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S1 Supplementary Figures
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Fig. S1 Schematic diagram of the L-CN molecular structure.
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Fig. S2 a Radial distribution functions of Zn2+-O (H2O) in BE. b The 3D snapshot of the BE obtained from MD simulations.
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Fig. S3 MSD of Zn2+ in different electrolytes.


[bookmark: _Hlk231413021][image: ]
Fig. S4 Fitted Raman spectra of -OH in a 0 mmol L-1 L-CN, b 5 mmol L-1 L-CN, c 10 mmol L-1 L-CN, d 20 mmol L-1 L-CN, and e 50 mmol L-1 L-CN. f The summary proportions of strong, medium, and weak H-bonds in the systems.
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 Fig. S5 Fitted Raman spectra of -OSO3 in a 0 mmol L-1 L-CN, b 5 mmol L-1 L-CN, c 10 mmol L-1 L-CN, d 20 mmol L-1 L-CN, and e 50 mmol L-1 L-CN. 
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Fig. S6 The long-term cycling performance with L-CN under various concentrations (0-50 mmol L-1).
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Fig. S7 Ionic conductivity test with L-CN under different concentrations (0-50 mmol L-1). 
The ionic conductivities (σ) were tested by two blocking electrodes (SS) and calculated according to equation S1:
[bookmark: OLE_LINK26]                                                                                                                   (S1) 
[bookmark: _Hlk204450234]where L represents the diffusion thickness (1.624 mm), and S is the contact area (0.503 cm-2) between SS and electrolyte, R0=5.709 Ω, R5=5.857 Ω, R10=5.901 Ω, R20=6.175 Ω, R50=6.437 Ω.

[bookmark: _Hlk231412485][image: ]
Fig. S8 Nyquist plots of symmetric cells employed with a BE and b BE-LCN in at different temperatures. c Charge transfer activation energies based on EIS impedance. d Equivalent circuit diagram used for EIS fitting.
The charge transfer activation energies (Ea) were calculated by fitting to the Arrhenius equation: 
                                                 (S2)
Where Rct represents the charge-transfer resistance, Ea denotes the activation energy, R is the ideal gas constant, and T represents the temperature in Kelvin.
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[bookmark: _Hlk204453056]Fig. S9 The Zn2+ transference number (tZn2+) of a BE and b BE-LCN. c The tZn2+ of various electrolytes. 
The tZn2+ is evaluated by the equation S3:
  	                                             (S3)
Where ΔV is the applied voltage (20 mV), I0 and Is are the initial and final current, R0 and Rs are the initial and final resistance.
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[bookmark: _Hlk231413642]Fig. S10 Contact angle measurements of a BE and b BE-LCN electrolytes on the Zn anode. 
[bookmark: _Hlk204450592]
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Fig. S11 Cyclic voltammetry (CV) tests at different scan rates in a BE and b BE-LCN. 
The EDL capacitance was calculated through the equation S4: 
                                                          (S4) 
Where ic represents the double-layer current and v denotes the scan rate. The linear relationship between ic and v allows for the calculation of capacitance, with C derived from the slope of the ic versus v plot. Specifically, ic is calculated as ic =(i0+-i0−)/2, which is the average of the current difference between the forward and reverse scans at 0 V.


[image: ]
Fig. S12 Operando EIS evolution and corresponding analysis of DRT during galvanostatic plating in a BE and b BE-LCN. EIS evolutions during plating at 1 mA cm-2 in c BE and d BE-LCN symmetric cells.
The EIS measurements were performed after Zn was deposited at 1 mA cm-2 for 6 min, followed by a 1 min rest period. The total Zn deposition time is 60 min. 
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[bookmark: _Hlk231396971][bookmark: _Hlk231397494]Fig. S13 The SEM images of Zn anodes after plating at first cycle with different current densities and 1 mAh cm-2: a 1 mA cm-2, b 2 mA cm-2 and c 5 mA cm-2 in BE; d 1 mA cm-2, e 2 mA cm-2 and f 5 mA cm-2 in BE-LCN.
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Fig. S14 The SEM images of the cycled Zn foils in a BE and b BE-LCN.
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Fig. S15 XRD results of Zn foil after 20 cycles at 1 mA cm-2, 1 mAh cm-2.
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Fig. S16 pH value of BE and BE-LCN electrolytes.
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Fig. S17 Intensity comparison of ZnO-, OH- and SO3- species on cycled Zn in BE and BE-LCN.
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Fig. S18 Capacity-voltage curves of a BE and b BE-LCN under different cycles.
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[bookmark: _Hlk205885315][bookmark: _Hlk204461916]Fig. S19 a Coulombic efficiency (CE) values of Zn//Cu cells in BE and BE-LCN with a cut-off voltage of 0.8 V at 1 mA cm−2. Capacity-voltage curves of b  BE and c BE-LCN under different cycles.
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Fig. S20 a CE values of Zn//Cu cells in BE and BE-LCN with a cut-off voltage of 0.8 V at 5 mA cm−2. Capacity-voltage curves of b BE and c BE-LCN under different cycles. 
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[bookmark: _Hlk216790925]Fig. S21 GITT profiles of symmetric cells in BE and BE-LCN at 1 mA cm-2 for 3 min and a rest of 3 min.
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[bookmark: _Hlk231410257]Fig. S22 Resting-cycle cycling stability of symmetric cells in BE and BE-LCN at 1 mA cm-2.
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Fig. S23 EIS evolution of Zn//Zn symmetric cells during 50 cycles with a BE and b BE-LCN electrolytes at 1 mA cm-2.
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Fig. S24 Rate performances of symmetric cells in BE and BE-LCN.
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Fig. S25 Galvanostatic cycling performance at 11.7 mA cm-2, 11.7 mAh cm-2 under a high depth of discharge (40%) condition (Zn foil thickness: 50 μm).
The high depth of discharge (DOD) is the percentage of the capacity involved in the electrode reaction relative to the overall capacity of the Zn metal anode:
                                          (S6)
where CZn is the theoretical volume capacity of Zn (5855 mAh cm-3), x (μm) is the thickness of the Zn foil and y (mAh cm−2) represents the Zn areal capacity used in electrochemical testing. 
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Fig. S26 CV curves of Zn//V2O5-x full cells with BE and BE-LCN electrolytes at the second cycle.
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Fig. S27 Capacity-voltage curves of Zn//V2O5-x full cell in BE.
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Fig. S28 CV curves of Zn//PANI full cells with BE and BE-LCN electrolytes at the second cycle.
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Fig. S29 a Rate performances of Zn//PANI full cells in BE and BE-LCN. Capacity-voltage curves of Zn//PANI full cells in b BE and c BE-LCN.
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Fig. S30 Self-discharge profiles of Zn//PANI full cells in BE and BE-LCN. 
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Fig.  S31 The SEM images of the cycled V2O5-x cathodes in a BE and b BE-LCN.
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Fig. S32 EIS analysis of Zn//V2O5-x full cells in a BE and b BE-LCN before and after 50 cycles.
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Fig. S33 The SEM images of the cycled PANI cathodes in a BE and b BE-LCN.
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Fig. S34 EIS analysis of Zn//PANI full cells in a BE and b BE-LCN before and after 50 cycles.
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Fig. S35 a The long-term cycling performances of  Zn//V2O5-x full cells in BE and BE-LCN at 1 A g−1. Capacity-voltage curves of Zn//V2O5-x full cells in b BE and c BE-LCN.

[image: ]
[bookmark: _Hlk219906515]Fig. S36 a The long-term cycling performances of Zn//V2O5-x full cells in BE and BE-LCN at 10 A g-1. Capacity-voltage curves of Zn//V2O5-x full cells in b BE and c BE-LCN.
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Fig. S37 The long-term cycling performances of Zn//V2O5-x full cells in BE and BE-LCN at 0.5 A g-1
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[bookmark: _Hlk219906670][bookmark: _Hlk219906241]Fig. S38 The long-term cycling performances of Zn//PANI full cells in BE and BE-LCN at 3 A g-1.
S2 Supplementary Tables
Table S1 The N/P ratio of full cells
	Type of cells
	Zn thickness (cm)
	Zn area (cm-2)
	Negative Capacity (mAh)
	Mass Loading of Cathode (mg)
	Positive Capacity (mAh)
	N/P Ratio

	Coin
	0.002
	1.13
	13.23
	5.64
	3.32
	3.98

	Pouch
	0.005
	14
	409.84
	99.96
	58.88
	6.96


The N/P ratio is calculated by the following equation:
Negative Capacity (mAh) = Zn thickness (cm) * ρZn (g cm-3) * Theoretical specific capacity of Zn (mAh g-1) * Area of the Zn anode
Positive Capacity (mAh) = Mass loading of cathode (g) * Theoretical specificcapacity of V2O5-x (mAh g-1)
Where ρZn, theoretical specific capacity of Zn and theoretical specific capacity of V2O5 are 7.14, 820 and 589, respectively.
Table S2 Performance comparison of symmetrical cells with different electrolyte additives between previous studies and this work
	Electrolyte additive
	Current density (mA cm-2)
	Areal capacity (mAh cm-2)
	Lifespan (h)
	Reference

	L-CN
	1
	1
	7000
	This work

	L-CN
	5
	5
	2000
	This work

	PEG-oSDE
	1
	1
	1400
	[S1]

	TXA
	5
	5
	700
	[S2]

	DA
	2
	1
	1000
	[S3]

	SMD
	5
	3
	1400
	[S4]

	Na-L
	2
	1
	1500
	[S5]

	AS
	5
	5
	1300
	[S6]

	PA
	2
	2
	1200
	[S7]

	PNO
	5
	5
	1000
	[S8]




Table S3 DOD and cycle lifespan comparison of symmetrical cells between previous studies and this work
	Electrolyte additive
	Current density (mA cm-2)
	Areal capacity (mAh cm-2)
	DOD (%)
	Lifespan (h)
	Reference

	L-CN
	11.7
	11.7
	40
	7000
	This work

	L-CN
	5
	10
	85.4
	200
	This work

	CoPcS₄
	10
	3
	51.2
	150
	[S9]

	NHM
	6
	6
	60
	400
	[S10]

	CTP
	8.8
	8.8
	50
	300
	[S11]

	PN-ps coating
	2
	20
	68.3
	400
	[S12]

	AHRE
	-
	-
	60
	300
	[S13]



Table S4 Performance comparison of full cells with different electrolyte additives between previous studies and this work
	Electrolyte additive
	Cathode materials
	Current 
(A g-1)
	Cycling performances
	Reference

	L-CN
	V2O5-x
	1
	500 cycles
95.2%
444 mAh g-1
	This work

	L-CN
	V2O5-x
	10
	4000 cycles
93.9%
	This work

	L-CN
	PANI
	3
	4000 cycles
86.3%
	This work

	LA
	NH4V4O10
	5
	2000 cycles
80.35%
	[S14]

	DP
	NH4V4O10
	3
	3000 cycles
80.3%
	[S15]

	10% Xos
	ZnVO
	5
	1000 cycles
82.9%
	[S16]

	Zn(BF4)2-AN
	PANI
	1
	2000 cycles
86.72%
	[S17]

	Glu
	PANI
	1
	1000 cycles
91%
	[S18]

	PCA-Zn
	PANI
	1
	2000 cycles
73.33%
	[S19]

	Zn(CF3SO3)2
	MEG/PANI
	2
	2000 cycles
72.7%
	[S20]





Table S5 N/P ratio and performance comparison of full cells between previous studies and this work
	Work
	Cathode materials
	Type of cells
	Cycling performances
	N/P ratio
	Reference

	L-CN
	V2O5-x
	coin
	500 cycles
1 A g-1
	3.98
	This work

	L-CN
	V2O5-x
	pouch
	200 cycles
1 A g-1
	6.96
	This work

	FCOF@Zn
	MnO2
	coin
	200 cycles
4 mA cm-2
	5
	[S21]

	Sorbitol

	CNF/MnO2
	coin
	500 cycles
1 A g-1
	5.55
	[S22]

	NH4Ac/Et4
NOTF
	PANI
	coin
	1000 cycles
1 A g-1
	5~6
	[S23]

	FPCH-ZI/Zn
	MnO2
	coin
	600 cycles
0.5 A g-1
	7.3
	[S24]

	Zinc-plated Cu substrate 
	MnO2
	coin
	640 cycles
5 mA cm-2
	5
	[S25]
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