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Section S1. Experimental Procedures 

1.1 Material Synthesis. 

Synthesis of δ-MnO2 and Ni-δ-MnO2: δ-MnO2 was synthesized using a simple 

hydrothermal method. In detail, 1.5 mmol of KMnO4 and 1.5 mmol of MnSO4 were 

dissolved in 60 mL of deionized water. The resulting solution was transferred to a 100 mL 

Teflon-lined stainless-steel autoclave and heated at 180 °C for 24 hours. Similarly, Ni-δ-

MnO2 was synthesized following the same procedure except by adding 0.3 mmol of 

Ni(NO3)2·6H2O to the solution. 

Synthesis of Ni-TABQ@δ-MnO2 and Ni-TABQ: To prepare Ni-TABQ@δ-MnO2, 

291 mg of Ni-δ-MnO2 was dispersed in the mixture of 30 mL of dimethyl sulfoxide (DMSO) 

and 3 mL of concentrated ammonia solution (~14 M) under vigorous stirring. Separately, 

168 mg of 2,3,5,6-tetraamino-1,4-benzoquinone (TABQ, purchased from Adamas-Beta) 

was dissolved in 30 mL of DMSO and then added dropwise to the Ni-δ-MnO2 dispersion 

solution while stirring continuously. The reaction mixture was allowed to proceed at room 

temperature for 8 hours under N2 atmosphere. The resulting products was thoroughly 

washed several times with deionized water and acetone and subsequently dried in a 

vacuum oven at 80 °C for 12 hours (84.7% yield). Similarly, Ni-TABQ was synthesized 

following the same procedure except by replace Ni-δ-MnO2 with 0.3 mmol of 

Ni(NO3)2·6H2O. 

1.2 Characterizations. 

The X-ray diffraction (XRD) patterns recorded on Rigaku Ultima IV with Cu radiation 

of 1.5418 Å were used to identify the crystal structure of the material. Field-emission 

scanning electron microscopy (SEM, Hitachi S-4800) and transmission electron 

microscopy (TEM, JEM-2100) equipped with an X-ray energy dispersive spectroscopy 

(EDS) instrument were used to investigate the morphologies and elemental maps. An X-

ray photoelectron spectrometer (XPS, AXIS Ultra DLD) was employed to test surface 

element composition and state of products. Fourier-transformed infrared (FT-IR) spectrum 

was obtained by a Thermo Nicolet NEXUS spectrometer. Thermal stability was examined 
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in an air atmosphere using STA409 PC thermogravimetric (TG) analyzer at a heating rate 

of 10 °C min−1. 

For ex-situ characterizations including XRD, XPS, SEM, and TEM were utilized to 

study the phase transition and surface chemistry of the cathode. The cathodes were 

collected as follows: first, the batteries were disassembled at specific voltages during the 

(de-)charging process, then the electrodes were repeatedly washed with distilled water to 

ensure that glass fibers and residual electrolytes were removed from the surface. Finally, 

the electrodes were dried in a vacuum oven at 60 °C overnight to avoid oxidization of the 

samples. 

1.3 Electrochemical Measurements. 

The cathode was prepared through the mixture of Ni-TABQ@δ-MnO2 active material 

(70 wt%), acetylene black (20 wt%), polytetrafluorethylene binder (10 wt%), and ground 

into a uniform slurry then coated on a titanium foil. The cathodes were dried at 110 °C for 

12 h under a vacuum condition, and the mass loading of the electroactive material was 

approximately 2.5 mg cm−2. 2 M ZnSO4 + 0.2 M MnSO4 electrolytes, Zn metal anode (> 

99.99%), and glass fiber separator were coupled into a 2032 coin-type cell. The 

galvanostatic charge/discharge (GCD), rate performance, and cycle stability were 

performed on Neware battery test system (CT-4008Tn-5V10mA-164, Shenzhen, China). 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements with an amplitude of 0.005 V and a test frequency of 10-2−106 Hz were 

conducted on an electrochemical workstation (CHI660E). The specific capacity (Cm, mAh 

g−1) can be evaluated from the GCD curves using the following form: 

Cm = 
I × ∆t

m 
                                                  (Eq. S1) 

Where I refer to the current density (A), Δt represents the discharging time (s), and m is 

the mass of the loading cathode (g). 

The energy density (E, Wh kg–1) and power density (P, W kg–1) are calculated 

according to the following equations: 

E = Cm × ΔV                                                (Eq. S2) 
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P = 
E

1000 × ∆t
                                                  (Eq. S3) 

Where ΔV is the voltage window (V), Δt represents the discharging time (h). 

The in-situ pH battery system consists of a 1 × 1 cm2 cathode with a mass loading 

of 2.5 mg cm−2, alongside a rectangular zinc foil of equal area serving as the anode. 

This battery configuration is assembled within a 5 mL beaker equipped with magnetic 

stirring to ensure uniformity of the electrolyte during the reaction. The pH meter probe 

is inserted between the positive and negative electrodes to measure the pH of the 

electrolyte. The 3–3.5 mL of 2 M ZnSO4 + 0.5 M MnSO4 electrolyte were added to the 

beaker. Electrochemical testing was performed on a Neware battery test system at 0.5 

A g–1 current density. The pH of the electrolyte was recorded using pH meter (INESA 

Scientific Instrumentco., Ltd, PHS-3E). The assembled in–situ pH battery system is 

illustrated in Figure S19. 

Galvanostatic intermittent titration technique (GITT) measurements were used to 

calculate the diffusion coefficient of zinc ions (D
Zn

2+) in cathode based on the following 

equation: 

D
Zn

2+ = 
4

πτ
(

mV

MA
)2(

∆Es

∆Et
)2                                            (Eq. S4) 

where m (g) and M (g mol−1) are assigned to the loading mass and molecular weight of 

active material; V (cm3 mol−1) represents the molar volume of materials deduced from 

crystallographic data; τ (s) is constant current pulse time; A (cm2) is the surface area of 

electrode; ΔEs (V) and ΔEt (V) denote the change of steady-state voltage and the total 

change of the voltage during a constant pulse for a single-step GITT curve, respectively. 

Electrochemical quartz crystal microbalance (EQCM) measurements were 

conducted by using a QCM 200 (Stanford Research Systems) and a BioLogic 

potentiostat. EQCM curves were recorded during the discharge process by CV scan at 

1 mV s−1. The mass change (Δm, g) of the electrode can be calculated by equation (5), 

where ρq and μq stands for the density (2.648 g cm−3) and shear modulus (2.947 × 

1011 g cm−1 s−2) of quartz, respectively. f0 (Hz) is the fundamental resonance frequency 
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of quartz. Δm (g) and Δf (Hz) are the mass change and frequency change, respectively. 

Cf (14.6 ng/Hz) is the sensitivity factor calculated by the relation based on frequency 

and mass change between the quartz crystal before and after coating. The molar weight 

of charge carrier (Mw) can be calculated according to equation (6), where F stands for 

the Faraday constant (96485 C mol−1), n stands for the valence number of the ion, and 

ΔQ (C) stands for the charges passed through during the electrochemical process. 

Δm = 

√ρ
q
μ

q

2f0
*Δf = -Cf*Δf                                  (Eq. S5) 

Mw = 
nfΔm

ΔQ
                                                   (Eq. S6) 
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Section S2. Calculation Methods 

2.1 Density Functional Theory (DFT) Calculation. 

All the DFT calculations of crystal structure are performed by the Vienna Ab initio 

Simulation Package (VASP)[S1] with the projector augmented wave (PAW) method.[S2] The 

exchange-functional is treated using the generalized gradient approximation (GGA) with 

Perdew-Burke-Emzerhof (PBE) functional.[S3] The energy cutoff for the plane wave basis 

expansion was set to be 400 eV. The Brillourin zone was sampled with Monkhorst mesh 

of 1×1×1 for the optimization for all the structures. All geometrical structures were fully 

optimized to its ground state. The convergence criteria for the total energy and the 

maximum force on each atom are less than 1 × 10–6 eV and 0.02 eV/Å, respectively. The 

charge density differences were simulated by VASPKIT code.[S4] The charge density 

differences between charge carriers and as-built crystal structure were simulated, of which 

the charge transfer level between both was calculated by a Bader charge analysis 

procedure. In addition, the climbing image nudged elastic band (CI-NEB) method[S5] was 

used to determine the minimum energy diffusion pathways of ions and the corresponding 

energy barriers. The uptake energy was calculated according to the following form: 

ΔE = EA/B − EB – EA                                   (Eq. S7) 

The electron localization function (ELF) and independent gradient model (IGM) were 

calculated by using Multiwfn 3.8 programs.[S6] The simulations were conducted via the 

Multiwfn program to investigate the type of interaction force when the value of sign(λ2)ρ 

approaches zero and the VMD software was employed to plot the color-filled isosurface 

graphs IGM maps.[S7] 

2.2 Activation Energy. 

The activation energy (Ea, eV) of the charge transfer process was calculated from the 

Arrhenius equation: 

1/Rct = Aexp(−Ea/RT)                                    (Eq. S8) 

Where Rct is the charge transfer resistance (Ω), A is a constant in a stable experimental 

condition, R is the gas constant (8.314 J mol−1 K−1). Plot ln(Rct
−1) vs. 1000/T and fit it 

linearly to obtain Ea: 
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ln(Rct
−1) = −Ea/RT + k                                        (Eq. S9) 

Where k is a constant.  

2.3 Charge Storage Kinetics. 

The sweep rate (v) and peak current (i) of ZHCs batteries were investigated based 

on the form:  

i = avb                                                        (Eq. S10) 

they can be established by calculating the equation that follows between i and V: 

i = k1v + k2v1/2                                            (Eq. S11) 

Where k1 and k2 are constants, k1v represents the fast-capacitive process, and k2v1/2 

accounts for the diffusion-controlled process. 

The combined series resistances (Rs) can be extracted from the intersection of the 

curve and horizontal axis, comprising the electrolyte ionic resistance, 

electrode/electrolyte interface resistance, and active material electronic resistance. The 

charge-transfer resistance (Rct) refers to the radius of semicircles in the curves of 

Nyquist plots. The capacitance C (ω) changes along with the frequency which is defined 

as follows:  

C (ω) = C′ (ω) − jC″ (ω)                                         (Eq. S12) 

Cꞌ (ω) = – Zꞌꞌ (ω) / (ω │ Z (ω)│2)                           (Eq. S13) 

Cꞌꞌ (ω) = Zꞌ (ω) / (ω │ Z (ω)│2)                               (Eq. S14) 

Where C′ (ω) is the real part of C (ω), the low frequency value of C′ (ω) refers to the 

capacitance of the device tested in constant-current discharge process; C″ (ω) is the 

imaginary part associated with the energy dissipation by an irreversible process leading to 

a hysteresis, Zꞌ (ω) and Zꞌꞌ (ω) are the real and imaginary parts of the complex impedance 

Z (ω), respectively. ω is the angular frequency given by ω = 2πf. The relaxation time 

constant (τ0) is calculated by equation: 

τ0 = 1/f0                                                       (Eq. S15) 

τ0 is marked at the position where the imaginary part of the capacitance (Cꞌꞌ) reaches its 

maximum at frequency f0. 
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Section S3. Supplementary Characterizations 

 

Figure S1. Synthesis diagram of hybrid superlattice Ni-TABQ@δ-MnO2. 

 

Figure S2. SEM images of (a-c) δ-MnO2, (d-e) Ni-δ-MnO2, (g-i) Ni-TABQ@δ-MnO2. 
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Figure S3. SEM images of (a-c) Ni-TABQ. 

 

Figure S4. TG curves of (a) δ-MnO2, Ni-δ-MnO2 and (b) Ni-TABQ@δ-MnO2 cathodes. 

 

Figure S5. (a) XRD patterns of δ-MnO2, Ni-δ-MnO2, and hybrid superlattice Ni-

TABQ@δ-MnO2 cathodes. (b) XPS spectra of N 1s for TABQ and Ni-TABQ@δ-MnO2. 

Notes to Figure S5: XPS spectra indicate the absence of Ni-N bonds, which directly 

confirm the bonding of Ni2+ cations with TABQ in Ni-TABQ@δ-MnO2 host (Figure S5b). 
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Figure S6. TEM images of (a) δ-MnO2, (b) Ni-δ-MnO2, (c) Ni-TABQ@δ-MnO2. TEM-

mapping images of Ni-TABQ@δ-MnO2. 

 

Figure S7. (a) side view of the differential electron density isosurfaces and (b) 2D contour 

maps of differential charges of Ni-TABQ@δ-MnO2. 

 

Figure S8. Crystal structure model of (a) δ-MnO2 and (b) Ni-TABQ@δ-MnO2. 
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Figure S9. The morphology and surface current distribution of CAFM. (a, b) δ-MnO2, (c, 

d) Ni-δ-MnO2, (e, f) Ni-TABQ@δ-MnO2. 

 

Figure S10. (a) Equivalent circuit of Nyquist plots. (b) Electrochemical impedance 

spectroscopies (EIS) of Ni-TABQ@δ-MnO2 at different operation temperatures for 

calculating the activation energy. 
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Figure S11. Operation mechanism diagram of Zn||Ni-TABQ@δ-MnO2 battery. 

 

Figure S12. GCD curves. (a) Comparison of different cathodes at 0.2 A g−1. (b) δ-MnO2, 

(c) Ni-δ-MnO2 and (d) Ni-TABQ. 
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Figure S13. (a) GCD profiles of Ni-TABQ@δ-MnO2 cathode at different mass loading. (b) 

Comparison of specific capacity at different mass loading. 

 

Figure S14. SEM image of Ni-TABQ@δ-MnO2 morphology evolution. (a) Pristine (b) After 

cycles. 

 

Figure S15. Radar diagram of overall comparison of battery performance between δ-

MnO2, Ni-δ-MnO2, and Ni-TABQ@δ-MnO2. 
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Figure S16. The optical image of an LED toy powered by three Zn||Ni-TABQ@δ-MnO2 

cells integrated in series. 

 

Figure S17. CV curves at different scan rates: (a) δ-MnO2, (b) Ni-δ-MnO2, (c) Ni-

TABQ@δ-MnO2 and (d) Ni-TABQ. 
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Figure S18. Charge transfer/storage kinetics of Ni-δ-MnO2 cathode. (a) b values, (b) 

Capacitive contribution, (c) Ratios of capacitive and diffusion-controlled contributions at 

various scan rates. 

 

Figure S19. Charge transfer/storage kinetics of δ-MnO2 cathode. (a) b values, (b) 

Capacitive contribution, (c) Ratios of capacitive and diffusion-controlled contributions at 

various scan rates. 

 

Figure S20. Ex-situ XRD patterns of hybrid superlattice Ni-TABQ@δ-MnO2 cathode at 

specific discharge/charge states. 
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Figure S21. Schematic diagram of in-situ pH test device. 

Notes to Figure S21: In the in-situ pH test device, a two-electrode Zn||Ni-TABQ@δ-MnO2 

cells was constructed with 2 M ZnSO4 and 0.2 M MnSO4 aqueous electrolyte and in-situ 

pH monitoring was conducted to evaluate the variation in pH of the Ni-TABQ@δ-MnO2 

cathode surface at various (dis)charged states. To track the most accurate pH response, 

the pH meter's glass electrode is attached to the cathode's surface. 

 

Figure S22. SEM images of Ni-TABQ@δ-MnO2 cathode at different discharge/charge 

states.  
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Figure S23. GITT curves of δ-MnO2-based cathodes during the discharge/charge process: 

(a) δ-MnO2, (b) Ni-δ-MnO2, (c) Ni-TABQ@δ-MnO2. 

 

Figure S24. Mn 2p XPS spectra of δ-MnO2, Ni-δ-MnO2, and Ni-TABQ@δ-MnO2 cathodes 

at (a) fully discharged and (b) charged states. (c) GCD curves at 0.2 A g−1 of δ-MnO2, Ni-

δ-MnO2 and Ni-TABQ@δ-MnO2 in HOTF-H2O electrolyte. (d) Operando FT-IR spectra of 

Ni-TABQ@δ-MnO2 during the (dis)charge process. 

Notes to Figure S24: Operando FT-IR spectra show the generation/disappearance of 

O−H signals, which derive from reaction between the lattice oxygen of Ni-TABQ@δ-MnO2 

and protons (Figure S24d). Such a result confirms proton participation through distinct 

shifts in O−H stretching bands during the (dis)charge process. 
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Figure S25. SEM images of δ-MnO2-based cathodes at full discharge states. (a) δ-MnO2, 

(b) Ni-TABQ@δ-MnO2. (c) The proportion of proton storage of Ni-TABQ@δ-MnO2 

cathode at different discharge current density. 

 

Figure S26. The charge carries migration states of (a) Zn2+ and (b) H+. 
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Table S1 Comparison of rate capacity (Cm), energy density (E), and cycling performance 

of recently reported Mn-based ZIBs in the literature.  

Cathode Electrolyte Cm (mAh g–1) E (Wh kg–1) Lifespan Refs. 

Ni-TABQ@δ-MnO2 

2M ZnSO4 + 

0.2M MnSO4 

453@0.2 A g–1 

152@10 A g–1 
586 

93.82%, 8,000 cycles 

(3 A g–1) 

This work 

Mn2O3 

3M ZnSO4 + 

0.2M MnSO4 

228@0.1 A g–1  

88@5 A g–1 

311 

82%, 2000 cycles 

(2 A g–1) 

[S8] 

Ni-Mn2O3 2M ZnSO4 
252@0.1 A g–1 

132@1 A g–1 
328 

85.6%, 2500 cycles 

(1 A g–1) 

[S9] 

α-MnO2 

2M ZnSO4 + 

0.1M MnSO4 

285@1/3 C 

113@10 C 
170 

92%, 5000 cycles 

(5 C) 

[S10] 

δ-MnO2 

2M ZnSO4 + 

0.1M MnSO4 

288.8@0.1 A g–1 

85.7@1 A g–1 
389 

91.9%, 1500 cycles 

(1 A g–1) 

[S11] 

MnO2@CFP 

2M ZnSO4 + 

0.1M MnSO4 

290@1/3 C 

174@6.5 C 
288 

~100%, 10000 cycles 

(6.5 C) 

[S12] 

Bi-MnO2 

2M ZnSO4 + 

0.2M MnSO4 

363@0.1 A g–1 

103@3 A g–1 
486 

93%, 10000 cycles 

(1 A g–1) 

[S13] 

S-MnO2 

2M ZnSO4 + 

0.1M MnSO4 

324@0.1 A g–1 

205@2 A g–1 
412 

73%, 1000 cycles 

(3 A g–1) 

[S14] 

ZnMn2O4 

2M ZnSO4 + 

0.1M MnSO4 

318.4@0.1 A g–1 

157.7@1 A g–1 
408 

86.4%, 1500 cycles 

(1 A g–1) 

[S15] 

Mg0.9Mn3O7·2.7H2O 

3M ZnSO4 + 

0.1M MnSO4 

312@0.2 A g–1 

132@5 A g–1 
418 

92%, 5000 cycles 

(5 A g–1) 

[S16] 
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Mn2O3-ZnMn2O4 

2M Zn(CF3SO3)2  

+ 0.1M MnSO4 

247.4@0.1 A g–1 

120.2@5 A g–1 
305 

93.3%, 2000 cycles 

(3 A g–1) 

[S17] 

CaMnO-140 

10M LiTFSI + 

1M Zn(CF3SO3)2 

485.4@0.1 A g–1 

154.5@10 A g–1 
592 

90.6%, 5000 cycles 

(5 A g–1) 
[S18] 

Ru-MnO2 

2M ZnSO4 + 

0.1M MnSO4 

314.4@0.2 A g–1 

101.7@5 A g–1 
384 

82.8%, 2000 cycles 

(1 A g–1) 
[S19] 

Table S2 Zn/Mn ratio obtained for the fully discharged Ni-TABQ@δ-MnO2 cathode from 

inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis. 

Sample 

Ni-TABQ@δ-MnO2 

Zn 

(mmol L–1) × 10–2 

Mn 

(mmol L–1) × 10–2 

Zn/Mn 

Ratio 

Proton 

Contribution 

Fully charge  1.31 13.51 9.7% N/A 

Fully discharge (0.2 A g–1) 6.21 16.22 38.32% 71.38% 

Fully discharge (0.5 A g–1) 4.89 15.44 31.72% 77.98% 

Fully discharge (1 A g–1) 3.45 12.21 28.31% 81.39% 

Fully discharge (3 A g–1) 4.47 18.57 24.12% 85.58% 

Fully discharge (5 A g–1) 4.51 20.12 22.45% 87.25% 

Fully discharge (10 A g–1) 2.59 16.54 15.77% 93.91% 

Notes to Table S2: The ICP-OES analysis at fully charge and fully discharge states was 

selected to calculate the contribution from H+ and Zn2+ of the Ni-TABQ@δ-MnO2 cathode 

at different current density. 
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