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Fig. S1. Deconvoluted high-resolution XPS spectra of O 1s (a) SP, and (b) aSP.
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Fig. S2. The characterization of SP and aSP (a) Raman spectra, (b) XRD patterns, and N2 

adsorption-desorption isotherm curves of the (c) SP and (d) aSP. In Raman spectra, the ratio of 

peak intensities of the D band (disordered carbon) and G band (graphitic carbon) (ID/IG) for the 

aSP (1.05) showed negligible differences from that of the SP (1.04). Moreover, the full width 

at half-maximum (FWHM) values for aSP (2θ=3.537°) and SP (2θ=3.350°) were closely 

comparable at the XRD peak. Accordingly, the aSP and SP showed minimal differences in 

BET surface area. This series of analytical results reveals that the acid treatment has negligible 

impact on the bulk domain of carbon and mainly contributes to the formation of functional 

groups on carbon surface.
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Fig. S3. The 4-point-probe measurement result for CSL and aCSL. In set optical image is the 
measurement of electrical resistance for ISL by multi-meter.
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Fig. S4. (a) The cell configuration of Zn||Cu cell which Cu is insulated by imide tape, and the 
Zn deposition SEM images of (b) ISL, (c) CSL, and (d) aCSL at 1 mA cm−2 and 1 mAh cm−2.
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Fig. S5. The SEM image of Zn deposition at Zn||Cu asymmetric cell at 1 mA cm–2 and 5 
mAh cm–2 (a) ISL, (b) CSL, and (c) aCSL.
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Fig. S6. The high-magnified SEM image of separator side of (a) ISL, (b) CSL, and (c) aCSL 
cells shown in Fig. 2a-c, after Zn deposition at 1 mA cm−2 and 5 mAh cm−2.
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Fig. S7. The initial Coulombic efficiency of Zn||Cu asymmetric cell at various (a) current 
densities and (b) Zn plating capacity (areal capacity).

Fig. S7 presents the results of ICE measurements under different current densities and Zn 
plating capacities. The ICE values exhibited an increasing trend as the current densities were 
raised while keeping the Zn plating capacity constant. Similarly, the ICE values increased when 
the Zn plating capacity was enhanced while maintaining a fixed current density.

This observation suggests that the HER is effectively suppressed by higher current densities, 
leading to an increase in the ICE of Zn. Conversely, the ICE values also exhibited an upward 
trend as the Zn deposition capacity was augmented under fixed current density conditions. This 
finding implies that the corrosion products of ZMA could be maintained, and an increased Zn 
deposition capacity can positively impact the ICE performance.
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Fig. S8. Chronopotentiometry curves at various current densities showing the voltage plateau 
for (a) HER and (b) Zn deposition. Comparison of the (c) voltage plateau and (d) overpotentials 
between HER and Zn deposition.

To calculate overpotential, determining the equilibrium potentials of HER ( ) and Zn 𝐸𝐻𝐸𝑅

deposition ( ) in a 2 M ZnSO4 electrolyte (pH 4) is essential, using the Nernst equation:𝐸𝑍𝑛
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, where  is the number of electrons (2),  is the Faraday constant,  is the universal gas 𝑛 𝐹 𝑅

constant,  and  represent the activities Zn2+ and H+, respectively. The  and 
𝑎

𝑍𝑛2 + 𝑎
𝐻 + 𝐸𝑍𝑛

 were calculated to –0.982 V vs. Ag/AgCl (–0.751 V vs. SHE) and –0.459 V vs. Ag/AgCl 𝐸𝐻𝐸𝑅

(–0.237 V vs. SHE), respectively. To assess polarization in HER and Zn electroplating 
reactions, voltage plateaus at 0.1, 1.0, and 5.0 mA cm−2 were measured using 
chronopotentiometry in a three-electrode cell (Cu working electrode, Pt counter electrode, and 
Ag/AgCl reference electrode) with 1 M Na2SO4 and 1 M ZnSO4 electrolytes (pH 4) for reaction 
separation. Overpotentials were determined by the difference between the voltage plateau and 
their respective equilibrium potentials.
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Fig. S9. Voltage profiles of Zn||Zn symmetric cells integrated with the ISL, CSL, and aCSL at 
various current densities and Zn plating capacities: (a) 4 mA cm−2 and 1 mAh cm−2, (b) 4 mA 
cm−2 and 2 mAh cm−2, (c) 0.5 mA cm−2 and 2 mAh cm−2, and (d) 1 mA cm−2 and 3 mAh cm−2, 
respectively.
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Fig. S10. The analysis of synthesized α-MnO2/CNT cathode (a) XRD analysis, and (b) SEM 
image.
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Fig. S11. CV profiles of the Zn||α-MnO2/CNT full cells with various scan rates (a) ISL, (b) 
CSL, and (c) aCSL.



13

Fig. S12. The relationship between the CV peak current and scan rate in a logarithmic form of 
Zn||α-MnO2/CNT full cells for each SL (a) Anodic 1, (b) Anodic 2, (c) Cathodic 1, and (d) 
Cathodic 2.

CV measurements were performed at different scan rates to identify the charge storage 
mechanism. The relationship between the peak current (i) and scan rate (ν) is described by the 
power law1-3:

 (Equation S1)𝑖 = 𝑎𝑣𝑏

The exponent b is indicative of the charge storage mechanism. The calculated b values of aCSL 
exhibited all four anodic and cathodic peaks (0.53, 0.76, 0.65, 0.83 is indicating anodic 1, 
anodic 2, cathodic 1, and cathodic 2, respectively) were shown higher than CSL (0.51, 0.71, 
0.63, 0.82 is indicating anodic 1, anodic 2, cathodic 1, and cathodic 2, respectively). This 
indicates that the charge storage mechanism of Zn||α-MnO2 cells with SLs is based on more 
capacitive chare storage process and aCSL shows enhanced charge storage speed than CSL due 
to its large active surface.
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Fig. S13. The voltage profile of Zn||α-MnO2/CNT full cell with ISL for long-term cycling.



15

Fig. S14. FT-IR analysis of aSP particles before and after 100 cycles in the Zn||α-MnO2/CNT 
full cell with aCSL, illustrating the stability of functional groups under cycling conditions.
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Fig. S15. The voltage profile of Zn||α-MnO2/CNT full cells with high mass loading of ~ 2 mg 
cm−2 (a) 50th cycle, (b) 100th cycle, and (c) 200th cycle.
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Fig. S16. The digital images of aCSL coating quality on two different substrates (a) NKK 
membrane and (b) glass fiber. Digital images of aCSL and aCSL soaked in 2 M ZnSO4 
electrolyte with different thickness. (c) 10 μm and (d) 20 μm-thick aCSL. Voltage profiles of 
Zn||Zn symmetric cells with 10 μm and 20 μm aCSL: (e) cycling at 1 mA cm−2, 1 mAh cm−2; 
(f) Tsc at 0.5 mA cm−2.
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Table S1. Summary of electrochemical results of previous Zn||Zn symmetric cells related to 
the separator modification approach.

Separator Increased 
thickness 
(μm)

Current 
density
(mA cm−2)

Cycling 
capacity
(mAh cm−2)

Cycling life
(hour)

Ref

PAN-S 30 0.5 1 350 [29]

VG-GF 
separator

Negligible 1 1 250 [34]

MXene-GF 
separator

Negligible 1 1 1200 [36]

MOF/rGO 25 2 1 500 [54]

SPAES@GF 10 1 1 2000 [55]

Cellulose/g-
C3N4

70 3 1 590 [56]

Cellulose 
film

- 1 1 2000 [57]

CS@NGDY 170 5 1 500 [58]

1 1 2400aCSL 10

4 1 800

This work
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