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Figure S1. (a) N2 absorption/desorption isotherms for the pristine microporous carbon (MP) and the 

one immersed in 1M im solution (MP/Im) at pH ~ 7. (b) N2 absorption isotherms for MP, MP/Im acidic 

(the solution pH ~ 1), and MP/Im alkaline (the solution pH ~ 13). Micropore size distributions of (c) 

MP and MP/Im, (d) MP, MP/Im acidic, and MP/Im alkaline. Mesopore size distributions of (e) MP and 

MP/Im, (f) MP, MP/Im acidic and MP/Im alkaline.
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Figure S2. XRD of (a) the microporous carbon and (b) the microporous carbon immersed in the 1 M 

Im solution at pH ~ 7.
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Figure S3. XRD of the microporous carbon immersed in the 1 M Im solution at pH ~ 7 (green) and 

after annealing at 300 oC (black).
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Figure S4. The XRD of Imidazole powder.
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Figure S5. Schematic descriptions of (a) an open- and (b) a compact-cell.
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Figure S6. The nine squared scheme of H2Q/Q redox reaction via proton-coupled electron transfers 

(PCETs), and the corresponding pKa values reported.1
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Figure S7. Successive CVs (1, 3, 5, and 10th cycle) at 5 mV/s measured in the compact-cell configured 

as MPE (CE)|5 mM H2Q + 1 M Im, pH ~ 7||the same electrolyte condition as the other side|MPE (WE).
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Figure S8. Integrated voltammetric areas to estimate charges for H2Q oxidation to Q and vice versa at 

(a) 1st and (b) 100th cycle. Both anodic and cathodic peak areas from 1st and 100th cycle CVs were 

estimated to be 90.5 and 87.0 C/g, respectively; the volume of the electrolyte in the compact cell was 

240 �L, and the theoretical charge for the complete electrolysis of H2Q and vice versa was 95.8 C/g.
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Figure S9. (black) Forward scanned voltammogram for electrolytic oxidation of H2Q from the (a) 1st 

and (b) 11th CV cycle. After that, each the compact-cell was dissembled, and MPE was rinsed with 

deionized water and immersed in the 1 M Im solution without H2Q for 1 hour. Negatively swept 

voltammogram for reduction of (a, blue) residual Q and (b, orange) QuinoneOx,Confined in the MPE.
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Figure S10. Snapshots for the transiently observed color change of the 5 mM Q solutions (a) without 

and (b) with 1 M Im for 20 minutes. 



S-16

Figure S11. ATR-FTIR spectra of H2Q, Q, Im and the quinone-Im complex dissolved in DMSO-d6.
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Figure S12. 1H NMR spectrum of the quinone-Im complex: 1H NMR (500 Hz, DMSO-d6) δ (ppm) = 

9.93 (s, 2H), 7.92 (s, 2H), 7.43 (s, 2H), 7.05 (s, 2H), and 6.97 (s, 2H).
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Note S1. Voltammetric estimation for the reaction order of Q in its homogenous reaction with Im.

Figure S13a–c shows the successive CVs on a Pt ultramicroelectrode (UME) with its radius, 

a = 5 μm measured in aqueous solutions with Q at different concentrations (2.5, 5 and 10 mM) after the 

injection of Im to 1 M. It was clearly shown that the cathodic limiting current (ilim,c) by electro-reduction 

of Q decreased, while the anodic one by electro-oxidation of H2Q increased. ilim,c under the diffusion on 

an UME is defined as follows:2

ilim,c = 4nFCQ*DQa (S1)

Here, n = 2 is the e− number for the electro-reduction of Q, F is the Faraday constant, and CQ* and DQ

are the bulk concentration and the diffusion coefficient of Q, respectively. From the measured ilim,c over 

time, the CQ*-t profiles with different initial concentration values were measured, as shown in Figure 

1h. Because the concentration of Im was more than two orders of magnitude higher than that of Q, the 

chemical reaction between Q and Im was considered a pseudo-first-order reaction, the rate of which is 

expressed as follows:

Rate = k’[Q]     (S2)

The initial rates of the chemical reaction at different concentrations of Q were estimated from the slopes 

of the CQ*-t profiles from 0 to 40 s, which are listed in Table S2. The reaction order of Q was estimated 

to be 1 based on the measured initial reaction rates, and the corresponding average pseudo-first order 

rate constant (k’) was estimated to be 5.18 × 10-3 s-1. The calculated lifetime of Q (1/k’) was 193 s.
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Figure S13. Successive CVs at 50 mV/s for 30 cycles over 20 minutes on a Pt UME with a radius of 5 

μm in a solution, containing 1 M Im with (a) 2.5, (b) 5 and (c) 10 mM Q at pH ~ 7. The CVs were 

measured immediately after the injection of Im into the Q solutions, started at potential of 0.05 V and 

followed a negative sweep to -0.4 V, then a potential sweep to 0.5 V, and back to 0.05 V. In the process 

of sweeping the potential, the reduction current gradually decreases, and the oxidation current gradually 

increases.
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Figure S14. Successive CVs on the modified glassy carbon macrodisk electrode coated with a quinone-

Im complex measured in a solution containing 1 M Im.
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Figure S15. The 10th cycle CVs associated with H2Q/Q redox reaction on (black) MPE and (red) ordered 

mesoporous carbon electrode in an aqueous solution containing 5 mM H2Q + 1 M Im. 
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Figure S16. The structure of quinone-Im complex for ΔG3 in DFT calculation.
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Figure S17. The successive CVs (1st and 8th cycle) at 0.1 mV/s measured from MPE (CE)|5 mM H2Q 

+ 1 M citrate, pH ~ 7||the same component as the other side|MPE (WE).
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Figure S18. The 1st and 10th cycle CVs at 5 mV/s measured in the Im + citrate buffer solutions 

containing 5 mM H2Q, pH ~ 7 with different fIm : fCB = (a) 1 : 0, (b) 0.8 : 0.2, (c) 0.5 : 0.5, and (d) 0.2 : 

0.8 on MPE.
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Figure S19. Successive CVs at 5mV/s measured in the 2 M Im solutions containing 10 mM H2Q on 

MPE.
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Figure S20. TGA results (a) from a pristine microporous carbon (MP) and the ones immersed in the 1 

M Im solution at pH ~ 1 (acidic), 7 (neutral), and 13 (alkaline), (b) the one immersed in an acidic 

solution containing only H2SO4.



S-27

Figure S21. (a) CV measurements on a pyrolytic graphite sheet electrode in the solution, containing 5 

mM H2Q + 1 M Im, pH ~ 7, and (b) the one after the 100th cycle of charge-discharge process. The 

scan rate of all CVs was 5 mV/s.
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Figure S22. The 1st cycle charge and discharge curve from the cell (purple), positive (green), and 

negative (red) electrodes, respectively measured in (−)MPE|5 mM H2Q + 1 M Im, pH ~ 7||using the 

same component as the negative electrode side|MPE(+) at 0.3A/g. 
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Figure S23. First cycle of charge-discharge characteristic measured in the compact-cell configured as 

(−) MPE|5 mM H2Q + 1 M Im||using the same component as the other side|ordered mesoporous carbon 

electrode (+) at 0.5A/g. 
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Figure S24. (left) Discharge capacity and (right) the coulombic efficiency as a function of the numbers 

of the charge-discharge cycles at 0.5 A/g on ordered mesoporous carbon electrode in a solution 

containing 5 mM H2Q + 1 M Im.
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Figure S25. Discharge capacity at the ordered mesoporous carbon electrode under different current 

densities in 1 M Im solution with (pink)/without (black) 5 mM H2Q after pretreatment step (5 cycles, 

0.3 A/g).
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Table S1. The volume of the adsorbed N2 at monolayer (Vm), BET surface area (as,BET), BET constant 

(C), total pore volume (Vtotal pore), mesopore volume (Vmeso pore), micropore volume (Vmicro pore), average 

pore diameter (Фaverage pore), median pore diameter (Фmedian pore) from non-porous graphite, microporous, 

ordered mesoporous carbon and the microporous ones immersed in 1 M Im solutions at pH ~ 1 (acidic), 

7 (neutral), and 13 (alkaline).
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Table S2. The initial rates of the chemical reaction between Q and Im at different concentrations of Q 

estimated from the slopes of the CQ*-t profiles (Figure 1h) from 0 to 40 s, and the corresponding pseudo-

first-order rate constant.
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Table S3. The system components of MD simulation: the CNT diameter, the numbers associated with 

each molecule. The number of molecules was adjusted to keep the density the same.
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Table S4. DFT calculations to estimate the Gibbs free energy changes for stabilization of Q (ΔG1) and 

Im (ΔG2) by interaction with carbon surface, which are compared to that for formation of Q-2Im 

complex (ΔG3).
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