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Section S1. Experimental Procedures 

1.1 Material Synthesis. 

4,4’-dinitrobipenyl (DN, AR, 99%), 9,10-phenanthraquinone (PQ, AR, 99%) and 2,7-

dinitrophenanthrene-9,10-dione (DNPQ, AR, 99%) organic small molecule were purchased from 

Shanghai Titan Technology Exploration Platform. 

1.2 Material Characterizations. 

Field-emission scanning electron microscopy (SEM, Hitachi S-4800) were applied to observe 

the microstructure and geometries of as-purchased samples. X-ray diffraction (XRD) pattern was 

performed to monitor the structures of organic materials (Cu Kα radiation source). Fourier-

transformed infrared spectrum (FT-IR) was analyzed through a Thermo Nicolet NEXUS 

spectrometer. The elemental mapping image was captured on a JEM-F200 instrument equipped 

with an energy diffraction system. The UV-vis spectrum characterization was performed on a 

JASCO V-750 in a range of 200~800 nm to investigate the structural stability of the pristine and 

cycled DNPQ electrode soaked with Zn(OTF)2 and NH4OTF electrolytes after 30 days. X-ray 

photoelectron spectrometer (XPS, AXIS Ultra DLD) was utilized to investigate the surface 

functionalities of the samples. For ex-situ spectroscopic investigation including FT-IR and XPS, 

DNPQ cathodes were collected by disassembling ZOBs at specific voltages during the 

discharging/charging process.  

1.3 Electrochemical Measurements. 

DNPQ (or DN, PQ), graphite and polytetrafluoroethylene (with a mass ratio of 7:2:1) was 

mixed and compressed into discs, then pressed onto stainless-steel mesh. Afterwards, the cathodes 

were dried at 80 °C for 12 h at a vacuum condition. The mass loading of DNPQ on the cathode is 

~5.1 mg cm−2.  

DNPQ (or DN, PQ) cathode, aqueous NH4CF3SO3 electrolyte (named as NH4OTF, 3 mol L−1), 

Zn metal anode (> 99.99%), and glass fiber separator were coupled into a 2032 coin-type cell to 

assemble ZOBs. For comparison, aqueous Zn(OTF)2 electrolyte (3 mol L−1) was also applied to 

fabricate ZOBs. 

Galvanostatic charge/discharge (GCD) profiles and cycling stability of ZOBs were collected 
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on a LAND-CT3002A battery test system with a voltage range of 0.1−1.8 V. Cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS) tests were performed on a CHI660E 

electrochemical workstation. The specific capacity (Cm, mAh g−1) was calculated from GCD 

profiles based on the following equation: 

                              Cm = 
I × ∆t

m 
                                                              (Eq. S1) 

where I, Δt and m represent the current density (A g−1), discharging time (s) and mass loading of 

active materials in cathodes, respectively.  

The gravimetric energy density (E, Wh kg−1) and power density (P, W kg−1) of ZOBs were 

calculated according to the following equations: 

E = Cm × ΔV                           (Eq. S2) 

   P = 
E

1000 × ∆t
                                              (Eq. S3) 

where ΔV refers to the voltage window. The electrochemical specific capacities and energy/power 

densities were calculated based on the mass loading of active materials in the cathode. 

The ion transport resistivity (σ, Ω s−0.5) and diffusion coefficient (D, cm2 s−1) were investigated 

by EIS spectra according to the following equations: 

Z' = σω−0.5 + Rs + Rct                      (Eq. S4) 

And the ion diffusion coefficient (D, cm2 s−1) is calculated by equation as follows: 

D = 
R2T2

2A2C2F4n4σ2
                           (Eq. S5) 

where Z': real part of impedance (Ω); σ: diffusion resistance (Ω s−0.5); ω: angle frequency (rad s−1); 

Rs: ohmic resistance between the electrode and electrolyte (Ω); Rct: charge transfer resistance (Ω); 

n: electron transfer numbers per molecule during electron reaction; D: ion diffusion coefficient 

(cm2 s−1); A: surface area of electrode (cm2); R: gas constant (8.314 J mol−1 K−1); T: Kelvin 

temperature (293.15 K); C: molar concentration of electrolyte (mol L−1); F: Faraday constant 

(96485 C mol−1). 
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Section S2. Calculation Methods 

2.1 Density Functional Theory (DFT) Calculation. 

Molecular Property Simulation. The theoretical calculations were performed using the 

Gaussian 16 suite of programs.S1−S4 The structures of DNPQ and its derivatives (DN and PQ) were 

optimized at the B3LYP-D3/ def2-TZVP level of theory. The negative electrostatic potential (ESP) 

region (red color) implies the electrophilic property, while the positive ESP (blue color) represent 

the nucleophilic one. The localized orbital locator-π (LOL-π) calculation was performed via 

Multiwfn 3.8 programs. The molecular orbital energy levels, including the lowest unoccupied 

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO), and the charge 

population sum were analyzed at the B3LYP-D3 level of theory. The independent gradient model 

(IGMH) based on Hirshfeld partition was conducted for optimized DNPQ complex to investigate 

the weak interaction between DNPQ and NH4
+ charge carriers. The color-filled gradient isosurface 

map intuitively exhibit the interaction area and corresponding strength.  

Geometry Optimization and Charge Density Difference: All the DFT calculations were 

carried out using the Vienna Ab initio Simulation Package (VASP)S5 with the projector augmented 

wave (PAW) method.S6 The exchange-functional was treated using the generalized gradient 

approximation (GGA) with Perdew-Burke-Emzerhof (PBE)S7 functional. The energy cutoff for the 

plane wave basis expansion was tuned to be 400 eV. Partial occupancies of the Kohn−Sham orbitals 

were permitted by the Gaussian smearing method and a width of 0.2 eV. The Brillourin zone was 

sampled with Monkhorst mesh of 1×1×1 for the optimization for all the structures. The self-

consistent calculations apply a convergence energy threshold of 10−4 eV, and the force convergency 

was tuned to be 0.05 eV Å−1. The charge density differences were simulated by VASPKIT code. To 

detailly dissect the bonding properties of NH4
+ uptake on DNPQ skeleton and charge transfer nature 

between both, the charge density differences of NH4
+ absorbed on as-built DNPQ model were 

simulated through subtracting the charge densities of NH4
+ and DNPQ substrates from the 

corresponding complexes. The charge transfer level between NH4
+ and DNPQ was calculated by a 

Bader charge analysis procedure.S8 

Δρ = ρ(NH4
+/DNPQ) – ρ(DNPQ) – ρ(NH4

+)              (Eq. S6) 
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Molecular Dynamics Simulation. A standard molecular mechanic’s potential model was 

employed based on the following equation: 

                 (Eq. S7) 

where the first three terms denote the bonded interactions, including the bond length, bond angle, 

and torsion interactions, and the last term represents non-bonded interactions, including Coulombic 

interactions and van der Waals (vdW). For different kinds of atoms, the Lorentz-Berthelot mix rules 

were adopted for Van der Waals interactions based on the following equation: 

σij = 
1

2
(σii + σjj);  ε

ij
 = (εii*εjj)

1/2
                   (Eq. S8) 

According to the experimental concentration, the simulated system was constructed. The 

initial configurations of the systems were established by the Packmol software.S9 The simulations 

were performed using GROMACS package (version 2024.2)S10−S13 with the all-atom OPLS 

(optimized performance for liquid systems) force field.S14 The simple point charge/extend (SPC/E) 

model was employed to depict water molecules.S15 For each system, the steep descent method was 

used to minimize the system energy. Subsequently, molecular dynamics simulations were 

conducted for each system (50 ns) under NPT ensemble at 298 K and 1 atm. The bond lengths of 

other components were restricted by LINCS algorithm.S16 The periodic boundary conditions were 

applied in all three directions. The V-rescale thermostat algorithm was applied to hold the 

temperature constant.S17 The long-range electrostatic interactions was calculated using Particle 

mesh Ewald method.S18 The model configuration was visualized using Visual Molecular Dynamics 

software.S19 

Several structures were taken from the finial simulated structures. Then the single-point 

energies of complexes were calculated using the density functional theory (DFT) at the 

B3LYP/def2-TZVP level.S20 The calculations were carried out by using the 

Gaussian 16 package, revision A. 03.S1 The binding energy (ΔE) of the configuration was 

estimated by the following form: 

ΔE = EAB − (EA + EB)                       (Eq. S9)            
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where EA, EB and EAB represent the energies of A (one water molecule), B (excluding fragment A), 

and the total energy, respectively. A negative value of ΔE signifies that the reaction process is 

exothermic, and a higher negative value corresponds to a stronger interaction, which means that 

the more heat released, the more stable the structure.  

Finete Element Simulation (FES). FES were performed using a COMSOL Multiphysics 

software to reveal the NH4
+ ion transport process in DNPQ.S21, S22 A sheet model was established, 

which stands for the section geometric architecture of DNPQ. The NH4
+ ion diffusion process 

within DNPQ can be simulated according to the following Poisson–Nernst–Planck equation: 

∇ ∙ (D∇ci+
Dzie

kBT
ci∇V) =0                                     (Eq. S10) 

where D, c, z, e, T, and kB is the diffusion coefficient, ion concentration, ion valence, elementary 

charge, absolute temperature, and Boltzmann constant, respectively. The above equation is solved 

in a time-dependent state to realize a steady state. To guarantee high accuracy of simulation result, 

the densest conventional triangular meshes were used for all simulations on the surface. The 

MUMPS solver was used with a relative tolerance of 0.001. The volume fraction is normalized by 

the maximum volume fraction in the center of DNPQ model.  

2.2 Optical Energy Gap. 

The optical energy gaps (Eg, eV) of DNPQ, DN and PQ were estimated based on UV-Vis 

spectra according to the following equations:S23 

α  
(hv −  Eg)

1/2

hv
                                             (Eq. S11) 

hv = 1280/λ                                         (Eq. S12) 

where α signifies the optical absorption coefficient, hv is the photon energy, λ denotes the 

wavelength. The unit of Eg is eV. 

2.3 Electron Tunneling Distance. 

The tunneling probability (TP) of electron at the organic/graphite interface is related to the 

tunneling distance (x) and the height of potential height (β):S24 

TP ∝ e−βx                          (Eq. S13) 
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A lower distance signifies a stronger π-π interaction between organic materials and the graphite 

additive and a higher electron tunneling probability. β is almost constant for a defined organic 

moiety. Thus, reducing the tunneling distance is the most feasible route to boost the interfacial 

charge transfer kinetics for electrochemical charge storage.  

2.4 Activation Energy. 

The activation energy (Ea, eV) for the charge transfer process was estimated by the Arrhenius 

equation:S25 

1/Rct = Aexp(−Ea/RT)                      (Eq. S14) 

where Rct, A, and R represent the charge transfer resistance (Ω), constant under a stable 

experimental condition, the gas constant (8.314 J mol−1 K−1), respectively. Plotting ln(Rct
−1) vs. 

1000/T and linear fitting gets Ea: 

ln(Rct
−1) = −Ea/RT + k                       (Eq. S15) 

where k is a constant.   

2.5 Capacitive Contribution. 

The charge storage kinetics of Zn||DNPQ batteries were studied according to the following 

relationship:S26  

i = kvb                           (Eq. S16) 

where k and b are constants, i and v refer to current density and scan rate, respectively. When the 

power exponent b value is close to 0.5, it identifies a diffusion-controlled process, while a b-value 

of 1.0 suggests a surface-dominated redox reaction process.S27 

The Dunn’s method was used to analyze the capacitive contribution from the rapid surface 

redox capacitive process and the diffusion-limited process.  

Quantitative capacitive contribution can be calculated according to the following equation:S27  

i = k1v + k2v1/2                                   (Eq. S17) 

where k1 and k2 are constants, k1v and k2v1/2 are the current density contributed from fast-capacitive 

process and diffusion-controlled process, respectively. Dividing v1/2 on both sides of the above 
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equation gets: 

i/v1/2 = k1v1/2 + k2                                  (Eq. S18) 

Generally, i/v1/2 and v1/2 show a linear relationship, two capacity contributions can be separated 

by linear fitting. The slope belongs to k1 and the y-intercept equals k2. By repeating the above steps 

for other voltages and sweep rates, the respective capacity contribution from the surface-controlled 

process and a diffusion-controlled process can be quantitatively calculated. 

2.6 Theoretical Capacity Calculation. 

The theoretical capacity (Cm, mAh g−1) of an organic cathode was calculated according to the 

following form:S28 

Cm = 
n × F 

3.6 × M
                                                          (Eq. S19) 

where F denotes a constant (96485 C mol−1), M is the molar mass of an organic material (g mol−1). 

For DNPQ cathode, when considering the molecular weight of 298 g mol−1 and four-electron 

transfer during redox process, the theoretical capacity was calculated to be 270 mAh g−1. 

Analogously, the theoretical capacity of DN and PQ were 220 and 129 mAh g−1, respectively.  
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Section S3. Supplementary Characterizations 

 

 

Fig. S1 FT-IR spectra of DNPQ, PQ and DN. 

Notes to Fig. S1: FT-IR spectra indicate the presence of C=O groups at 1670 and 1679 cm−1 in PQ 

and DNPQ, as well as NO2 groups at 1519 and 1359 cm−1 in DN and DNPQ. This suggest that 

DNPQ contains dual functional groups of C=O and NO2. 

 

 

Fig. S2 H1 NMR spectra of DNPQ, PQ and DN. 
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Fig. S3 SEM images of (a) DNPQ, (b) PQ, and (c) DN.  

 

 

Fig. S4 XRD patterns of DNPQ, PQ and DN. 

 

 

Fig. S5 The π-electron localized orbital locator map (LOL-π) of (a) DNPQ, (b) PQ and (c) DN 

molecules. 
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Fig. S6 ACID plots of DNPQ molecules. 

 

 

Fig. S7 Simulated projected density of states (DOS) of DNPQ, PQ and DN molecules. 

 

 

 

Fig. S8 The orbital analysis of (a) PQ and (b) DN molecules stacked on graphite skeleton for 

showing the interface electron transfer process. 
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Section S4. Electrochemical Results 

 

 

 

Fig. S9 Schematic configuration of Zn||DNPQ battery using aqueous NH4OTF electrolyte. 

 

 

Fig. S10 (a) Three-electrode CV analysis (Pt wire as the counter electrode and graphite rod as the 

reference electrode) and (b) capacity contribution of NH4
+ and Zn2+ ions. 

 

 

 

Fig. S11 (a) Tested pH values and (b) ionic conductivities of two electrolytes. (c) GCD profile of 

DNPQ in two different electrolytes. 
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Fig. S12 Differential capacity profile. 

 

   

Fig. S13 GCD profiles of (a) PQ and (b) DN cathodes in NH4OTF electrolyte. 

 

 

 

Fig. S14 Ragone plots of Zn||DNPQ batteries based on the mass loading of DNPQ in the cathode 

(5.1 mg cm−2) using NH4OTF and Zn(OTF)2 electrolytes, respectively.  
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Fig. S15 (a) CV curves of DNPQ at 1−5 mV s−1. (b) b values, and (c) capacitive contribution of 

Zn//DNPQ battery using NH4OTF electrolyte.  

Notes to Fig. S15: Plotting logi versus logv yields high power-exponent b values of 0.93−0.96 for 

the three redox peaks. It is well-established that a b-value is close to 0.5 means a diffusion-

controlled process, while a b-value is close to 1 signifies a capacitive-controlled process in the 

charge storage mechanism. Almost 83% of the total stored charge is contributed by the surface 

redox reaction at 2 mV s−1, along with the slight diffusion-limited process (17%). 

 

 

Fig. S16 Capacity comparison of DNPQ with recently reported organics. 
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Fig. S17 (a, c) Voltage profiles and (b, d) Coulombic efficiency of Zn||stainless-steel mesh cell in 

NH4OTF and Zn(OTF)2 electrolyte. 

 

 

Fig. S18 Electrochemical impedance spectroscopy of pristine and cycled DNPQ cathode. 
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Fig. S19 Spatial geometric sizes of (a) hydrated NH4
+ ions and (b) hydrated Zn2+ ions. 

 

 

Fig. S20 Relationship between Z' and ω−0.5 in the intermediate frequency and corresponding NH4
+ 

diffusion coefficient. 
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Fig. S21 Electrochemical impedance spectra of Zn||DNPQ battery at different temperatures in (a) 

NH4OTF and (b) Zn(OTF)2 electrolytes, respectively. The equivalent circuit of Nyquist plots for 

DNPQ in (c) NH4OTF and (d) Zn(OTF)2 electrolytes, including the equivalent series resistances 

(Rs), the charge transfer resistance (Rct), the contact angle element (CPE), and Warburg resistance 

(Zw). (e) Estimated Rct values. 

 

 

 

Fig. S22 Solubility of three samples. 
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Fig. S23 (a) Solubility and (b) photographs of DNPQ in two electrolytes. 

 

 

 

Fig. S24 NH4
+ uptake energies of DNPQ with different sites. 

 

 

 

Fig. S25 The established geometry model of DNPQ. 
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Table S1 Comparison of rate capacity, energy density and cycling performance of recently reported 

organic cathode materials for ZOBs in the literatures. 

Organic  

Structure 

Rate Capacity 

(mAh g−1) 

Energy Density 

(E, Wh kg−1) 

Cycling Life 

Capacity Retention (%) 
Refs. 

 

260@0.5 A g−1 

82@50 A g−1 
205 81.1%, 80,000 cycles, 20 A g−1 

This 

work 

 

210@0.15 A g−1 N/A 99%, 500 cycles, 0.15 A g−1 S29 

 

213@5 A g−1 N/A 83%, 1000 cycles, 5 A g−1 S30 

 

163@0.8 A g−1 62.9 95%, 200 cycles, 5 A g−1 S31 

 
66@20 A g−1 67 82%, 8000 cycles, 1 A g−1 S32 

 
48.9@30 A g−1 116.8 82.5%, 4000 cycles, 1 A g−1 S33 

 

182@2 A g−1 282 92%, 250 cycles, 0.05 A g−1 S34 

 

97@2 A g−1 126.5 83.8%, 23,000 cycles, 2 A g−1 S35 

 

120@10 A g−1 N/A 65%, 58,000 cycles, 10 A g−1 S36 

 

182@10 A g−1 N/A 81.3%, 3000 cycles, 10 A g−1 S37 

 

140.7@20 A g−1 N/A 90.8%, 30,000 cycles, 5 A g−1 S38 

 
82@20 A g−1 68 70%, 45,000 cycles, 5 A g−1 S39 

 

173@5 A g−1 195 76%, 1000 cycles, 3 A g−1 S40 

mailto:163@0.8
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123@20 A g−1 N/A 93.3%, 5000 cycles, 5 A g−1 S41 

 

177.5@9 A g−1 289 75%, 11,000 cycles, 5 A g−1 S42 

 

190@20 A g−1 149.3 91%, 5800 cycles, 5 A g−1 S43 

 

145@20 A g−1 N/A 82%, 1000 cycles, 10 A g−1 S44 

 

176@10 A g−1 190.1 75%, 10,000 cycles, 20 A g−1 S45 

 

161@5 A g−1 157.1 79%, 2000 cycles, 2 A g−1 S46 

 

60@5 A g−1 139 75%, 500 cycles, 2 A g−1 S47 

 

58@83.5 A g−1 N/A 86%, 20,000 cycles, 16.7 A g−1 S48 

 

120@1C N/A 93.5%, 1000 cycles, 1C S49 

 

277@20 A g−1 242 85%, 4800 cycles, 10 A g−1 S50 

 

121@5 A g−1 44 96%, 1500 cycles, 3 A g−1 S51 

 

172@1 A g−1 220 87%, 1000 cycles, 0.5 A g−1 S52 
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105@8 A g−1 60 81%, 500 cycles, 8 A g−1 S53 

 

105@3 A g−1 N/A 96.4%, 38,000 cycles, 3 A g−1 S54 

 

73@7 A g−1 66.5 85%, 4000 cycles, 10 mV s−1 S55 

 

107.5@6 A g−1 236 87.6%, 1000 cycles, 6 A g−1 S56 

 

200@10 A g−1 N/A 91.2%, 9700 cycles, 10 A g−1 S57 

 

68@10 A g−1 N/A 62%, 10,000 cycles, 10 A g−1 S58 

 

95.6@10 A g−1 N/A 88%, 10,000 cycles, 5 A g−1 S59 

 

37.5@10 A g−1 N/A 100%, 7000 cycles, 6 A g−1 S60 

 

108@500 A g−1 92.4 98%, 10,000 cycles, 5 A g−1 S61 
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131@60 A g−1 153.9 92.7%, 30,000 cycles, 30 A g−1 S62 

 

100@20 A g−1 43.1 100%, 13,000 cycles, 20 A g−1 S63 

 

65@30 A g−1 139.6 78%, 3000 cycles, 5 A g−1 S64 

 

110.3@5 A g−1 68.7 80.2%, 10,000 cycles, 5 A g−1 S65 

 

 

132@40 A g−1 N/A 90.1%, 5000 cycles, 5 A g−1 S66 

 

98@141 A g−1 352 83%, 48,000 cycles, 9.4 A g−1 S67 
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