequency region.
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Supplementary Fig. 25| DRT analysis of potential-dependent impedance spectra obtained

from in situ GEIS measurements of sulfur electrode with ZnSO4—Znl,—H>O electrolyte in the
(a) 1%—cycle discharging, (b) 1%—cycle charging, (c) 2"—cycle discharging, (d) 2"-cycle

charging, (e) 3"—cycle discharging, (f) 3"—cycle charging processes.
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Supplementary Fig. 26 | DRT analysis of potential-dependent impedance spectra obtained

from in situ GEIS measurements of sulfur electrode with ZnSOs—Znl,—H,O—-DMF electrolyte
in the (a) 1*'—cycle discharging, (b) 1%'—cycle charging, (c) 2"—cycle discharging, (d) 2"—cycle

charging, (e) 3"—cycle discharging, (f) 3"—cycle charging processes.
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Supplementary Fig. 27| Bode plots of potential-dependent impedance spectra obtained from

in situ GEIS measurements of sulfur electrode with ZnSO4—Znl,—H>O electrolyte in the (a)
15'—cycle discharging, (b) 1%—cycle charging, (c) 2"—cycle discharging, (d) 2"*—cycle charging,
(e) 3"—cycle discharging, (f) 3"—cycle charging processes.
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Supplementary Fig. 28| Bode plots of potential-dependent impedance spectra obtained from

in situ GEIS measurements of sulfur electrode with ZnSO4—Znl,—H>O—DMF electrolyte in the

(a) 1%—cycle discharging, (b) 1%—cycle charging, (c) 2"—cycle discharging, (d) 2"-cycle

charging, () 3"—cycle discharging, (f) 3"—cycle charging processes.
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Supplementary Fig. 29| In situ GEIS measurements of sulfur electrode at different state

of charge (SOC) with ZnSO4—Znl>—H:0 electrolyte. (a) Potential profiles and (b—g)
SOC—dependent impedance spectra in the initial three cycling process. The insets are the

partially enlarged images of high—frequency region.
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Supplementary Fig. 30| In situ GEIS measurements of sulfur electrode at different state

of charge (SOC) with ZnSO4—Znl>—H20—-DMF electrolyte. (a) Potential profiles and (b—g)
SOC—dependent impedance spectra in the initial three cycling process. The insets are the

partially enlarged images of high—frequency region.
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Supplementary Fig. 31| DRT analysis of SOC—dependent impedance spectra obtained from

in situ GEIS measurements of sulfur electrode with ZnSO4—Znl,—H>O electrolyte in the (a)

15t—cycle discharging, (b) 1%'—cycle charging, (c) 2"—cycle discharging, (d) 2"*—cycle charging,

(e) 3"—cycle discharging, (f) 3"—cycle charging processes.
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Supplementary Fig. 32| DRT analysis of SOC—dependent impedance spectra obtained from

in situ GEIS measurements of sulfur electrode with ZnSO4—Znl,—H>O—DMF electrolyte in the

(a) 18—cycle discharging, (b) 1%—cycle charging, (c) 2"—cycle discharging, (d) 2"-cycle

charging, () 3"—cycle discharging, (f) 3"—cycle charging processes.
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Supplementary Fig. 33|(a) The interfacial capacitance and Zn?"* transfer resistance variation

with the state of charge (SOC). (b, ¢) Schematic of interfacial EDL structure of sulfur electrodes

during charging in different electrolytes.

Note: During the initial charging process without the electrochemical oxidation of ZnS, the
interfacial capacitance (Cint) of sulfur electrodes in the ZnSO4—Znlb—H>O—-DMF electrolyte is
higher than that in the ZnSO4+—Znl,—H>0O electrolyte (Fig. 3e), indicating that more positively
charged zinc ions would be accumulated in the outer Helmholtz plane, which should also be
caused by the preferential adsorption of I and DMF (Supplementary Fig. 33b,c). However,
once the electrochemical oxidation of ZnS occurs, numerous zinc ions would be produced in
the sulfur electrodes. Due to the rapid interfacial Zn** transfer in the ZnSO4—Znl,—~H,O—DMF
electrolyte, the Cine declines sharply to a level lower than that in the ZnSO4+—Znl,—H>O
electrolyte (Supplementary Fig. 33a). In addition, a rapid increase of Cin can be observed when
the state of charge is more than 60% in the ZnSO4+—Znl,—H>0 electrolyte. This suggests that
the surface charge of sulfur electrodes changes into positive and plentiful I" ions begin to enter
into the outer Helmholtz plane (OHP) region due to the electrostatic interaction.
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Supplementary Fig. 34 | Ex situ spectroscopic characterization of sulfur electrode in

ZnSO4—Znl:-H:0-DMF electrolyte at different states during the discharging and
charging processes. (a) Potential profile, (b) XPS spectra of S 2p, and (c) XRD patterns.
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Supplementary Fig. 35| (a) The optical electrochemical Zn||S cells for visually observing the

discharging process of sulfur electrode. (b) The discharging curve of sulfur electrode in
ZnSO4—Znlb—H>O—-DMF electrolyte at 0.2 C. (¢) UV-vis spectra of the electrolyte before and

after the discharge of sulfur electrode.

36



Q
o

“"E __ 203K C\"E — 293 K

S 20 — 303K G 20} — 303K N

é _ 313K E — 313K

= 1ol _ 323K = ok __ 323K

2 333K =2 333K

2 2

% o] — % OF & — J

5 &7 RN

o o

8 -10F ZnSO4—ZnI2—H20 8 -10F I I ZI"ISIO4-ZI'1|I2-H20-IDMF

02 04 06 08 10 12 14 02 04 06 08 10 12 14

Potential (V vs. Zn?*/Zn) Potential (V vs. Zn?*/Zn)

Supplementary Fig. 36| CV profiles of sulfur electrodes in the (a) ZnSOs—Znl,—H,O and (b)

ZnSO4—Znlb—H,0O—DMF electrolytes at different temperatures.

Note: The reductive current density J at 0.75 V vs. Zn*'/Zn can be obtained from the CV
profiles. And the activation energy of sulfur reduction reaction can be calculated according to
the Arrhenius equation J = A*e”(—Ea/RT), where A is a constant, R is the gas constant (8.314J
mol! K1), T is the thermodynamic temperature (K), and E, is the apparent activation energy.
The result indicates that sulfur electrode in the ZnSO4—Znlb—H,O—DMF electrolyte show

higher reductive current with the lower activation energy of reaction.
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Supplementary Fig. 37| "H NMR spectra of different electrolytes, including ZnSO4—H,O,

ZnS04—Znl,—H>0, ZnSO4—Znl,—H,O—-DMF electrolytes with different concentration of DMF.
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Supplementary Fig. 38| The full (a) Raman and (b) FTIR spectra of ZnSOs—Znl,—H,0

electrolytes with different concentration of DMF.
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Supplementary Fig. 39| (a) LSV curves of Ti mesh in the ZnSO4—Znl,—H>0 and ZnSO4—Znlr—

H>O-DMF electrolytes at the scan rate of 1 mV s™!. Three—electrode Swagelok cells were
assembled by utilizing Ti mesh (diameter of 10 mm) as the working electrode, Zn foil (diameter
of 12 mm) as the counter electrode, and Ag/AgCl (saturated KCl solution) as the reference
electrode, respectively. (b) LSV curves of Zn foil in the 0.2 M KI-H»O and 0.2 M KI-H>O-
DMEF electrolytes at the scan rate of 1 mV s Three—electrode Swagelok cells were assembled
by applying Zn foil (diameter of 12 mm) as the working electrode, carbon paper (diameter of
12 mm) as the counter electrode, and Ag/AgCl (saturated KCI solution) as the reference
electrode, respectively. Optical images of Zn foils in (c) ZnSO4—Znl,—H>0 and (d) ZnSO4—
Znl,~H,O-DMF electrolytes observed in symmetric transparent cells cycled at 1 mA cm™2 (the

scale bar is 200 um in each image).
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Supplementary Fig. 40| SEM images of sulfur positive electrodes and zinc negative electrodes
after 150 cycles in the ZnSO4—Znlb—H>0, and ZnSO4—Znl,—H,O—-DMF electrolytes at 25 °C
and 1 C.
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Supplementary Fig. 41| XRD patterns of (a) sulfur positive electrodes and (b) zinc negative

electrodes after 150 cycles in the ZnSO4—Znlb—H>20, and ZnSO4—Znl,b—H>O—DMF electrolytes

at25°Cand 1 C.
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Supplementary Fig. 42| XPS profiles of (a) S 2p, (b) O 1s, and (c) Zn 2p peaks for zinc

negative electrodes after 100 cycles in ZnSO4—Znl,—H20, and ZnSO4—Znl,—H.O-DMF
electrolytes at 25 °C and 1 C. The insets are the optical photographs of cycled zinc negative

electrodes, which have been washed thoroughly with deionized water and anhydrous ethanol.

Note: In the XPS spectra of S 2p, only two characteristic peaks can be observed at 169.2 eV
and 170.5 eV, which correspond to the SO4>~ species on the surface of zinc negative electrode.
Compared with cycled zinc negative electrode in ZnSOs—Znl>—H.O electrolyte, the zinc
negative electrode after cycled in ZnSO4—Znl,—H20O-DMF electrolyte shows a significantly
weakened SO4*" signal, implying the suppressed generation of zinc sulfate hydroxide by—
products. This also can be confirmed by the XPS spectra of O 1s, in which the cycled zinc
negative electrode in ZnSO4—2Znl>—-H>O-DMF electrolyte could demonstrate the attenuated
intensity response in comparison with that in ZnSOs—Znl>—H2O electrolyte. Besides, in the
XPS spectra of Zn 2p, the zinc negative electrode after cycled in ZnSOs—Znl>—-H,O-DMF
electrolyte exhibits a stronger intensity response than that in ZnSOs-Znl>—H2O electrolyte,
which should be resulted from the less by—products formation and more metallic Zn exposed
on the surface. Moreover, as presented from the optical photographs of cycled zinc negative
electrodes in the inset of Supplementary Fig. 42a, the zinc negative electrode after cycled in
ZnS0s-Znl—-H,O-DMF electrolyte shows much less white products and black spots on the
surface, visually demonstrating the inhibited generation of zinc sulfate hydroxide by—products.
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Supplementary Fig. 43 | The charge—discharge profiles of Zn||Zn symmetric cells under

different current density with ZnSO4—H>0, ZnSO4—Znl,—H>0, and ZnSO4—Znlb—H,O—-DMF

electrolytes.
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Supplementary Fig. 44| (a) Specific capacity and (b) voltage hysteresis of sulfur electrode at

different rates in the ZnSO4—Znl,—H>0, and ZnSO4—Znl,b—H>O—DMF electrolytes.
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Supplementary Fig. 45| Galvanostatic discharge—charge curves of sulfur electrode at different

specific current in the ZnSO4—Znl,—H>O electrolyte.
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Supplementary Fig. 46 | Comparisons of (a) specific capacity and (b) overpotential of sulfur

electrodes for aqueous Zn||S cells achieved in our work with other reported Zn||S systems! ™.

Note: Our electrolyte system with DMF cosolvent can achieve a specific capacity of 837 mAh
glat5Ag! significantly exceeding the previously reported electrolyte systems with other
cosolvents (typically 200-400 mAh g ! at the comparable current density), such as tetraglyme
(G4),*"8 ethylene glycol (EG),® dimethylacetamide (DMA),'® and tetramethylene sulfone
(TMS)!3. While the recent Zn||S systems using organoiodide additives,>!! Se doping'* or high—
entropy sulfide catalysts'?> could demonstrate the competitively high specific capacity (800—
900 mAh g ! at 5 A g!), they often suffer from more severe polarization (typically 0.85-1.2 V)
than our system (0.69 V at 5 A g'!). The improvement is attributed to the synergistic dual—
catalysis of iodide and DMF cosolvent, as well as electric double layer reconstruction, which
favor the interfacial Zn®* transfer and enhance reaction kinetics of sulfur conversion.
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Supplementary Fig. 47 | Galvanostatic discharge—charge curves of S/KB composites with

different sulfur content at 0.1 C (i.e. 0.167 A g ™).
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Supplementary Fig. 48| Discharge—charge voltage hysteresis of sulfur electrode at different

temperatures in the ZnSO4—Znl,—H>0, and ZnSO4—Znl,—H>O—DMF electrolytes.
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Supplementary Fig. 49 | Optical pictures and the measured ionic conductivity of different

electrolytes at the temperature of 30, 0 and —10 °C, including the ZnSO4—H:O,
ZnSO4—Znlb—H>0, and ZnSO4—Znlb—H>,O—-DMF (10, 20, 30 vol%) electrolytes. At the low
temperature of —10 °C, the ZnSO4—H>0 and ZnSO4—Znl>—H>O electrolyte would be frozen,

resulting in the absence of apparent ionic conductivity value.
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Supplementary Table 1]|Fitting results of DRT spectra of potential-dependent impedance

spectra obtained from in situ GEIS measurements of sulfur electrode with ZnSO4—Znl,—H>O

electrolyte in the initial three cycling process.

Potential T Rint Cint Potential T Rint Cint
(vs. Zn**/Zn) (s) (Qcm?)  (mF cm?) (vs. Zn?*/Zn) (s) (Qcm?)  (mF cm?)
09V 65.37 4477.96 14.60 04V 61.56 361.89 170.11
0.8V 65.37 4172.32 15.67 0.5V 63.43 398.94 159.01
0.75V 63.43 3967.22 15.99 0.6V 65.37 408.03 160.20
0.7V 62.18 3600.77 17.27 0.7V 65.37 417.47 156.58
0.65V 58.56 3062.13 19.12 0.8V 65.37 410.98 159.05
1 0.6V 42.52 2219.93 19.15 1 09V 65.37 400.37 163.26
dis. 0.55V 17.64 1025.24 17.20 char. 1.0V 60.34 334.79 180.23
05V 10.80 553.61 19.52 1.05V 17.46 94.9 184.00
045V 4.90 231.18 21.21 1.1V 5.00 31.62 158.22
04V 20.70 188.96 109.53 .15V 60.34 48.77 1237.24
035V 40.45 206.67 195.71 1.2V 58.56 11.26 5200.44
03V 46.06 207.96 221.50
1.1V 58.56 458.02 127.85 04V 60.34 336.57 179.28
1.0V 64.07 1023.21 62.62 0.5V 62.18 372.76 166.80
09V 65.37 1056.23 61.89 0.6V 62.18 386.38 160.92
0.8V 60.34 910.35 66.28 0.7V 63.43 390.94 162.26
0.75V 55.70 756.68 73.61 0.8V 63.43 387.64 163.64
0.7V 38.09 557.88 68.28 09V 62.18 376.32 165.23
2nd 0.65V 2091 348.23 60.03 2nd 1.0V 60.34 333.69 180.83
dis. 0.6V 21.54 329.13 65.45 char. 1.05V 23.10 123.59 186.94
0.55V 24.78 338.93 73.11 1.1V 4.85 30.5 159.18
05V 32.46 253.73 127.93 1.15V 60.34 49.73 1213.36
045V 32.46 209.13 155.21 1.2V 60.34 10.96 5505.50
04V 39.25 210.25 186.69
035V 54.05 229.73 235.30
03V 55.70 229.99 242.19
1.1V 58.56 465.22 125.87 04V 4.13 338.32 183.78
1.0V 64.07 962.96 66.54 0.5V 4.16 372.51 172.00
((R°AY 65.37 991.39 65.93 0.6V 4.16 387.44 165.37
0.8V 55.70 709.16 78.55 0.7V 4.16 389.64 164.44
0.75V 33.12 494.17 67.01 0.8V 4.18 388.37 168.31
0.7V 19.30 312.29 61.80 09V 4.18 381.64 171.28
3 0.65V 22.20 318.17 69.77 3 1.0V 4.13 336.85 184.59
dis. 0.6V 35.16 387.01 90.86 char. 1.05V 3.37 137.46 211.54
0.55V 35.16 351.29 100.10 1.1V 1.58 30.59 158.71
05V 36.23 276.09 131.24 1.15V 4.1 49.19 1226.68
045V 35.16 219.89 159.91 1.2V 4.1 10.52 5735.77
04V 42.52 220.68 192.68
035V 57.40 243.07 236.14
03V 57.40 234.78 244.47
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Supplementary Table 2 |Fitting results of DRT spectra of potential-dependent impedance

spectra

obtained from

in situ GEIS measurements of

sulfur

ZnSO4—Znlb—H>,O—DMF electrolyte in the initial three cycling process.

electrode with

Potential T Rint Cint Potential T Rint Cint
(vs. Zn?*/Zn) (s) (Qecm?)  (mF cm™?) (vs. Zn**/Zn) (s) (Qcm?)  (mF cm?)
10V 6280  677.58 92.69 04V 6095 30790  197.94
0.9V 62.18  624.03 99.64 0.5V 6280 33649  186.64
0.8V 4126 380.39 108.48 0.6V 6407 34384 18634
075V 3809 299.48 127.19 0.7V 6407 34299  186.80
0.7V 5740 28028  204.79 08V 6407 34314 18672
" 0.65V 6034 29887  201.90 " 0.9V 6407 34682 18474
_ 0.6V 6034 29554 20417 10V 6407 35142 18232
dis. 055V 6034 28017 21537 1.05V 1836 10398 17654
0.5V 6034 27499  219.43 L1V 593 4440 13356
045V 59.15 26156 226.13 115V 6280 4598 136587
04V 5915 25286 23391 12V 4338 890  4874.17
035V 59.15 24568  240.74
03V 59.15 24634 240.10
L1V 6472 53172 12171 04V 6095 30866  197.46
1OV 6472 712.97 90.77 05V 6095 33511 18187
0.9V 6472 654.42 98.89 0.6V 6280 34138 18397
08V 2009 216.10 92.95 0.7V 6280 33910 18520
075V 2265 20695 109.43 08V 59.15 27669  213.76
0.7V 5740 27692 207.27 0.9V 6280 34143 183.94
ond 0.65V 59.15 27759 21307 2™ 10V 6280 35059  179.14
dis. 0.6V 5915 27382 21600  char 1.05V 265 13508  167.65
055V 59.15 27669  213.76 L1V 516 4297 119.97
0.5V 5015 27930 21176 115V 6280 4495  1397.17
045V 59.15 26372 22427 12V 5740 973 5899.02
04V 5915 25786 229.37
035V 59.15 25441 232.48
03V 5015 25540  231.58
L1V 6472 51479 125.71 04V 6280 31432  199.81
L0V 6472 715.64 90.43 05V 6280 34134  183.99
0.9V 6472 655.51 98.73 0.6V 6280 34506 18201
08V 1387 142.19 97.57 0.7V 6472 34233 189.04
075V 4210 236.20 178.23 08V 6472 34291 18872
0.7V 5015 28330  208.77 09V 6472 34972 185.05
31 0.65V 6095 29610 20583 3" 10V 6280 35616 17633
dis. 0.6V 6095 28630  212.88  char 1.05V 575 4362 189.15
0.55V 6095 28682  212.49 L1V 3279 17333 131.93
0.5V 6095 28062  217.19 115V 6280 4381  1433.53
045V 59.15 27475 21527 12V 5740 944  6080.24
0.4V 5015 27279 21682
035V 5915 26609 22228
03V 5915 25184 23485
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Supplementary Table 3| Comparison of the cycle performance of Zn||S battery achieved in

this work with recently reported state—of—art aqueous Zn||S batteries.

Decay rate
» S loading Capacity
Electrolyte Positive electrode per cycle Ref.
(mg cm?) (mAh g")
(%)
2 M ZnSO4 + 0.2 M Znl, 610 This
53.8 % S/KB* 1.5-2.0 0.034
+ DMF:Hz0 (3:7 vol.) (1000™ cycle, 2 C)* work
882
3 M ZnSOs4 + 0.05M Znl2 55 % S/KB* 1.4-1.6 o 1
(550" cycle, 5A g™
41 % S/S,N—codoped 699
3 M ZnSOs +0.075 M Znlz 1.0-2.0 0.18 20
carbon nanofibers (300" cycle, 4 A g™
I M Zn(OAc)2 +0.25M 314
54 % S/KB* 3.0 0.11 2
MesPhN'T (500" cycle, 3 A g™
2 M Zn(OTF)2+ 0.15 wt% I» 347
53.7 % S/HCS* 1.2-1.6 0.05 4
+ G4:H20 (2:3 vol.)* (600t cycle, 4 A g™")
2 M Zn(OTF)2 + 0.15wt% 12 466
SPAN* 1.2 0.023 7
+ G4:H20 (2:3 vol.)* (800t cycle, 2 Ag™")
1 M Zn(OTF)2 +0.05 M Znl» 480
70 % S/porous carbon 1.5 0.025 21
+ PM:H>0 (3:2 vol.)* (1200% cycle, 3 A g ™)
2 M Zn(OTF)2 + 0.05 M Znl2 50 % S/nanoporous 350
3.0 0.12 22
+ EG:H20 (1:1 vol.)* carbon (250" cycle, 3A g™
1 M Zn(OAc) + 0.05 wt% I 316
48 % S/Vulcan carbon o 0.032 6
+EG:H20 (1:9 vol.)* (600" cycle, 1 C)
Zn(CH3COO): + I 60 % S/porous carbon 225 o1l -
+EG:H20 (2:1 wt.)* nanofibers — (500t cycle, 1 A g™) '
764
2 M ZnSO4 +2 mg mL~! TU* 33.3 % S/KB* 1.0 0.11 19
(300" cycle, 5A g™
2 M ZnSO4 + 0.05 M Znl» 433
ZnS 2.5 0.156 24

+0.05 M TU*

(300t cycle, 2 A g™!)
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Supplementary Table 3 (continued)

Decay rate
» S loading Capacity
Electrolyte Positive electrode per cycle Ref.
(mg cm™?) (mAh g ")
(%)
2 M ZnSO4+ 0.2 M Znl» 610 This
53.8 % S/KB* 1.5-2.0 0.034
+ DMF:H:0 (3:7 vol.) (1000™ cycle, 2 C) work
519
ZnSO04-PVA gel electrolyte* 75 % S/FeNC/NC 2.0-2.6 0.141 25
(300™ cycle,0.5 A g™
74.8 % S/Mesoporous 980
1 M Zn(OTF)2 + 0.2 M ChI* 1.1-1.2 o 11
carbon (30™ cycle, 1 Ag™)
S : KB : HES" 577
ZnSO4 2.0-3.0 0.06 12
=1:1:0.1 (400%™ cycle, 4 C)
IM Zn(OTF)2 + 0.05 wt% I» + 180
70 % S/AJPS* 1.0-2.0 0.262 16
DMC:H20 (4:6 vol.)* (200" cycle, 1 Ag™)
1 M Zn(OTF), + 1 M LiTFSI + 550
49 % S/AC-3000 1.0 0.072 13
1 mg I + TMS:H>O (1:2 vol.)* (200t cycle,2.8 A g™
2 M Zn(OTF)2+ 0.15 wt% I» 735
50 % Se0.0680.94/HCS* 1.2-1.4 0.058 14
+ G4:H20 (2:3 vol.)* (500" cycle, 4 A g™
ZnS04-PVA gel electrolyte™® 70 % S/Fe-PANi* 1.8 o 0.23 17
640
ZnSO04-PVA gel electrolyte* 54 % S/NC-CoO 2.0 0.057 26
(500t cycle,0.5 A g™)
2 M Zn(OTF), + Znl> + 822
52 % S/Fe-NC 1.0 0.147 18
H20:EG (1:1 vol.)* (300" cycle, 5A g™
ZnSO4 + 0.05 wt% I + . 280
50 % S/NixFeyOs 0.019 15

5 mM SA*

(1000 cycle, 1 C)

* KB = Ketjen black, G4 = tetraglyme, HCS = Hollow carbon sphere, SPAN = Sulfurized polyacrylonitrile, PM
= Propylene glycol methyl ether, EG = Ethylene glycol, TU = Thiourea, PVA = polyvinyl alcohol, Chl = Choline
iodide, HES = high-entropy sulfide, DMC = dimethyl carbonate, AJPS = Activated jackfruit peel-derived porous
carbon, TMS = tetramethylene sulfone, Fe-PANi = Fe(CN)¢* -doped polyaniline, SA = Sulfanilamide. # 1 C =
1.67AgL,2C=334A¢g".

Note: the percentages in the column of ‘Positive electrode’ indicate the sulfur content in the sulfur composites.
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