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General methods and materials
Starting materials and solvents were purchased and used without further purification 
from commercial suppliers (Sigma-Aldrich and Alfa Aesar). The compound HATAQ 
was prepared by a reaction between 2,3-diamino-1,4-naphtaquinone and cyclohexane 
hexaketone according to our original procedure reported previously.1 Powder X-ray 
diffraction (PXRD) patterns were collected on Bruker D8 Advance ECO. Fourier-
transform infrared (FT-IR) spectra were recorded on Nicolet iS5 or Nicolet 6700, 
Thermo Scientific. The Raman spectra of the samples were collected by UniDRON 
Raman microscope with an excitation laser beam wavelength of 633 nm. X-ray 
photoelectron spectroscopy (XPS) measurements were performed on ULVAC PHI 
5000 VersaProbe Ⅲ with Al Kα (1487 eV) as an X-ray source. Survey scans were 
collected with a pass energy of 100 eV, followed by high-resolution scans of the C 1s, 
N 1s, and O 1s regions with a pass energy of 20 eV. All spectra were charge-corrected 
relative to the C 1s component at 284.5 eV binding energy and analyzed using CasaXPS 
software. Scanning electron microscopy (SEM) images were collected on a SU8010 
HR-FESEM scanning electron microscope. Scanning transmission electron microscopy 
(STEM) and energy dispersive X-ray spectroscopy (EDS) were carried out on JEOL 
JEM-2010 electron microscope. The 1H solid-state nuclear magnetic resonance (NMR) 
spectra were recorded on a Bruker Avance III HD 400MHz NMR. 

Synchrotron X-ray scattering measurements
High-energy X-ray total scattering data were collected at the 28-ID-1 beamline of the 
National Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory. A 
horizontally focusing side bounce monochromator was used to deliver X-rays with the 
energy of 74.4 keV (0.1667 Å) and a beam of cross-sectional area 0.25×0.25 mm2. An 
amorphous 2D silicon-based area detector (PerkinElmerXRD 1621, 200×200 micron 
pixels) was positioned about 20.8 cm from the sample to collect total scattering intensity 
data, which yielded an accessible momentum transfer (Q) range up to 32 Å‒1. Powder 
samples of the pristine HATAQ, fully discharged HATAQ electrode (washed with 
acetic acid), and Zn4(OH)6SO4·5H2O were enclosed in polyimide capillaries and 
measured in transmission mode at room temperature with a total measurement time of 
10 min per sample. The dark current scans were collected and subtracted from the raw 
X-ray patterns, allowing to remove residual intensity and prevent pixel overexcitation.2 
Data for an empty polyimide container were also collected for the background 
correction. Calibration of the sample to detector distance and detector alignment with 
data from a LaB6 powder (NIST 660C) standard was done in pyFAI software.3 Raw 
scattering data were radially integrated into Q-space spectra, applying a mask and 
polarization correction during integration using xpdtools package.4 The normalized 
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total scattering patterns – structure functions, S(Q)’s, were obtained in PDFgetX25 by 
subtracting polyimide container scattering, employing the appropriate sample 
composition and corrections (sample self-absorption, multiple scattering, and inelastic 
Compton scattering) following standard procedures.6,7 The resultant real space pair 
distribution functions, G(r)s, in Figures 1 and 2 (main text) were calculated via Fourier 
transformation (eq. 1) of the S(Q) utilizing a Qmax of 25 Å–1.

 (1)
𝐺(𝑟) =

2
𝜋

𝑄𝑚𝑎𝑥

∫
𝑄𝑚𝑖𝑛

𝑄[𝑆(𝑄) ‒ 1]sin (𝑄𝑟)𝑑𝑄

Quantum chemical calculations
Electronic structure calculations of the HATAQ-H and HATAQ-Zn molecular 
complexes were performed with the Gaussian 16 rev A.03.8 We used the density 
functional theory (DFT) approach for our calculations at the B3LYP/def2-SVP level of 
theory. Frequency calculations were performed to ensure that optimized geometries 
were minima on the potential energy surface and to compute zero-point energies (ZPE) 
and thermal corrections (T = 298.15 K) to Gibbs free energy. The implicit SMD 
polarizable continuum model9 with water as the solvent (default settings) was used in 
the optimization procedure to describe aqueous environment of the electrolyte 
employed in the experiments. The calculations of the Gibbs free energy for the H/Zn 
complexation reaction require the global minimum geometries for HATAQ-H and 
HATAQ-Zn species. We performed an unbiased quantum‐chemical search for the most 
energetically stable HATAQ complexes with H/Zn using the Coalescence Kick (CK) 
program,10,11 which employs a stochastic approach for finding the global minimum. 
Some additional structures not found by the CK algorithm were constructed, optimized 
and their relative energies were compared to confirm the lowest energy structure among 
other possible configurations.

Chemical bonding analysis was performed for the DFT optimized periodic 
structures of HATAQ, HATAQ-H, and HATAQ-6H using the natural bond orbital 
(NBO) methodology.12 The donor-acceptor interaction energy (second-order 
stabilization energies, E(2)) in the NBOs was estimated via second-order perturbation 
theory analysis of the Fock matrix.13 For each donor orbital (i) and acceptor orbital (j), 
the stabilization energy E(2) associated with i→j delocalization is given by:

Ei, j
(2)  oi

i | F


(i, j ) | j2

 j i , where oi is the donor orbital occupancy, F


(i, j )  is the Fock 

operator, and εi and εj are the orbital energies.
Periodic DFT calculations were performed using the Vienna Ab-initio Simulation 
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Package (VASP).14-17 The valence electronic states were expanded in a basis of plane 
waves, while the core valence interactions were described using the Projector 
Augmented Wave (PAW) approach.18,19 The plane wave kinetic energy cut off was set 
to 600 eV and the PBE GGA functional20 was employed to describe the exchange 
correlation interactions. The DFT-D3 approach of Grimme with zero damping21 was 
used to account for the van der Waals interactions. The SCF convergence threshold was 
set to 10-5 eV and a Pulay scheme22 was used for charge density mixing during the SCF 
solution. The chosen level of theory was shown to provide sufficient accuracy in 
predicting structural parameters for the HATAQ structure as compared to the 
experimental X-ray single-crystal diffraction results.1

Electrochemical studies
To prepare electrodes, HATAQ (30 wt%), Ketjen black conductive carbon (60 wt%), 
and poly(vinylidenedifluoride) (PVDF) (10 wt%) were mixed and ground in the 
presence of N-methyl-2-pyrrolidinone (NMP). The mass loading of the active material 
was kept at ~0.7 mg (for 30 wt%). Other ratios of electrode mixture, 45:45:10 and 
60:30:10, were also tested. The slurry was coated onto carbon paper (MGL280) current 
collector and dried overnight at 100 °C in vacuum. CR2032 coin cells were assembled 
by using Zn metal as anode, 1 M ZnSO4 aqueous solution as electrolyte, and Whatman 
glass microfiber (GF/A) membrane as separator. Other Zn electrolytes (1 M 
Zn(CF3SO3)2 in various solvent systems) were investigated to determine an optimized 
electrochemical performance. In addition, three-electrode cells with activated carbon 
(counter electrode), saturated calomel electrode (reference electrode), and HATAQ 
(working electrode) were employed to investigate the charge storage mechanism in 
three different electrolyte systems, 1 M ZnSO4 in H2O, 1 M H2SO4 in H2O, and 1 M 
ZnSO4 in D2O. The galvanostatic charge/discharge and cyclic voltammetry 
measurements were carried out with a Neware battery cycler and a VMP3 system 
(BioLogic). Galvanostatic intermittent titration technique (GITT) was performed at 
current density of 80 mA g−1 for 15 min followed by a 2 h relaxation. Electrochemical 
impedance spectroscopy (EIS) measurements were carried out over a frequency range 
of 1 kHz−1 mHz. The coin cells were allowed to rest for at least 30 min before 
measurements. For activation energy calculations, the cells were placed in a 
temperature chamber and EIS and GITT data were collected at 35, 40, 45, and 50 °C. 
The cells were allowed to equilibrate for at least 1 h at each temperature.

For all ex-situ analyses, the cells were cycled to various states of charge with a 
rate of 200 mA g−1. The HATAQ electrodes for ex-situ Raman and FT-IR 
measurements contained 70 wt% active material, 20 wt% copper, and 10 wt% PVDF.23 
The ex-situ XPS, PXRD, and STEM-EDS were done on HATAQ electrodes consisted 
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of 70 wt% active material, 20 wt% Ketjen Black, and 10 wt% PVDF. Stainless steel 
was used as current collector for all these ex-situ experiments mentioned above. The 
coated electrodes were dried overnight at 100 °C in vacuum. For ex-situ SEM, the 
electrode mixture was prepared by using 30 wt% active material, 60 wt% Ketjen black, 
and 10 wt% PVDF and coated onto carbon paper MGL280. The self-standing electrodes 
(0.2 mm thick) for ex-situ 1H solid-state NMR contained 30 wt% active material, 60 
wt% copper, and 10 wt% poly(tetrafluoroethylene) (PTFE). The electrode mixture was 
combined together by using ethanol and the electrodes were dried in vacuum overnight 
at 80 °C. The coin cells were assembled by using Zn metal as anode, 1 M ZnSO4 
aqueous solution as electrolyte, and Whatman glass microfiber (GF/A) membrane as 
separator. For all the ex-situ measurements, the electrodes were cycled to various states 
of charge and the cells were disassembled. Unless otherwise noted, the electrodes were 
washed with DI water and dried in vacuum at 80 °C for 24 h prior to ex-situ 
measurements. To remove the zinc hydroxide sulfate (ZHS) from the surface, each 
electrode was washed by soaking in acetic acid for 10 s, followed by rinsing with DI 
water and drying in vacuum at 80 °C. 
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Fig. S1 Structure functions, S(Q)’s, for the pristine HATAQ (red), fully discharged 
HATAQ electrode (green), and Zn4(OH)6SO4·5H2O (vine) samples.
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Fig. S2 The relative X-ray weighting factors ( , where 

𝑤𝛼𝛽(𝑄) =
(2 ‒ 𝛿𝛼𝛽)𝑐𝛼𝑐𝛽𝑓𝛼(𝑄)𝑓𝛽(𝑄)

[∑
𝛼

𝑐𝛼𝑓𝛼(𝑄)]2

fα(Q), fβ(Q) are Q-dependent X-ray atomic form factors, are molar fractions of 𝑐𝛼,𝑐𝛽 

species α and β, respectively, and  is one for α=β and zero for α ≠ β) calculated at Q 𝛿𝛼𝛽

= 0 for the atomic pair correlations in the HATAQ system. As can be seen, most of the 
scattering comes from the pairs containing C, O, and N and thus the X-ray scattering 
patterns in Figure 1 (main text) are primarily dominated by C-C, C-N, and C-O 
correlations. Taking into account the relative X-ray weighting factors and integrating 
the first peak in the PDF (Figure 1, main text), we find that the average nearest-neighbor 
coordination number (CN) for C atoms is 2.7, which is in agreement with the average 
CN value of 2.67 for the HATAQ molecule (not counting neighboring H atoms in the 
terminal aromatic rings).
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Fig. S3 Partial radial distribution functions, g(r), (not X-ray weighted) from an ideal 
periodic structure of HATAQ. The peak corresponding to H-O atomic pair correlation 
(sky blue line) is centered at 2.06 Å.
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Fig. S4 (a) Voltage profile of HATAQ electrode with 1 M Zn(CF3SO3)2 in acetonitrile 
(AN) as electrolyte and Zn metal as anode at the rate of 200 mA g‒1. (b) Capacity 
retention and Coulombic efficiency for the first 100 cycles. The result shows poor 
cycling stability of HATAQ in this organic electrolyte.

Preliminary zinc-ion battery performance testing was carried out using HATAQ 
as cathode with Zn metal as anode and 1 M Zn(CF3SO3)2 solution in an organic, 
aqueous, and mixed solvent as electrolyte, respectively (Figure S4, S5). As expected 
without proton-enabled stabilization, in pure acetonitrile-based organic electrolyte, in 
addition to low overall battery performance, a more pronounced capacity fade as well 
as partial dissolution of HATAQ cathode material was observed upon cell cycling (72% 
of initial capacity remained after 100 cycles). In contrast, in the presence of water, a 
known proton source in mildly acidic electrolytes used in AZIBs, both pure aqueous 
and mixed electrolyte performed similarly, reaching 394 mAh g‒1 capacity at the rate 
of 200 mA g‒1 (Figure S5).

Fig. S5 (a) Voltage profiles of Zn/HATAQ cells at 200 mA g‒1 in different Zn(CF3SO3)2 
electrolyte systems, with AN, H2O, and 1:1 v/v AN/H2O as solvent.
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Fig. S6 Discharge/charge profiles of Zn/HATAQ cells at different current densities 
ranging from 2 to 20 A g‒1 in 1 M aqueous ZnSO4 electrolyte.

Fig. S7 Electrochemical properties of the conductive carbon (electrode ratio: Ketjen 
black : PVDF = 9 : 1, with mass loading of Ketjen black ~1.5 mg) at 200 mA g‒1 in 1 
M ZnSO4 aqueous solution as electrolyte and Zn metal as anode (red: discharge; black: 
charge). The delivered capacity of Ketjen black at this electrode ratio is estimated to be 
~5 mAh g‒1 (between 0.2‒1.8 V). At rates higher than 200 mA g‒1, the capacity 
contribution from Ketjen black is, therefore, considered to be almost negligible within 
this voltage window.
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Fig. S8 (a) Discharge/charge profiles and (b) capacity retention plots of HATAQ 
electrodes with different amounts of active material at 200 mA g‒1 (PVDF was kept 
constant at 10 wt%).

Fig. S9 (a) Discharge/charge profiles and (b) capacity retention plots of HATAQ 
electrodes with different amounts of active material at 5 A g‒1 (PVDF was kept constant 
at 10 wt%).

Fig. S10 (a) Discharge/charge profiles and (b) capacity retention plots of HATAQ 
electrodes with different amounts of active material at 10 A g‒1 (PVDF was kept 
constant at 10 wt%).
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Fig. S11 (a) Discharge/charge profile at 200 mA g‒1 indicating the voltage positions for 
ex-situ experiments in 1 M ZnSO4 aqueous electrolyte. (b) FT-IR spectra of the 
HATAQ electrodes at different charge/discharge states showing the change in intensity 
of C=O and C=N signals. (c) Ex-situ Raman spectra of HATAQ at corresponding 
voltage positions. 

Fig. S12 Ex-situ FT-IR spectra of the HATAQ electrodes at different charge/discharge 
states at 200 mA g‒1 (wavenumber of 500‒4000 cm‒1).
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Fig. S13 Ex-situ Raman spectra of the HATAQ electrodes at different charge/discharge 
states at 200 mA g‒1 in the range of 500‒2000 cm‒1.

Figure S11 and S12 show the FT-IR spectra at different discharge and charge states 
when HATAQ electrode was cycled at 200 mA g1. The distinct absorption peaks at 
1687 and 1582 cm‒1 can be attributed to stretching vibration modes of carbonyl (C=O) 
and imine (C=N) groups, respectively.24,25 As the cell is discharged from open circuit 
voltage (OCV) to 0.2 V, the intensities of these two peaks gradually decrease, 
suggesting the interactions between the charged species in the electrolyte and both the 
carbonyl and imine redox centers in HATAQ during the reduction.1,26,27 At the fully 
charged state at 1.8 V, the intensities of the two peaks increase and become comparable 
to those at the pristine state, indicating the reversibility of the redox processes at the 
C=O and C=N groups. Similarly, the bands observed in the Raman spectra (Figure S11 
and S13) at approximately 1570 and 1665 cm‒1 correspond to C=N and C=O, 
respectively.1,24,28 Both of the bands become weaker during discharge and stronger 
during charge. These results confirm the highly reversible nature of the redox processes 
in HATAQ as seen in the electrochemical tests. According to these results, it is clear 
that both carbonyl and imine groups of HATAQ are redox-active and both groups can 
interact with the guest species during discharge/charge processes. This may be 
explained by the very small difference in the atomic charges and electronegativity 
between O and N atoms in the extended π-conjugated HATAQ structure.
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Fig. S14 STEM images with EDS mapping of (a) pristine HATAQ and (b) HATAQ 
discharged to 0.2 V at the rate of 200 mA g‒1 (unwashed with acetic acid), respectively, 
which show uniform distribution of C, N, and O of pristine HATAQ and uniform 
dispersion of O, S, and Zn confirming the presence of ZHS on discharged HATAQ 
surface.



S15

Fig. S15 STEM images with EDS mapping of HATAQ electrodes cycled at 200 mA 
g‒1 that were washed with acetic acid for 10 s at different states of charge for 1st and 2nd 
cycle. The elemental mappings show uniform distribution of C, N, O, and Zn on the 
whole particle of HATAQ. Zn concentration appears to increase as discharge progresses 
and decrease during charge, which suggests some degree of interactions between Zn 
species and the cathode material at this low rate. 
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Fig. S16 SEM images of HATAQ electrodes at different magnifications: (a) and (b) 
pristine electrode; (c) and (d) at the end of discharge (0.2 V); (e) and (f) at the end of 
charge (1.8 V) cycled at the rate of 200 mA g‒1, revealing that the amount of ZHS on 
the electrode surface is significantly decreased during charge.

Ex-situ PXRD was carried out on electrodes at different voltage positions during 
discharge/charge processes (Figure 3c, main text). When the patterns from pristine 
electrode (dry) and electrode soaked in the electrolyte (wet) are compared with those 
discharged or charged, it is obvious that there is a new phase forming during discharge 
(indicated by *).29,30 The new peaks gradually become stronger during discharge and 
weaker during charge, which corresponds to the reversible formation of ZHS, 
Zn4(OH)6SO4·xH2O (where x = 0, 0.5, 1, 3, 4, and 5), described as a layered structure 
composed of stacked Zn(OH)2 sheets with the interlayer spacing filled with ZnSO4 and 
H2O molecules.31-33 The largest peak at ~12.4˚ confirms the presence of 
Zn4(OH)6SO4⋅0.5 H2O (JCPDS No. 44-0674), while the peaks at ~16.3˚ and 24.4˚ also 
suggest the co-existence of Zn4(OH)6SO4·5H2O (JCPDS No. 78-0246), as shown in 
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Table S1.34 It is quite challenging to clearly indicate the exact nature due to the broad 
peaks observed in the PXRD data. However, it is worth noting that this phase transition 
from Zn4(OH)6SO4·5H2O to Zn4(OH)6SO4·0.5H2O is known to take place during the 
drying process of ex-situ electrodes after being disassembled. This loss of water 
molecules from the interlayer space has been reported previously.31-33,35

Fig. S17 Ex-situ PXRD patterns of HATAQ electrodes at different discharge/charge 
states compared to those at pristine conditions. The electrodes were washed with acetic 
acid for 10 s. (1 M ZnSO4 aqueous electrolyte; 200 mA g‒1). The peak at 44˚ is from 
the stainless-steel mesh current collector. 

The ZHS precipitate has been reported to be removed from electrodes by washing 
with acetic acid.31 In order to investigate the nature of redox processes in Zn/HATAQ 
cells, the disassembled electrodes were soaked in acetic acid for 10 s. PXRD data were 
then collected on the electrodes at different discharge/charge states compared to those 
at pristine conditions. Figure S17 shows that the peaks from ZHS are no longer present. 
When the HATAQ electrode is discharged from OCV down to the cutoff voltage at 0.2 
V, the peak at ~27° corresponding to diffraction from the (006) plane, which is the layer 
stacking direction of HATAQ 2D arrangement, slightly shifts to a lower angle and 
subsequently moves back to a higher angle during charge.1 This may be explained by a 
small increase in the interlayer spacing of HATAQ structure due to insertion of charged 
species during discharge and a decrease of the interlayer distance due to extraction 
during charge. The peak at ~27° remains visible throughout cycling, suggesting that the 
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HATAQ is still crystalline with π-stacking being intact and that the 2D layered structure 
is stable likely due to the in-plane supramolecular interactions, thus enhancing the 
cycling stability of HATAQ cathode.1

In 1 M ZnSO4 aqueous solution which is mildly acidic (pH ~4.5), Zn2+ acts as a 

weak acid through acid hydrolysis:  ⇌  + where x is 𝑍𝑛(𝐻2𝑂)2 +
𝑥 𝑍𝑛(𝐻2𝑂)𝑥 ‒ 1(𝑂𝐻) +

𝐻 + , 

the number of hydrated water molecules, most commonly found to be 4, 5, and 6.36-38 
In this equilibrium, Zn2+ is coordinated to the weakly dissociating base, while the free 
H+ (with the concentration of 10‒4‒10‒5 M at pH of 4‒5) causes the solution to be mildly 
acidic.36 Due to the small ionic radius and low mass, H+ possesses exceptional ionic 
mobility and is well-known to serve as a major charge carrier in aqueous media.29,39 
Dissociation of water can also supply additional H+ for the redox process at the cathode, 
resulting in an increase in local pH level (due to OH−) and immediately causing the 
precipitation of flake-like Zn4(OH)6SO4·5H2O at the electrode surface.29,36,39 The large 
amount of the ZHS precipitate as seen in SEM images (Figure 3b, main text and S16) 
suggests that the source of H+ is not limited by the mildly acidic solution which only 
contains ~10‒5 M of H+ but also comes from the dissociation of water.36,39 The hydration 
shell of the Zn2+ which contains the weakly dissociation base can promote further 
dissociation of water, thus leading to unlimited supply of H+ at the electrode surface.36,39 
Therefore, the formation of ZHS confirmed by techniques such as PXRD/STEM-
EDS/high-energy X-ray scattering on a discharged electrode can be used to indicate 
proton insertion.36,39  ZHS reversible formation as observed in Figure 3c, main text and 
S16 also functions as a pH buffer for the system.36,39 

HATAQ electrodes (cycled at 200 mA g‒1) washed with acetic acid were also 
analyzed by XPS as shown in Figure S18. The C 1s spectrum of the pristine HATAQ 
electrode can be deconvoluted into five peaks, centered approximately at 284.5, 285.2, 
286.2, 287.8, and 290.5 eV which are assigned to C=C, C‒C, C=N, C=O, and C‒F, 
respectively.24,26,40 When the cell is discharged from OCV down to 0.85, 0.55, and 
finally the cutoff voltage at 0.2 V, the C=N and peaks become gradually weakened, 
while two new peaks C‒N (285.4 eV) and C‒O (286.0 eV) emerge and get larger.26,41 
This indicates that there are interactions between the charged species from the 
electrolyte and the two redox-active functional groups of HATAQ, C=O and C=N. As 
the cell is charged back to 0.6, 1.2, and 1.8 V, the C‒N and C‒O peaks become much 
weaker, whereas the C=O and C=N appear stronger as the cell voltage increases.
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Fig. S18 Deconvolution of the high-resolution XPS spectra of HATAQ electrodes 
cycled at 200 mA g‒1 that were washed with acetic acid for 10 s at different states of 
charge: (Left) C 1s; (Middle) O 1s; (Right) N 1s.

The O 1s and N 1s XPS spectra further reveal the nature of redox processes at the 
current density of 200 mA g‒1. The O 1s signal from the pristine electrode shows C=O 
peak (532.0 eV) which becomes smaller during discharge.38,42 As the electrode is 
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discharged to 0.85 V, two new peaks emerge at 530.85 and 532.5 eV corresponding to 
–Zn–O and –OH, respectively, which become stronger as discharge continues.36,43,44 In 
case of N 1s, the pristine sample shows signal of ‒N= at 399.9 eV.1,45  As the electrode 
is discharged, two peaks which can be attributed to –C–N–Zn (398.9 eV) and –NH– 
(400.5 e V) gradually emerge.36,39,46-48 During charge, these behaviors in both O 1s and 
N 1s spectra are found to be almost entirely reversible. The incomplete transformation 
may be in part due to the kinetic limitations in the solid-state electrochemical reaction.1 
These findings suggest interactions of both carbonyl and imine redox centers with H+ 
(known for fast kinetics) and Zn species on the surface. It is worth noting that both 
STEM-EDS and XPS are surface characterization techniques; therefore, the fact that 
these results indicate a certain degree of coordination between the redox centers and Zn 
ions, which are commonly known to have much more sluggish transport kinetics 
compared to H+, is possible especially at such a low cycling rate of 200 mA g‒1.

Fig. S19 Deconvolution of the high-resolution Zn 2p XPS spectra of HATAQ 
electrodes cycled at 200 mA g‒1 that were washed with acetic acid for 10 s at the end 
of discharge and charge compared to pristine HATAQ.

Zn 2p XPS spectra (Figure S19) of discharged and charged electrodes show signals 
which can be convoluted into three pairs of Zn 2p1/2 and 2p3/2 peaks located at 
1022.1/1045.1, 1023.1/1046.0, and 1024.1/1047.3, likely corresponding to Zn2+ 
coordinated to the surface of HATAQ and Zn2+ in Zn(OH)2 sheets and ZnSO4 of ZHS, 
respectively.30 At the end of charge, the amounts of both the surface coordinated Zn2+ 
and ZHS Zn2+ components appear to be lower than those at the end of discharge. These 
results indicate the removal of coordinated Zn2+ and that even after the washing of 
electrodes in acetic acid, a trace amount of ZHS phase is still present on electrode 
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surface. This may be contradicting to the PXRD results which show no peaks from 
ZHS. However, it is noteworthy that PXRD technique generally has a detection limit 
which needs to be met to order for the signal to be above the noise level. These findings 
suggest that sample handling and data analyzing should be done carefully to avoid 
misinterpretation especially for surface techniques. Zn signals may come from a residue 
of ZHS formed on electrode surface and are mistaken for Zn ions inserted to the bulk 
electrode.29,36,39,49

Fig. S20 Optimized (B3LYP/def2-SVP and the SMD solvation model) global minimum 
structures for the HATAQ-nH (n = 2,4,6,12) and HATAQ-nZn (n= 1,2,3,6) complexes 
together with the corresponding Gibbs free energies (kcal mol-1) for the complexation 
reaction between HATAQ and charge carriers (H+/Zn2+). The obtained results indicate 
strong thermodynamic preference for binding H+ vs. Zn2+. Color scheme: C, yellow; N, 
purple; O, red; Zn, metallic grey; H, blue. 
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Fig. S21 Structural changes observed in the DFT optimized periodic HATAQ, 
HATAQ-H, and HATAQ-6H structures (the magnified region in HATAQ-6H shows 
the interlayer hydrogen bonds between -N-H and carbonyl oxygens). It can be seen that 
insertion of the first proton does not lead to the formation of the interlayer hydrogen 
bonds; instead, the C5 intramolecular hydrogen bond is formed accompanied by the 
appearance of the resonance-stabilized vinylogous amide group in HATAQ-H (Figure 
S23). When the structure reaches the maximum number of vinylogous amides in 
HATAQ-6H, during the DFT optimization we observed the formation of additional 
interlayer hydrogen bonds with the aromatic rings containing carbonyl and N-H groups 
slightly shifting out-of-plane to afford these hydrogen bond interactions. This would 
allow protons to travel within and across the HATAQ 2D layers.
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Fig. S22 Optimized structures and their relative Gibbs free energies (ZPE-corrected 
relative energies are given in parentheses) of the HATAQ-H molecule at the 
B3LYP/def2-SVP level of theory. ZPE = zero-point energy corrected. Color scheme: 
C, yellow; N, purple; O, red; H, blue.
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Fig. S23 Stabilization of N-protonated state over O –protonated state. Structure with 
N-protonated tautomer (vinylogous amide) predicts increase in stabilization through 
resonance compared to the O-protonated tautomer.
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Activation energy calculation
The activation energy for charge transfer (Ea) and ion diffusion (Ea′) were calculated 
based on the Arrhenius equation (2) and (3), respectively.39,50

ln(Rct
−1)  =  ‒Ea/RT + C (2)

ln(D)  =  ‒Ea′/RT + C′ (3)
where C and C′ are constants, R is gas constant, and T is temperature. The charge 
transfer resistance (Rct) was obtained by fitting Nyquist plots from EIS with a typical 
equivalent circuit (Figure S25). Diffusion coefficient (D) was calculated from GITT 
based on the following equation:39,51

D  =    (4)

4𝐿2


(
∆𝐸𝑠

∆𝐸𝑡
)2

Where L is the diffusion length measured by the geometric thickness of cathode.  is 
the relaxation time, ∆Es is the steady-state voltage change, due to the current pulse and 
∆Et is the voltage change during the constant current pulse.

To gain insight into the charge transfer process in HATAQ, several 
electrochemical techniques were also used. EIS measurements were performed at 
different temperatures, 35, 40, 45, and 50 °C. The charge transfer resistance (Rct) values 
were obtained by fitting the Nyquist plots using a typical equivalent circuit.39,50 The 
linear relationship between ln(Rct

‒1) and T‒1 shown in Figure S24 indicates the 
applicability of Arrhenius equation, ln(Rct

‒1) = ‒Ea/RT + C. The activation energy Ea 
obtained from the plot is equal to 325 meV, which is considered small, therefore 
suggesting a facile ion desolvation process at the surface of HATAQ electrode.39,52,53 
GITT was also carried out at various temperatures to investigate the proton conduction 
in HATAQ (Figure S25). The activation energy for ion diffusion can be calculated from 
the diffusion coefficient (D) values obtained from GITT as a function of temperature, 
according to the Arrhenius equation ln(D) = ‒Ea′/RT + C′.39,51 The linear relationship 
between ln(D) and T‒1 gives a low Ea′ of 336 meV. This agrees well with our 
experimental and simulation results which support the unique proton conduction 
process via the Grotthuss mechanism (activation energy reported to be below 400 
meV),39,50,54 where the proton transfer takes place by forming and breaking of hydrogen 
bonds between adjacent redox-active function groups, carbonyl and imine, in HATAQ. 
This will allow highly facile transport of ions compared to conventional ion diffusion 
process.39 
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Fig. S24 EIS analysis of HATAQ electrodes used for determining Ea of charge transfer 
at electrode surface (1 M ZnSO4 aqueous electrolyte): (a) Nyquist plots at various 
temperatures; (b) representative fitting of the Nyquist plot at 35 °C; (c) calculated Rct at 
the temperatures analyzed; (d) Arrhenius plot of ln(Rct

‒1) vs 1000(T‒1).
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Fig. S25 (a) to (d) GITT curves of HATAQ electrodes (1 M ZnSO4 aqueous electrolyte) 
at various temperatures used for determining Ea′ of ion diffusion; (e) Arrhenius plot of 
ln(D) vs 1000(T‒1).

Kinetic analysis (CV)
The discharge/charge kinetics of HATAQ was investigated by analyzing the CV data 
at various scan rates according to:

i = avb (5)
i = k1v + k2v1/2 (6)

where i is current at a fixed potential at the corresponding scan rate v. Both a and b are 
coefficients in equation (5). The b values can be determined from the slope of log(i) vs 
log(v). In equation (6), k1v and k2v1/2 represent the surface capacitive current and 
diffusion-controlled current at specific potentials, respectively. k1 and k2 can be 
obtained by plotting v1/2 vs i/v1/2.50,54,55
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Fig. S26 (a) CV curves of HATAQ electrode at different scan rates in 1 M ZnSO4 
aqueous electrolyte. (b) Corresponding plots of log(i, peak current) vs log(v, scan rate) 
of the CV peaks according to equation (5). (c) Capacity contributions at different scan 
rates calculated according to equation (6).

CV was also used to further investigate the nature of charge storage processes 
during discharge/charge in HATAQ. The CV plots at different scan rates from 0.2 to 
1.0 mV s‒1 are shown in Figure S26. The measured current  is fit to a power law 𝑖

relationship  with scan rate , and  is determined from the slope of the  vs. 𝑖 = 𝑎𝑣𝑏 𝑣 𝑏 log (𝑖)

.50,54 The  values of all the redox peaks shown in Figure S26b are found to be log (𝑣) 𝑏

close to 1, indicating the domination of non-diffusion-controlled charge storage process 
and facile redox kinetics of HATAQ.39,50,54 To further quantitatively differentiate the 
contributions of the capacitive and diffusion-controlled elements to the overall capacity, 
the relationship  can be divided into two terms: the capacitive effects  and 𝑖 = 𝑎𝑣𝑏 (𝑘1𝑣)

diffusion-limited effects ( ) as follows: , where  is the current (A) 𝑘1𝑣1/2 𝑖 = 𝑘1𝑣 +  𝑘1𝑣1/2 
𝑖

at a fixed potential.54 By plotting  vs , and  are derived from the slope and 𝑣1/2 𝑖/𝑣1/2 𝑘1 𝑘2

the y-axis intercept, respectively.39,54 As shown in Figure S26c, the ratio of stored 
charge contributed by capacitive process increases with the scan rate. Unlike the bulk 
diffusion-controlled process, a higher proportion of capacitive contribution at all the 
scan rates suggests an excellent rate performance of HATAQ cathode.56
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Energy density and power density calculation
The energy density of the HATAQ can be simplified as:57,58

Eelectrode = C  Vaverage (7)×

Where Eelectrode is energy density (Wh kg−1); C is the maximum delivered capacity (mAh 
g−1); Vaverage is the average operating voltage (C and Vaverage can be obtained from the 
electrochemical measurements of HATAQ).
The power density of HATAQ at a specific rate can be estimated as:57,58

Pelectrode = (8)
𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝑡

Where Pelectrode is power density (W kg−1); t is the discharge time (h).
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Fig. S27 Discharge/charge profiles of HATAQ from three-electrode cells with SCE 
reference electrode in different electrolyte systems, 1 M ZnSO4 in H2O (pH ~4.5), 1 M 
H2SO4 in H2O (pH ~0), and 1 M ZnSO4 in D2O. (a) 500 mA g‒1; (b) 2 A g‒1; and (c) 20 
A g‒1. 

The domination of proton insertion in HATAQ was further verified by 
investigating the electrochemical behavior in various electrolyte systems using three-
electrode cells with saturated calomel reference electrode (SCE) at different cycling 
rates, 500 mA g‒1, 2 A g‒1, and 20 A g‒1. The three electrolytes are 1 M ZnSO4 in H2O 
(pH ~4.5) where both H+ and Zn2+ are present, 1 M H2SO4 in H2O (pH ~0) with only 
H+, and 1 M ZnSO4 in D2O with no H+ present.39 As shown in Figure S27a, at the rate 
of 500 mA g‒1, the capacity values from ZnSO4/H2O and ZnSO4/D2O systems are 
almost comparable to that of H2SO4. This reveals that at such low rate, the overall 
transport kinetics of different types of charged species has no effect on the 
discharge/charge capacity within this voltage window (converted to approximately 
0.2‒1.8 V vs Zn/Zn2+). However, at the rate of 2 A g‒1, only the H2SO4 system can 
maintain the same capacity of ~400 mAh g‒1, while the ZnSO4/H2O and ZnSO4/D2O 
cells only provide 282 and 260 mAh g‒1, respectively. Furthermore, at the highest rate 
of 20 A g‒1, the system with H2SO4 electrolyte can deliver ~400 mAh g‒1, whereas the 
capacity values from both ZnSO4/H2O and ZnSO4/D2O significantly decrease with 
ZnSO4/D2O being the lowest. This is due to the transport kinetics of Zn2+ in general 
which is much more sluggish compared to that of H+, thus leading to large polarization 
and a low capacity at such a high rate.39 At pH = 0, H2SO4 electrolyte has an H+ 
concentration of 1 M, while 1 M ZnSO4 (pH ~4.5) has ~10‒5 M of H+ together with the 
unlimited supply of H+ at the electrode surface from dissociation of H2O (promoted by 
the equilibrium of hydrated Zn2+ species) accompanied by the precipitation of 
ZHS.36,38,59 The electrochemical results from HATAQ in H2SO4 electrolyte system at 
the three rates indicate that with such high concentration of H+ in the electrolyte, H+ 
can be supplied to the electrode surface to interact with HATAQ redox centers instantly; 
as a result, at an extremely high rate of 20 A g‒1, the capacity the same as that at low 
rate (500 mA g‒1) still can be obtained. This implies extraordinary transport kinetics of 
H+ both in the electrolyte and in HATAQ structure. In case of ZnSO4/H2O system, 
although it has unlimited supply of H+, the generation of additional H+ still relies on the 
dissociation of water and the formation of ZHS precipitate, which may not be as 
spontaneous.36,38,39 Therefore, we still can see the effect of rates on the capacity 
obtained. The results from ZnSO4/D2O system show that Zn-ion insertion has the 
poorest kinetics among all. Based on these observations, it is believed that in 
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ZnSO4/H2O electrolyte system, the contribution on the capacity obtained is still largely 
dominated by H+ insertion.

Table S1. Peak Lists of Zn4(OH)6SO4·5H2O and Zn4(OH)6SO4·0.5H2O from JCPDS 
Database.34



S31

Table S2. Organic-based cathode materials for aqueous Zn-ion batteries reported in the literature (ED = energy density; PD = power density).

Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

N

N

O

ON

N

NN

O

O

O O
HATAQ:Ketjen black 

(KB): polyvinylidene 

fluoride (PVDF)

(3:6:1)

1 M aqueous 

ZnSO4

515 mAh g‒1

(12 e−)
0.2–1.8

492 mAh g‒1 

at 50 mA g‒1

199 mAh g‒1 at 

20 A g‒1

99 % after 1000 

cycles

(ED =344 Wh 

kg‒1 at PD = 39 

W kg‒1

ED = 129 Wh 

kg‒1 at PD = 

13761 W kg‒1)

This 

work 

and 

see 

also 

ref. 

[19] 

in the 

main 

text.

N

N

N

N

NN HATN:Super P:PVDF

(6:3.5:0.5)

2 M aqueous 

ZnSO4

418 mAh g‒1

(6 e−)
0.3–1.1

405 mAh g‒1 

at 100 mA g‒1 

140 mAh g‒1 at 

5 A g‒1

(123 mAh g‒1 at 

20 A g‒1 for 

10 cycles)*

93.3 % after 

5000 cycles 

at 5 A g‒1
[29]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

N

N

N

N

NN

DQP:KB:

Polytetrafluoroethylene 

(PTFE)

(6:3:1)

1 M aqueous 

ZnSO4

418 mAh g‒1

(6 e−)
0.2–1.4

413 mAh g‒1 

at 50 mA g‒1

162 mAh g‒1 at 

5 A g‒1

86 % after 

1000 cycles

(ED = 220 Wh 

kg‒1 at PD = 25 

W kg‒1)

[49]

N

N

N

N

NN

CN

NC

CN

HATN-3CN:KB:PVDF

(6:3:1)

2 M aqueous 

ZnSO4

350 mAh g‒1

(6 e−)
0.1–1.6

320 mAh g‒1 

at 50 mA g‒1

240 mAh g‒1 at 

5 A g‒1

(180 mAh g‒1 

at 20 A g‒1 for 

5 cycles)*

90.7 % after 

5800 cycles 

at 5 A g‒1

(ED = 149. Wh 

kg‒1 at PD = 24 

W kg‒1)

[59]

OO

O O

O

O

O

O

C4Q:super P:PVDF

(6:3.5:0.5)

3 M aqueous 

Zn(CF3SO3)2

446 mAh g‒1

(8 e−)
0.2–1.8

335 mAh g‒1 

at 20 mA g‒1

174 mAh g‒1 at 

500 mA g‒1

(172 mAh g‒1 at 

1 A g‒1 for 

5 cycles)*

87 % after 

1000 cycles at 

500 mA g‒1

(ED = 220 Wh
kg‒1 for pouch 

cell)

[60]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

O
O 1,2-NQ:super P:PVDF

(6:3.5:0.5)

3 M aqueous 

Zn(CF3SO3)2

339 mAh g‒1

(2 e−)
0.2–1.8

69 mAh g‒1 

at 20 mA g‒1

51 mAh g‒1 at 

20 mA g‒1 

74 % after 

5 cycles 

at 20 mA g‒1

[60]

O

O

1,4-NQ:super P:PVDF

(6:3.5:0.5)

3 M aqueous 

Zn(CF3SO3)2

339 mAh g‒1

(2 e−)
0.2–1.8

150 mAh g‒1 

at 20 mA g‒1

48 mAh g‒1 at 

20 mA g‒1

32 % after 

5 cycles 

at 20 mA g‒1

[60]

O

O

9,10-AQ:super P:PVDF

(6:3.5:0.5)

3 M aqueous 

Zn(CF3SO3)2

258 mAh g‒1

(2 e−)
0.2–1.8

195 mAh g‒1 

at 20 mA g‒1

125 mAh g‒1 at 

20 mA g‒1

64 % after 

40 cycles 

at 20 mA g‒1

[60]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

O O
9,10-PQ:super P:PVDF

(6:3.5:0.5)

3 M aqueous 

Zn(CF3SO3)2

258 mAh g‒1

(2 e−)
0.2–1.8

111 mAh g‒1 

at 20 mA g‒1

88 mAh g‒1 at 

20 mA g‒1

79 % after 

5 cycles 

at 20 mA g‒1

[60]

O

O

H2N

NH2

NH2

H2N

TABQ:KB:PVDF

(5:4:1)

1 M aqueous 

ZnSO4

319 mAh g‒1

(2 e−)
0.4–1.3

303 mAh g‒1 

at 100 mA g‒1

240 mAh g‒1 at 

5 A g‒1

89 % after 

1000 cycles 

at 5 A g‒1

[39]

0.1–1.6 443 mAh g‒1 

at 50 mA g‒1

n/a

(20 mAh g‒1 at 

5 A g‒1 for 

10 cycles)*

68.7 % after 

1000 cycles 

at 2 A g‒1

(ED = 282 Wh 

kg‒1)
N

NN

N

O

O

TAPQ:KB:PTFE

(6:3:1)

1 M aqueous 

ZnSO4

515 mAh g‒1

(6 e−)

0.3–1.6
325 mAh g‒1 

at 50 mA g‒1

n/a

(30 mAh g‒1 at 

5 A g‒1 for 

10 cycles)*

n/a

[61]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

N

NN

N

O

O

TAPQ:KB:PTFE

(6:3:1)

1 M aqueous 

ZnSO4

515 mAh g‒1

(6 e−)
0.5–1.6

270 mAh g‒1 

at 50 mA g‒1

182 mAh g‒1 at 

2 A g‒1 

(70 mAh g‒1 at 

5 A g‒1 for 

10 cycles)*

68.7 % after 

1000 cycles 

at 2 A g‒1

(ED = 227 Wh 

kg‒1)

[61]

O O

O

OO

O

PQ-:AB:PVDF

(6:3:1)

3 M aqueous 

Zn(CF3SO3)2

216 mAh g‒1

(2 e−)
0.25–1.6

200 mAh g‒1

 at 30 mA g‒1

200 mAh g‒1

 at 30 mA g‒1
100 % after 

500 cycles
[42]

O O

OO

PTO:KB:PTFE

(3:6:1)

2 M aqueous 

ZnSO4

452 mAh g‒1

(4 e−)

0.36–

1.46

336 mAh g‒1 

at 40 mA g‒1

145 mAh g‒1 at 

3 A g‒1

(113 mAh g‒1 at 

20 A g‒1 for 

1 cycle)*

70 % after 

1000 cycles at 

3 A g‒1

(ED = 186.7 Wh 
kg‒1 at PD = 
22.1 W kg‒1)

[62]



S36

Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

OH
OH

OH
OH

HO

HO

HHTP:graphene oxide 

(GO):Super P:PTFE

(2.3:4.7:2:1)

3 M aqueous 

ZnSO4

248 mAh g‒1

(3 e−)
0.2–1.5

223 mAh g‒1 

at 50 mA g‒1

134 mAh g‒1 at 

10 A g‒1 

87.9 % after 

7000 cycles

(ED = 170 Wh 

kg‒1 at PD = 40 

W kg‒1)

[63]

HN

O

O

NH

O

O

PTCDI:rGO:PVDF

(7:2:1)

3 M aqueous 

ZnSO4

135 mAh g‒1

(2 e−)
0.2–1.8

127 mAh g‒1 

at 50 mA g‒1

130 mAh g‒1

 at 3 A g‒1

(121 mAh g‒1 at 

5 A g‒1 

for 10 cycles)*

97 % after 

1500 cycles

(ED = 44 Wh 
kg‒1)

[64]

O

O

O

O

O

O

π-PCM:carbon 

black:PVDF

(8:1:1)

2 M aqueous 

ZnCl2

136 mAh g‒1

(2 e−)
0.05–1.0

122.9 mAh g‒1 

at 200 mA g‒1

100 mAh g‒1 at 

8 A g‒1

(76.9 mAh g‒1 at 

32 A g‒1 for 

1 cycles)*

68.2 % after 

1000 cycles

(PD = 14.8 kW 
kg‒1)

[65]



S37

Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

OHHO OHHO OHHO PC/G-2:acetylene black 

(AB):PVDF

(7:2:1)

3 M aqueous 

ZnSO4

500 mAh g‒1

(6 e−)
0.2–1.9

355 mAh g‒1 

at 50 mA g‒1

158 mAh g‒1 at 

1 A g‒1 

(160 mAh g‒1 

at 5 A g‒1 for 

5 cycles)*

74.4 % after 

3000 cycles at 

1 A g‒1

[66]

O

O
S

S
O

O

DTT:KB:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

285 mAh g‒1

(4 e−)
0.3–1.4

211 mAh g‒1 

at 50 mA g‒1

78 mAh g‒1 at 

2 A g‒1

83.3 % after 

23000 cycles

(ED = 127 Wh 

kg‒1 at PD = 32 

W kg‒1)

[38]

N

N PNZ:KB:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

297 mAh g‒1

(2 e−)
0.45–1.7

232 mAh g‒1 

at 20 mA g‒1

85 mAh g‒1 

at 1 A g‒1

79 % after 

1000 cycles

(ED =153 Wh 

kg‒1 at PD = 44 

W kg‒1

ED = 70 Wh 

kg‒1 at PD = 825 

W kg‒1)

[67]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

N

N NH2

NH2

DAP:KB:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

254 mAh g‒1

(4 e−)
0.45–1.7 213 mAh g‒1 

at 20 mA g‒1

28 mAh g‒1 

at 100 mA g‒1 

29 % after 

200 cycles
[67]

O

O
Cl

ClCl

Cl

TCB:CMK-3:

carboxymethylcellulos

(CMC) and styrene-

butadiene rubber (SBR)

(6:3.5:0.5)

1 M aqueous 

Zn(CF3SO3)2

217 mAh g‒1

(2 e−)
0.8–1.4

170 mAh g‒1 

at 43 mA g‒1

83 mAh g‒1

 at 217 mA g‒1

70 % after 

200 cycles
[68]

0.2–1.0
223 mAh g‒1 

at 202 mA g‒1

100 mAh g‒1 at 

202 mA g‒1

(25 mAh g‒1 at 

2020 mA g‒1 for 

5 cycles)*

44.8 % after 

100 cycles 

at 202 mA g‒1

HN NH

O O

OO

NDI:super P:PVDF

(6:3:1)

1 M aqueous 

ZnSO4

202 mAh g‒1

(2 e−)

0.4–1.0
123 mAh g‒1 

at 202 mA g‒1

100 mAh g‒1 at 

202 mA g‒1

(65 mAh g‒1 at 

2020 mA g‒1 for 

5 cycles)*

81.3 % after 

1000 cycles 

at 202 mA g‒1

[36]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

O

O

NDQ:VGCF:PTFE

(0.5:8.5:1.0)

2 M aqueous 

Zn(CF3SO3)2

339 mAh g‒1

(2 e−)
0.1–1.65

333.5 mAh g‒1 

at 339 mA g‒1

137.2 mAh g‒1 

at 339 mA g‒1 

(130 mAh g‒1 

at 678 mA g‒1 

for 10 cycles)*

41 % after 

1500 cycles
[69]

O

O

Cl

Cl

Dichlone:VGCF:PTFE

(0.5:8.5:1.0)

2 M aqueous 

Zn(CF3SO3)2

336 mAh g‒1

(2 e−)
0.1–1.65

210.3 mAh g‒1 

at 236 mA g‒1

148.8 mAh g‒1 

at 236 mA g‒1 

(83.5 mAh g‒1 at 

2.36 A g‒1 for 

10 cycles)*

70.9 % after 

1000 cycles
[69]

O

O

H
N

OH

BBQ:VGCF:PTFE

(0.5:8.5:1.0)

2 M aqueous 

Zn(CF3SO3)2

202 mAh g‒1

(4 e−)
0.1–1.65

202 mAh g‒1 

at 101 mA g‒1

136.9 mAh g‒1 

at 101 mA g‒1

(160.3 mAh g‒1 

at 1.01 A g‒1 for 

10 cycles)*

68 % after 

1000 cycles
[69]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

O

O

AQ:super P:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

257 mAh g‒1

(2 e−)
0.2–1.2

188 mAh g‒1 

at 20 mA g‒1
n/a

n/a

(ED = 152 Wh 

kg‒1 at PD = 46 

W kg‒1)

[70]

CNNC

NC CN

TCNQ:super P:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

262 mAh g‒1

(2 e−)
0.6–1.8

192 mAh g‒1 

at 20 mA g‒1

116 mAh g‒1

 at 100 mA g‒1

65 % after 

100 cycles 

at 100 mA g‒1

[70]

CNNC

NC CN

TCNAQ:super P:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

176 mAh g‒1

(2 e−)
0.6–1.8

169 mAh g‒1 

at 20 mA g‒1

95 mAh g‒1

 at 500 mA g‒1 

(55 mAh g‒1 

at 1 A g‒1 for 

10 cycles)*

81 % after 

1000 cycles 

at 500 mA g‒1

[70]
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Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

HN

O

O O

HO

OH
NH

HN OH

HO NH

H
N

O

O
HN

HqTp-COF:carbon 

nano fiber (CNF)

(4:1)

3 M aqueous 

ZnSO4

442 mAh g‒1

(24 e−)
0.2–1.8

276 mAh g‒1 

at 125 mA g‒1

81 mAh g‒1 at 

3.75 A g‒1

95 % after 

1000 cycles 

at 3.75 A g‒1

(ED = 240 Wh 

kg‒1 at PD = 109 

W kg‒1)

[71]

N

N

N

N

N

N

N
N

N
N

N
NN

N PA-COF:AB:PTFE

(6:3:1)

1 M aqueous 

ZnSO4

470 mAh g‒1

(14 e−, 

calculated 

based on 

repetitive 

units)

0.2–1.6
247 mAh g‒1 

at 100 mA g‒1

95 mAh g‒1

 at 1 A g‒1

(68 mAh g‒1 

at 10 A g‒1 for 

5 cycles)*

62 % after 

10000 cycles 

at 1 A g‒1
[56]
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N

N

n

PoPD:AB:PVDF

(7:2:1)

2 M aqueous 

ZnSO4

301 mAh g‒1

(2 e−)

0.25–

1.25

318 mAh g‒1 

at 50 mA g‒1

104 mAh g‒1 

at 1 A g‒1

(95 mAh g‒1 

at 5 A g‒1 for 

5 cycles)*

66.2 % after 

3000 cycles 

at 1 A g‒1
[48]

Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

N

N

N

N

N
N

N
N

O

OO

O

N
N

N
N

O

O O

O

O

O

HAQ-COF:AB:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

700 mAh g‒1

(22 e−, 

calculated 

based on 

repetitive 

units)

0.2–1.6
344 mAh g‒1 

at 100 mA g‒1

170 mAh g‒1 

at 5 A g‒1

(96.5 mAh g‒1 

at 10 A g‒1)

85 % after 

10000 cycles 

at 5 A g‒1
[72]



S43

N

N

N

N

N
N

N
N N

N

N
N

HA-COF:AB:PTFE

(6:3:1)

2 M aqueous 

ZnSO4

645 mAh g‒1

(12 e−, 

calculated 

based on 

repetitive 

units)

0.2–1.6
164 mAh g‒1 

at 100 mA g‒1

50.4 mAh g‒1 

at 5 A g‒1

(35.4 mAh g‒1 

at 10 A g‒1)

30 % after 

10000 cycles 

at 5 A g‒1

S

O

O

n
PBQS:n/a:PVDF

(6:3:1)

3 M aqueous 

Zn(CF3SO3)2

388 mAh g‒1

(2 e−) 0.2–1.8
203 mAh g‒1 

at 20 mA g‒1

150 mAh g‒1 

at 40 mA g‒1

(126 mAh g‒1 

at 1 A g‒1 for 

5 cycles)*

86 % after 

50 cycles 

at 40 mA g‒1

(ED = 193 Wh 

kg‒1)

[73]

Compound Electrode Composition

(active material: 

conductive carbon: 

binder)

Electrolyte Theoretical 

Capacity 

(Electron 

Transfer)

Voltage 

Window

(V)

Initial 

Capacity at 

Lowest Rate 

Reported

Reversible 

Capacity at 

Highest Rate 

Reported

Capacity 

Retention at 

Highest Rate

Ref.

O

O

OH

HO

S n
PDBS:AB:PVDF

(8:1:1)

2 M aqueous 

ZnSO4

268 mAh g‒1

(2 e−)
0.1–1.65

215 mAh g‒1 

at 50 mA g‒1

197 mAh g‒1 at 

2 A g‒1

79 % after 

2000 cycles

(ED = 157 Wh 
kg‒1 at PD = 31 

W kg‒1)
ED = 2359 Wh 
kg‒1 at PD = 75 

W kg‒1)

[74]
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O

O

N

N

H

H n

PONEA:GO:PTFE

(3:6:1)

3 M aqueous 

Zn(CF3SO3)2

222 mAh g‒1

(2 e−)
0.2–1.6

329 mAh g‒1 

at 100 mA g‒1

277 mAh g‒1 at 

10 A g‒1 

(270 mAh g‒1 at 

20 A g‒1 

for 5 cycles)*

85 % after 

4800 cycles

(ED = 242 Wh 
kg‒1 at PD = 71 

W kg‒1

ED = 213 Wh 
kg‒1 at PD = 15 

W kg‒1)

[75]

N

O

O

N
n

O

O

PDI-EDA:n/a:PVDF

(7.2:1.8:1.0)/

(8.1:0.9:1.0)

2 M aqueous 

ZnSO4

120 mAh g‒1

(2 e−)
0.1–1.2

118 mAh g‒1 

at 50 mA g‒1

98 mAh g‒1 at 

1 A g‒1

(95 mAh g‒1 at 

5 A g‒1 for 

5 cycles)*

70.5 % after 

1500 cycles 

at 1 A g‒1

[76]

Note: * indicates capacity taken from the rate capability plot or the discharge/charge profile.    
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