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1. Experimental section

1.1 Materials syntheses
Sulfonated Zirconium-based MOF: In a process, 0.233 g of ZrCl4 and 0.332 g of 
terephthalic acid were added to 32 mL of N, N-dimethylformamide (DMF). To this 
solution, 4 mL of concentrated HCl and 4 mL of acetic acid were added, and the mixture 
was vigorously stirred until the solution became clear. Separately, 0 g, 0.01 g, 0.03 g, 
and 0.05 g of polystyrene sulfonic acid (PSS) were added to 5 mL of deionized water, 
and each solution was stirred until it became clear. Subsequently, solutions of different 
PSS concentrations were dropwise added to four portions of the previously prepared 
DMF solution. After thorough mixing, the reaction mixtures were stirred at 80°C in a 
water bath for 24 hours. Upon completion of the reaction, the resulting materials 
(designated as MOF-PSS(0), MOF-PSS(1), MOF-PSS(3), and MOF-PSS(5)) were 
washed by repeated exchanges with DMF and deionized water six times and then dried 
at 60°C to obtain white powders.1,2,3

Sulfonated/Unsulfonated QSSE: Initially, 3.6563 g of Zn(CF3SO3)2 was individually 
dissolved in five portions of 10 mL deionized water to create five 1 mol L−1 
Zn(CF3SO3)2 aqueous solutions. Among these, one solution remained without MOF, 
while the other four solutions incorporated 0.03 g of MOF with varying degrees of 
sulfonation. Ultrasonication was applied until no visible powder particles were 
observed, followed by thorough stirring for 2 hours. Subsequently, 3 g of PVA was 
slowly added to each of the five mixed solutions under gentle stirring. Afterward, the 
mixture was stirred at room temperature for 30 minutes. Then, the temperature was 
gradually raised from room temperature to 90°C while maintaining stirring. The 
temperature was held at 90°C until the complete dissolution of PVA, which took 
approximately 4 hours. The prepared precursor solution was poured into a suitable 
container while hot, adjusted to achieve the desired film thickness, and allowed to rest 
to eliminate air bubbles. Subsequently, the container with the precursor solution was 
transferred to a -24°C freezer, where it was frozen for 6 hours. Finally, the QSSE 
membrane was obtained through natural thawing. The resulting QSSE is self-
supporting with a certain degree of viscosity, making it suitable for direct use as a 
separator.4,5

Polyaniline/Carbon Cloth (PANI/CC): Initially, a 3×3 cm² carbon cloth was immersed 
in a 90 mL 1 mol L−1 H2SO4 solution. Afterward, 1 g of polyvinylpyrrolidone (PVP) 
was added, and the mixture was stirred for 1 hour to facilitate hydrophilic treatment. 
Next, the system was transferred to an ice bath, and 0.6975 mL of aniline was added, 
followed by stirring for 30 minutes. Subsequently, a 10 mL 1 mol L−1 H2SO4 solution 
containing 1.71 g of ammonium persulfate [(NH4)2S2O8] was slowly added drop by 
drop to the system, preferably completing the addition within 10 minutes. After stirring 
in the ice bath for 1 hour, the reaction mixture was transferred to a 0°C refrigerator and 
allowed to continue reacting for 23 hours. Upon completion of the reaction, the carbon 
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cloth was removed, washed with deionized water and ethanol until the wash solution 
became colorless, and finally, it was dried at 60°C to obtain carbon cloth with a black-
green surface. This material was then cut into 8 mm diameter circular pieces for later 
use.6

1.2 Characterization
XRD testing was conducted using the Bruker AXS D8 Advance X-ray diffractometer 
to perform phase identification and structural analysis of the materials. The FT-IR 
testing was conducted using the Nicolet 6700 instrument, which has the following main 
performance parameters. Infrared spectral range: 4000~50 cm−1; Spectral resolution: 
Better than 0.09 cm−1; Wavenumber accuracy: 0.005 cm−1; Signal-to-noise ratio: Better 
than 13,000:1 (5 seconds); Interferometer: Possesses ultra-high stability with position 
accuracy of ±0.2 nm, ensuring long-term detection stability, accuracy, and preventing 
spectral deviation and distortion; Detector: Equipped with three detectors, including the 
mid-infrared DLaTGS detector, enhanced DTGS detector, and liquid nitrogen-cooled 
MCT-A detector. The SEM testing was performed using the Hitachi SU8010 
instrument from Japan, which has the following main technical specifications. 
Accelerating Voltage: 0.1~30 kV; Magnification Range: 20~1,200,000x; Secondary 
Electron Resolution: 1.0 nm (at 15 kV), 1.3 nm (at 1 kV); Working Distance: 0.5~30 
mm.

1.3 Electrochemical measurements
The electrochemical tests were conducted using CR2016 button cells. For the Zn||SS 
cell assembly: The cell utilizes a zinc electrode as the working electrode and a stainless 
steel sheet as the counter electrode. For the Zn||Zn cell assembly: In this cell, both zinc 
electrodes serve as the working electrodes, and a quasi-solid-state electrolyte is used as 
the separator. During the cell assembly, efforts should be made to align the two zinc 
electrode pieces completely and form concentric circles with the separator. For the 
assembly of the full cell: The full cell assembly involves using the prepared PANI/CC 
positive electrode and zinc foil as the working electrodes, with the prepared QSSE 
serving as both the separator and electrolyte. All of the aforementioned batteries were 
assembled in the presence of atmospheric air.

2. Property Characterizations
The ionic conductivity was measured by assembling stainless steel (SS)//electrolyte//SS 
CR2016 cells using alternating-current (AC) impedance spectra at the temperatures of 
25℃ by electrochemical workstation (CHI 760E) in the frequency range from 0.01 
MHz to 100 KHz (AC amplitude = 5mV). The ionic conductivity ( ) was calculated 𝜎

based on the following equation:

                              (1)
𝜎 =

𝐿
𝑅𝐴

where L represents the thickness of the electrolyte membrane, R is the bulk resistance 
of electrolytes, and A refers to the contact area between electrolytes and SS electrodes 
(16 mm).7



The zinc ion transference number (t+) was tested in Zn//electrolyte//Zn cells at 25 °C 
and calculated according to following formula:

                          (2)
𝑡 + =

𝐼( 𝑡 = ∞) (∆𝑉 ‒ 𝐼( 𝑡 = 0) 𝑅( 𝑡 = 0))
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where ΔV is the applied direct-current (DC) polarization voltage (10 mV), I(t=0) and 
R(t=0) are the initial current and resistance value before polarization, I(t=∞) and R(t=∞) are 
the steady current and resistance after polarization (3600 s). 8
Zn plating/stripping cycles were conducted on symmetric Zn//electrolyte//Zn cells 
using LAND CT3001A charge/discharge equipment with 1mV s-1 from the range of -
0.2 to 0.3V. The diffusion coefficients (D) are calculated by the following formula:

                       (3)
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where τ is the relaxation time, mB is the number of moles of electrons transferred by 
lithium metal, Vm is the molar volume of the electrode material, which can be 
calculated by measuring the density, S is the contact area between electrode and 
electrolyte, ΔEs is the voltage change induced by the pulse, ΔEt is the galvanostatic 
charge (discharge) voltage change.9 The activation energy (Ea) is calculated by the 
following formula:

                           (4)
𝜎 = 𝐴𝑒𝑥𝑝(

‒ 𝐸𝑎

𝑅𝑇
)

where σ is the ionic conductivity at different temperatures, Ea is the activation energy, 
T is the absolute temperature, and A is the pre-exponential factor.10



Figure S1: These modifiers were denoted as MOF-PSS(0), MOF-PSS(1), MOF-PSS(3), 
and MOF-PSS(5) depending on the varying concentrations of the PSS water solution 
added during synthesis. SEM characterization of MOFs with different sulfonation 
degrees, depicting (a) MOF-PSS(0); (b) MOF-PSS(1); (c) MOF-PSS(3), and (d) MOF-
PSS(5).



Figure S2: Impedance diagram of MOF-PSS(5)-Modified QSSE before and after 
potentiostatic polarization testing.



Figure S3: QSSE surface after 10 hours lyophilization treatment at -80°C under 
(a)10x;(b) and (c)50x microscope.



Figure S4: Long cycling performance of MOF-PSS(5)-Modified QSSE at (a) 10 mA 
cm−2, 1 mAh cm−2; (b) 5 mA cm−2, 1 mAh cm−2, and (c) 1 mA cm−2, 1 mAh cm−2.



Figure S5: The long cycling performance of a full cell using MOF-PSS(5)-modified 
QSSE under simulated fast-charging and slow-discharging conditions was evaluated.



Figure S6: SEM characterizations of PANI/CC: (a)500μm; (b)5μm; (c)1.5μm;
To implement the prepared QSSE in ZIBs, a positive electrode material, 

polyaniline/carbon cloth (PANI/CC), suitable for QSSZIBs was prepared. The SEM 
characterization of PANI/CC is illustrated in Figure. S6a-c. At low magnification, the 
carbon cloth substrate can be observed, consisting of carbon fibers bundled and 
interwoven. Polyaniline, synthesized in situ, forms continuous nanoparticles (with a 
diameter of approximately 50 nm) that uniformly envelop the carbon fibers.



Figure S7: (a) XRD and (b) FT-IR characterization of PANI in the reaction system;
As for the XRD characterization shown in Figure. S7a, the PANI synthesized 

through this method exhibits a typical amorphous nature. A broad diffraction peak at 
around 27° is observed, attributed to the scattering of PANI molecular chains. The 
molecular structure of PANI is validated through FT-IR characterization, as seen in 
Figure. S7b. There are two peaks around 1600 cm-1 and 1536 cm-1, arising from 
stretching vibrations of the quinoid structure and the C=C bonds in the benzene ring.11 
Peaks at 1397 cm-1 and 1275 cm-1 are attributed to the absorption of the C-N structure 
in the aromatic amine, while the peak at 1211 cm-1 corresponds to the stretching 
vibration of the C=N group in the quinone ring. The presence of these characteristic 
peaks confirms the formation of emeraldine structure in PANI.12



Figure S8: Illustration of a full cell with zinc foil as the negative electrode and PANI/CC 

as the positive electrode.



Table S1: Parameters for ion conductivity measurements of QSSE with various fillers.
Fillers Thickness(mm) Diameter(mm)

Without MOF 1.0 15
MOF-PSS(0) 1.5 15
MOF-PSS(1) 1.0 11
MOF-PSS(3) 2.0 11
MOF-PSS(5) 1.5 11
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