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Experimental section

Materials

4,4-bis(4-hydroxyphenyl) valeric acid (HVA), bis(4-fluorophenyl) sulfone (BFS), potassium
carbonate (K,COs3), N,N'-dicyclohexylcarbodiimide (DCC), and 4-dimethylaminopyridine
(DMAP) were purchased from Sigma-Aldrich (Milwaukee, WI, USA). Polyethylene glycol
monomethyl ether 2000 (PEG 2000) was purchased from Tokyo Chemical Industry (TCI,
Japan). These materials were used to synthesize poly(arylene sulfone ether)-g-polyethylene
glycol (PAES-g-PEG). Zinc (II) trifluoromethanesulfonate (Zn(CF3;S0Os3),) was purchased from
TCI. Deionized (DI) water and ethylene glycol (EG) were purchased from Samchun Chemicals
(Korea). Carbon black (Super P) was provided by Sigma Aldrich and used to prepare cathodes
for the ZIBs. Dimethylformamide (DMF, >99.0%), isopropanol (IPA, 99.5%), tetrahydrofuran
(THF, 99.5%), 1-methyl-2-pyrrolidone (NMP, 99.5%), and hydrochloric acid (HCI) were

purchased as reagents from Samchun Chemicals (Korea).

Synthesis of PAES-g-PEG

As shown in Scheme S1, a mixture of HVA (8.58 g, 0.03 mol), BFS (10.5 g, 0.03 mol), K,CO;
(10.36 g, 0.075 mol) in toluene (120 mL), and DMSO (120 mL) was stirred in a 500 mL four-
neck round bottom flask for 2 days at 172.5 °C to synthesize PAES-COOK. After the reaction
was completed, THF (100 mL) and HCI (30 mL) were added to the reactor to convert from
PAES-COOK to PAES-COOH, and the polymer mass was stirred for several hours until it
dissolved. The PAES-COOH solution was then precipitated in 1.5 L of IPA, and the obtained
PAES-COOH solid was washed several times with DI water. Finally, the PAES-COOH solid
was dried in a 60 °C vacuum oven for 24 h to obtain pure PAES. The yield of PAES-COOH
was > 90%. To graft PEG into the PAES-COOH main chain, PAES-COOH (14.0 g, 0.028 mol)

and PEG (61.6 g, 0.0308 mol) were dissolved in DMF (300 mL) at 83 °C. After 1 h, DCC (9.24



g, 0.0448 mol) and DMAP (0.55 g, 0.00448 mol) were added to the reactor and the reaction
occurred at 80 °C for 2 days. After the reaction was complete, the product was precipitated in
1.5 L of ether, washed with DI water, and filtered several times. The solid PAES-g-PEG was

dried under vacuum at 60 °C for 1 day to obtain pure PAES-g-PEG.

Preparation of SPEs using PAES-g-PEG

H,0, EG, and the H,O/EG solution were added to the SPE. PAES-g-PEG (0.3 g), Zn(CF3S0s3),
(52, 104, and 156 mg; 0.5, 1.0, and 1.5 M), and the H,O/EG solution (0.3 g) were dissolved in
THF (2 mL), and mixed for 24 h. After that, the polymer solution was cast onto a PTFE Petri
dish and dried at 40 °C for 30 mins. The thickness of SPEs was controlled to be in the range of
100-110 um. The SPEs were named based on the amount of Zn(CF;SOj3), added to the
membrane (nn M Zn-additive-SPE; nn = 0.5, 1.0, and 1.5). At concentrations higher than 1.5

M, the polymer electrolyte membrane did not form.

Synthesis of V(0,4 nH,O@rGO composite

The V00,4 nH,0@rGO composite was synthesized following a previously reported method
with some modifications.[!] Briefly, 1 g of commercial V.Os powder and 1 g of glucose were
dispersed in 30 mL of distilled H-O and refluxed at 100 °C under vigorous stirring. The reaction
continued for 2 h, during which the solution gradually changed from yellow to light green.
Once the solution attained a light green color, 200 mg of graphene oxide (GO) suspension
(prepared by dispersing GO in 50 mL of H20 and sonicating for 30 minutes) was added. The
mixture was stirred thoroughly at 100 °C for 12 h to ensure uniform incorporation. The
resulting product was washed multiple times with an H2O/ethanol mixture (1:1 = v/v) via
centrifugation (5 minutes per cycle) to eliminate impurities and remove free-standing rGO

sheets. Finally, the purified product was dried at 70 °C for 10 h.



Preparation of vanadium cathodes for ZIBs and cell assembly

To prepare the cathodes for the ZIBs, V00,4 nH,O0@rGO (70 wt%), Super P (20 wt%), and
PAES-g-PEG (10 wt%) as a binder were mixed in a 20 mL vial, and NMP (500 mg) was slowly
added to the mixture. This mixture was sonicated for 2 h. After mixing was completed, the
slurry was cast onto carbon paper (diameter (0) of 14 mm, MTI Korea) and dried in a vacuum
at 80 °C overnight. The mass loading of the vanadium cathode was around 0.9-1.0 mg cm2 and
3.0 mg cm™. The electrochemical characterization was performed using CR2032 coin cells,

with Zn-metal as the anode (thickness (t) = 0.05 mm, MTI Korea).

Characterization of SPEs

Chemical properties of SPEs

The chemical structures of the polymeric materials were identified using 'H nuclear magnetic
resonance spectroscopy ('H-NMR) (Oxford 300 NMR, VARIAN, USA) and a Fourier
transform infrared spectrometer (FT-IR) (Secondary Nicolet iS10, Thermo Fisher Scientific,
USA).

Phase separation behavior of SPEs

The phase separation behavior was evaluated using the small-angle X-ray scattering (SAXS)
(SAXSess MC2, Anton Paar, Austria), and the dimension of the PEG domains (d) was

calculated from the scattering vector (q) obtained by the SAXS.

2
d(nm) = —
q

(1

Mechanical and thermal properties of SPEs

The mechanical properties of the SPEs were investigated using a universal tensile machine
(UTM) (LR30K Plus, Lloyd Instruments, Republic of Korea). The SPEs were cut into
specimens with dimensions of 1 cm x 4 cm x 100 um before measurement. The thermal

properties of SPEs were evaluated using differential scanning calorimetry (DSC) (DSC-Q20,
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Seiko, Japan) and thermogravimetric analysis (TGA) (TG/DTA7300, Hitachi, Japan). The
DSC measurements were conducted at a scanning rate of 5 °C min’! in the temperature range
from -60 °C to 200 °C. The TGA measurements were also conducted at a scanning rate of 10

°C min! in a temperature range from 20 °C to 600 °C.

Electrochemical characterizations of SPEs

A CR2032 coin cell was used to measure the electrochemical properties. Additionally, a
stainless steel (SS) SS|SPE|SS symmetric cell was employed to measure the ionic conductivity
through electrochemical impedance spectroscopy (EIS) analysis. The Zn ion conductivity (o)

was calculated using the following equation.

o~

T AxR @)

where t is the thickness of the SPE, A is the area of the SPE, and R is the bulk resistance of the
SPE at various temperatures ranging from -40 °C to 80 °C. R was measured using the potential
electrochemical impedance spectroscopy (PEIS) method (VMP3, Biologic Science Instrument,
France) in the frequency range from 1 Hz to 10° Hz, and the data were analyzed using the Zfit
software. Additionally, the thermal activation energy (E») was calculated according to equation

(4) based on the Arrhenius model.

€)

where A is the Arrhenius constant, R is the gas constant (8.31 J K'! mol!), and T is the
temperature. The real (¢”) and imaginary (¢”) parts of the dielectric permittivity were
determined using the real (Z’) and imaginary (Z”) impedance values, respectively, were

calculated as follows:
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(UCO(Z'Z + Z"z) (4)
n Z'
&= —
wCy(Z* +2"%) (5)

where Z’ and Z” represent the real and imaginary parts of the impedance, respectively; o is the

angular frequency (w = 2xf, where f'is frequency); and C, is the capacitance of a vacuum (

g A
Co= —
0 t ,where 4 and ¢ are the area and thickness of the SPE, respectively, and g is the vacuum

permittivity of 8.854 x 10-12 F m™!).

To determine the Zn ion transference number (#2,2"), a symmetric coin cell was assembled
with the configuration Zn|SPE|Zn. Before the chronoamperometry (CA) test, EIS was
conducted to determine the initial interfacial resistance. After the CA measurement, a
subsequent EIS analysis was performed to evaluate the final resistance. The transference
number (z7,°") was calculated using the data from both the CA and EIS measurements and

was determined through Equation 6.

. 24 _ I (AV - I,R,)
Zn I, (AV - IGRy) (6)
Where I is the initial current, I is the steady-state current measured from the CA profile, AV
is the applied voltage (20 mV), and R and R; are the interfacial resistance before and after the

CA measurement, respectively.

For the electrochemical stability of SPEs, the linear sweep voltammetry (LSV) and Zn
stripping/plating cycling tests were investigated. The LSV tests were conducted from 0 to 5.0
V at a scan rate of 0.5 mV s using an asymmetric SS|SPE|Zn cell. Additionally, to analyze the
long-term stability and electrochemical performance of the membrane, Zn stripping/plating

cycling experiments were conducted using a Zn|SPE|Zn symmetric cell. For the long-term



stripping/plating cycling test, the experiment was performed at 0.1 mA c¢cm-2 for 1700 h at RT
and 400 h at -20 °C under the same current density. Additionally, to determine the critical
current density, cycling tests were conducted at various current densities of 0.1, 0.25, 0.5, 1.0,
and 2.0 mA cm, with each current density subjected to 50 cycles of repeated testing. Images
of the Zn-metal surface before and after the stripping/plating cycling tests were obtained using

field emission scanning electron microscopy (FESEM) (JSM-7600F, Japan).

Electrochemical characterizations of ZIB

The performance of ZIBs was investigated through galvanostatic cycling tests using a VMP3
(Bio-Logic Science, France) and a battery cycler (WBCS3000S, Wonatech, Korea) by
measuring the cyclic voltammetry (CV), rate capability, and cycling performance. To
determine the operating range and kinetics of the ZIB cells, CV was evaluated at scan rates of
0.2,0.4,0.6,0.8, and 1.0 mV s°! within a voltage range of 0.2 to 1.6 V. The rate capability and
cycling performance were measured to assess the long-term stability of ZIB cells at various
current densities of 0.05-20.0 A g! within the same voltage range. The electrochemical
investigation at low temperatures was conducted in a constant temperature chamber (DICTH-

150SL5, DIC, Republic of Korea).
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Scheme S1. Synthesis route of PAES-COOH and PAES-g-PEG.



—— PAES-g-PEG ivj—>

€— DMSO-D;

—— PAES-COOH
. . H,0 —>
0 o}
e eneei
:SI =
f o
g
COOH
h <€— DMSO-D;
a,b,c,d
: : g+f
h ! =
I — S— \
N 1 N 1 N 1 N 1 " 1 " 1 "
14 12 10 8 6 4 2 0

ppm

Figure S1. 'H-NMR spectra of PAES-COOH and PAES-g-PEG.
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To enable a fair comparison with liquid electrolyte-based cells from reference studies, we
fabricated the SPE with a thickness comparable to that of separators commonly used in aqueous
zinc-ion batteries. In the liquid electrolyte-based cells, a glass fiber membrane (GF/C) was
employed as the separator with a thickness of 111 um. The ionic conductivity and dielectric
permittivity of both systems were measured and compared, as shown in Table S1. As expected,
the liquid electrolyte-based cell exhibited higher ionic conductivity and dielectric permittivity
due to its inherently greater ion mobility and freer molecular motion. In contrast, the SPE
showed lower conductivity butt offered significant advantages in mechanical strength and
electrochemical stability, contributing to enhanced long-term battery performance and safer
operation. We believe these findings provide a comprehensive understanding of the trade-offs

between the two systems and highlight the practical benefits of using SPE in ZIBs.

Table S1. Comparison of Zn-ion conductivity and dielectric permittivity between 1.0 M Zn-

Eutectic-SPE and GF/C separator.

Sample Thickness Ion conductivity at RT Dielectric permittivity
(um) (mS cm™') (g”, x 10°)
_ 1.OM Zn-Eutectic-SPE _| _ 100-110 _ | — 232 | _ _ _3065_ _ _ __
GF/C separator | 111 8.00 | 3867
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Table S2. Ionic conductivity and mechanical strength values in our work compared to other

Ionic Mechanical
Polymer electrolyte conductivity Strength® Ref
[mS cm-!] [MPa]
PEC@GF-30% 0.005183 0.1 [2]
PHP SPE 0.002 1.4 [3]
PVA/CMC 17.3 0.51 [4]
P0.5-3M Zn salt 2 0.16 [5]
PSX 18.86 0.1 [6]
CD-PEO/PAM 22.4 0.2733 [7]
PH/MXene SPE 0.452 5.39 [8]
PDZ-H 40 0.0488 [9]
PDMAAmM 0.96 0.151 [10]
PVA/PEG30/IL70 2.2264 1.20 [11]
PVDF/MXene-g-PMA 0.269 13.2 [12]
1.0 M Zn-Eutectic-SPE 2.46 4.18 Present
work

reported results.

(1) Mechanical strength is a tensile strength
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Figure S14. Comparison of the performance of a vanadium cathode|SPE|Zn cell based on the

1.0 M Zn-Eutectic-SPE with those of other recently reported electrolytes!>#11.13-171 in terms of

the cycle number, specific discharge capacity, and capacity retention.

24



Table S3. Comparison of ZIB cycling performance in our work and other reported results.

Specific
discharging Capacity Current
. . Cycle .
Polymer electrolyte capacity retention number density Ref
after cycling [%0] [A gl
[mAh g']
P0.5-3M Zn salt 300 75 500 0.5 [5]
PSX 210 60 200 0.1 [6]
CD-PEO/PAM 430.2 98 50 0.1 [7]
PH/MXene SPE 293 98.3 150 0.5 [8]
PVA/PEG30/IL70 90 82 1000 10 [11]
PVA gel 175 91 100 0.5 [13]
ZA-HGPE 230.5 83.8 150 0.2 [14]
PCZ-gel 275.1 92 200 0.5 [15]
PMC gel 270.7 71.1 500 1 [16]
3D-PAM/Ti-MXene 60 82 500 0.2 [17]
259 87 30 1 P
1.0 M Zn-Eutectic-SPE |========— == mmmm e e e resent
work
94 83 1000 10
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1.0A g,

Table S4. Bulk resistance (Ry,) and charge transfer resistance (R values before cycling and

after the 300" cycle obtained from EIS fitting.

R, (Q) R (©)
_ Beforecyeling | _ _ _ _ _ _ 450 _ b -2302 .
After 300% cycle 7.74 154
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Figure S16. EIS spectra of Zn|SPE|V (0,4 nH,0@rGO cell at various temperature.

Table S5. The bulk resistance (Rp) and charge transfer resistance (R.) of

Zn|SPE|V 00,4 nH,0@rGO cell at various temperatures.

60 °C 40 °C RT 0 °C -20 °C -25°C
SR LS L 24 |40 _ L 154 | 347 L _4TS
R, (Q) | 54 124 | 244 110 | 343 603
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Figure S17. Electrochemical performance of Zn|SPE|V00,4.nH,0@rGO cell: rate capability
at (a) 60 and 40 °C and (b) 0 and -25 °C. Long-term cycling performance over 100 cycles at

1.0 A g'': at (¢) 60 and 40 °C and at (d) 0 and -25 °C.

Table S6. Specific discharge capacities at various temperatures (60, 40, 25, 0, -20, and -25 °C)

under different current densities.

Current . . . 1

density Specific discharge capacity (mAh g')

(A g 60 °C 40 °C RT 0°C -20 °C -25°C
0054 ol o RN —o 3067 L2717 ) 2673 .
SN N DD NN ol 2es ]2 | 2144
N DD NN = _ oo [ _weo7 | _s47
__to_ 3873 | 3204 _ | _ 3064 _|_ _1855 _ ] _logs _|_ _173 _
20 L _ 36l | 2960 1 _ 2795 _|__903 _ ] _e32_ _|__005 _
_oso__ases o essa_ 12333 o _ - _]_._ SR I

10.0 2887 | 2072 183.9 | - - | -
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Figure S18. Electrochemical performance of Zn|SPE|V (0,4 nH,0@rGO cell with mass
loading of 3.0 mg cm: (a) rate capability at different current densities (0.5-10.0 A g-!) and (b)

cycling performance at 1.0 A g™ over 150 cycles.
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Figure S19. (a) Time-dependent self-discharge characteristic. (b) Comparison of capacity

retention after 24 h and 300 h based on remaining voltage following full charge.
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