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1 Experimental procedures 

1.1 Materials.  

Naphthoquinone (NQ) and menaquinone (Me-NQ) were purchased from Aladdin Bio-

Chem Technology (China). Carbon paper was purchased from the SGL group 

(Germany). Ketjen Black (KB) conductive additive was purchased from Lion Specialty 

Chemicals (Japan). Polytetrafluoroethylene (PTFE) was purchased from Daikin 

Industries (Japan). The other reagents were obtained from Sinopharm Chemical 

Reagent (China).  

1.2 Material characterizations. 

X-ray diffraction (XRD) was performed on a PANalytical Empyrean diffractometer with 

Cu Kα radiation as the X-ray source. The morphology was obtained on a scanning 

electron microscope equipped with an energy dispersive X-ray spectroscopy (EDS) 

detector (HITACHI, SU8010, Japan). Fourier transform infrared (FT-IR) spectroscopy 

was measured on VERTEX70 (Bruker, Germany). UV-vis spectra were obtained by a 

Lambda XLS+ UV-vis spectrometer. Nuclear magnetic resonance (NMR) was measured 

with Bruker 400M.   

1.3 Electrochemical measurements 

The electrodes were prepared by mixing Me-NQ or NQ active material, KB carbon, and 

PTFE binder at the mass ratio of 5:4:1 in the mixed solvent of water:ethanol = 15:1 

(volume ratio). The slurry was drop cast on carbon paper substrate and dried at room 

temperature overnight. The mass loading of active material was around 1.1 mg cm-2, 

except for the study of the cathode with high mass loading around 4 mg cm-2. Coin-

type batteries were assembled with 2 M ZnSO4 electrolyte. The self-discharge tests 

were performed by cycling the cathode for 3 cycles at 0.1 A g-1, stopped at 1.5 V and 

rested for 48 h, followed by a discharge at 0.1 A g-1. Electrochemical impedance 

spectroscopy (EIS) was conducted in the frequency range from 100 kHz to 100 mHz 

with an amplitude of 5 mV. Galvanostatic intermittent titration technique (GITT) was 

carried out with the current pulse of 0.05 A g-1 for 30 min, followed by 3 h relaxation. 

The diffusion coefficient D (cm2 s-1) was calculated according to the following 

formula:[1]  
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The τ, mB, VM, MB, and S were the pulse period, mass, molar volume, molar mass, and 

geometric surface area of the electrode, respectively. ∆ES was the potential change 

during relaxation, and ∆Eτ represented the potential change during a pulse after 

excluding the IR drop. All electrochemical measurements were carried out on Bio-

Logic VMP3 or LAND-CT2001A battery test systems. 

1.4 Computational details. 

Density functional theory (DFT) calculations were carried out with the Gaussian 16 

software package. Geometrical optimizations were conducted with Becky’s three-

parameter exchange function combined with the Lee-Yang-Parr correlation functional 

(B3LYP) method and 6-31 G (d) basis set. The binding energies (Eb) between Me-NQ 

and different cations were calculated based on the following equation: 

𝐸𝑏 = 𝐸(𝑀𝑒−𝑁𝑄+𝑐𝑎𝑡𝑖𝑜𝑛𝑠) − 𝐸(𝑐𝑎𝑡𝑖𝑜𝑛𝑠) − 𝐸(𝑀𝑒−𝑁𝑄) (2) 

E(Me-NQ+cations), E(cations) and E(Me-NQ) were the energies of Me-NQ after coordinated with 

Zn2+/H+ cations, Zn2+/H+ cations and Me-NQ, respectively.  
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2 Supplementary Figures and Table 

 

 

Figure S1. SEM images of a) NQ and b) Me-NQ. 

 

 

 

Figure S2. NMR of a) NQ and b) Me-NQ. 

 

 

 

Figure S3. Differential capacity curves of NQ and Me-NQ at 0.1 A g-1 (the blue and red 

dashed lines represent the average redox voltages for NQ and Me-NQ, respectively). 
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Figure S4. Cycling performance of Me-NQ and NQ at 0.2 A g-1. 

 

 

 

 

 

Figure S5. a) FT-IR of the pristine Me-NQ cathode and after 3500 cycles at 5 A g-1. SEM 

images of b) the pristine Me-NQ cathode and c) after 3500 cycles at 5 A g-1 (the 

morphology of active material changed during electrode preparation and it was 

uniformly mixed with carbon additive).  
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Figure S6. a) FT-IR of NQ at different states. b) CV of NQ in different electrolytes at 0.1 

mV s-1. c) SEM images of NQ at different states. d) EDS mappings of the discharged NQ. 
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Table S1. Cycling performance comparison of Me-NQ cathode with previously 

reported organic cathode materials in aqueous zinc batteries. 

Cathode Electrolyte 
Current 

density 

Cycle 

number 

Capacity retained 

after cycling 
Ref. 

Lignin@C 
PAAK+0.2 m 

Zn(TFSI)2 
1 A g-1 8000 37 mAh g-1 2 

P(4VC86-

stat-SS14) 
4 M Zn(TFSI)2 30 C 48000 184 mAh g-1 3 

PC/G-2 3 M ZnSO4 2 C 3000 158 mAh g-1 4 

TAHQ 2 M ZnSO4 5 A g-1 1000 99 mAh g-1 5 

TRT 2 M ZnSO4 0.5 A g-1 1000 65 mAh g-1 6 

PMTP@CNT

-40 
2 M ZnSO4 3 A g-1 4000 150 mAh g-1 7 

TA-PTO-

COF 
2 M ZnSO4 1 A g-1 1000 142 mAh g-1 8 

Me-NQ 2 M ZnSO4 5 A g-1 3500 146 mAh g-1 
This 

work 
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