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Designing carbon materials with ideal stable hierarchical porous structures and flexible functional prop-
erties for efficient and sustainable Zn?* ion storage still faces great challenges. Herein, the three-
dimensional carbon superstructures with spherical nanoflower-like structures were tailor-made by
the self-assembly strategy. Specifically, organic polymer units (ie., organic motifs) were formed by
tetrachloro-p-benzoquinone (TBQ) and 2,6-diamino anthraquinone (DAQ) via a noble-metal-free cat-
alyzed coupling reaction. Subsequently, the organic motifs assemble into spherical nanoflower-like super-
structures induced by intermolecular hydrogen bonding and aromatic - stacking interactions. Well-
designed carbon superstructures can provide a stable backbone that effectively blocks structural stacking
and collapse. Meanwhile, the hierarchical porous structures in 3D carbon superstructures provide contin-
uous charge transport pathways to greatly shorten the ion diffusion distance, and as a result, the carbon
superstructures-based zinc-ion hybrid capacitors (ZIHCs) provide a capacity of 245 mAh/g at 0.5 A/g, a
high energy density of 152 Wh/kg and an ultra-long life of 300,000 cycles at 20 A/g. The excellent elec-
trochemical performance is also attributed to the corresponding charge storage mechanism, i.e., the alter-
nate binding of Zn?*/CF3S0;~ ions. Besides, the high-level NJO motifs improve the surface properties of
the carbon superstructures and reduce the ion migration barriers for more efficient charge storage. This
paper provides insights into the design of advanced carbon-based cathodes and presents a fundamental

understanding of their charge storage mechanisms.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

With increasing energy demand and serious environmental pol-
lution, environmentally safe aqueous energy storage devices have
attracted the attention of researchers. Among them, zinc-ion hy-
brid capacitors (ZIHCs), as an emerging energy storage device, are
considered one of the most promising candidates for energy stor-
age systems because of their excellent performance, rich reserves
and high safety [1-3]. ZIHCs consist of a battery-type anode and
a capacitor-type cathode coupled in an aqueous electrolyte [4-10].
It combines the advantages of batteries and capacitors to enhance
the power output and cycle life of the device while ensuring that
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the energy density of the device is not compromised [11-14]. How-
ever, for ZIHCs, the reaction kinetic imbalance between the two
electrodes is the main problem faced due to the different energy
storage mechanisms of the anode and cathode [15-17]. Specifically,
i.e., battery-type anodes provide high capacity through zinc-ion de-
position/stripping reactions, while capacitor-type electrodes pro-
vide excellent power output through fast ion adsorption/desorption
process [18-20]. To achieve the matching of capacity and power
output, a lot of research has been carried out in recent years to
develop the electrochemical performance of cathode materials.
Until now, various carbon materials have been reported to be
used as cathode materials for ZIHCs [21-23]. One-dimensional
carbon-based materials, such as carbon nanotubes and carbon
fibers, have high surface areas and large aspect ratios [24,25].
However, the narrow pore size distribution reduces ion accessi-
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Fig. 1. (a) Formation process of carbon superstructures. (b-d) SEM images of CSs-X. (e) Nitrogen absorption-desorption isotherms and (f) corresponding pore size distribution

curves. (g) Heteroatom contents.

bility. Two-dimensional carbon-based materials, such as graphene
and layered porous carbon, have structured monolayer carbon net-
works [25-28]. However, interactions between carbon nanosheets
make them prone to restacking, leading to nanopore instability
[29,30]. The low ionic accessibility and limited pore utilization of
low-dimensional carbon materials greatly hinder the efficient stor-
age of zinc ions, leading to low zincophilic activity and slow reac-
tion kinetics. Three-dimensional carbon frameworks with high spe-
cific surface area, reasonably hierarchical porosity and large con-
ductive networks are considered promising ZIHCs cathodes [31-
33]. The superior three-dimensional carbon structures (e.g., pen-
cil shaving derived porous carbon [34], MOF-derived porous car-
bon [35]) are helpful in enhancing the transport effect of ions and
producing fast reaction kinetics [36,37]. In addition, the introduced
heteroatoms also help to improve the surface properties of the car-
bon cathode and provide an additional platform for zinc-ion stor-
age [38-42]. Therefore, the three-dimensional cathode structure
must be accurately designed to match the zinc anode to achieve
efficient zinc-ion storage.

Here, a three-dimensional spherical nanoflower carbon super-
structure was constructed by the self-assembly strategy. First,
tetrachloro-p-benzoquinone (TBQ) and 2,6-diaminoanthraquinone
(DAQ) formed into organic motifs by a noble metal-free catalyzed
coupling reaction and then the organic motifs assembled into su-
perstructures by hydrogen bonding and m-m stacking interactions.
The well-designed carbon superstructures have robust frameworks
and multi-scale continuous charge transport channels, ensuring ex-
cellent stability and fast reaction kinetics. Ultra-high N/O doping
improves interfacial wettability, while Faraday properties provide
additional capacity. As expected, carbon superstructures-based ZI-

HCs can provide high energy densities (152 Wh/kg) and ultra-long
lifespans (300,000 cycles). The excellent electrochemical perfor-
mance is attributed to the well-designed carbon superstructures
and the appropriate charge storage mechanism, ie., the alternate
binding of Zn?+/CF3S03™ ions in the carbon active sites. This work
provides new insights into the design of advanced carbon-based
cathodes and fundamentally elucidates the charge storage mecha-
nisms.

The synthesis of carbon superstructures is divided into three
steps. The first step is to synthesize the organic motifs by
coupling reaction of tetrachloro-p-benzoquinone (TBQ) and 2,6-
diaminoanthraquinone (DAQ). The second step is the self-assembly
of organic motifs via hydrogen bonding and m -7 stacking interac-
tions to form spherical nanoflower-like superstructures. The third
step is pyrolysis, where the nanoflower-like superstructures are
pyrolyzed to form well-designed carbon superstructures (Fig. 1a).
The tailored carbon superstructures are named CSs-X, where X
represents the carbonization temperature of 700, 800 and 900
°C (see the detailed experimental section in Supporting informa-
tion). The disappearance of the infrared absorption characteristic
peaks at 750 cm~! for C—Cl and 1130 cm~! for —NH, groups in
the monomer and the appearance of the characteristic peak at
1530 cm~! for —NH— group belonging to the organic motifs in
FTIR spectra indicate the coupling reaction of TBQ with DAQ was
successful (Fig. S1a in Supporting information). Carbon superstruc-
tures prepared by pyrolysis at different temperatures. The inherent
conjugated structure of the organic motifs results in a nanoscale
flower morphology stacked layer-by-layer (Fig. S1b in Supporting
information). After pyrolysis at 700 °C, the CSs-700 shows ag-
gregated stacked morphology features suggesting incomplete car-
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Fig. 2. Electrochemical evaluation of the CSs-based ZIHCs. (a) Voltage-capacity profiles. (b) GCD curves of CSs-800 based ZIHCs at various current densities. (c) Rate perfor-
mance. (d) Specific capacities of CSs-800 based ZIHCs under different mass loadings. (e) Ragone plots. (f) Cyclability of CSs-800 based ZIHCs. (g) CV curves of CSs-800. (h)
Calculation b value. (i) Normalized capacitive and diffusion-controlled contribution ratios at various scan rates of CSs-800 based ZIHCs.

bonization of the carbon superstructure (Fig. 1b), while the CSs-
900 occurs a certain collapse when the temperature reaches 900
°C (Fig. 1d). The CSs obtained at 800 °C (CSs-800) perfectly pre-
serve the nanoflower structure of the precursor, which is the most
suitable pyrolysis temperature (Fig. 1c).

N, adsorption/desorption tests provide more detailed data anal-
ysis of pore size parameters in CSs-X. N, adsorption/desorption
curves of CSs-X show a hierarchical porous structure (Fig. 1e). The
specific surface areas of CSs-700, 800, and 900 are 1097, 1789,
and 901 m?/g, respectively. CSs-800 inherit the good structural de-
sign of the organic superstructure, thus showing the highest spe-
cific surface area and optimal pore size distribution. Specifically,
the mesopore volumes of CSs-700, 800, and 900 are 0.65, 1.12,
and 0.57 cm3/g. CSs-800 possesses the largest average pore size
of 2.49 nm, whereas CSs-700 and CSs-900 have average pore sizes
of 2.45 and 2.26 nm, respectively (Table S1 in Supporting informa-
tion). As shown in Fig. 1f, the micropore size distribution of CSs-X
is concentrated between 0.5 nm and 1.3 nm. The differences in pore
structure of CSs-X are attributed to the variations in the degree of
carbonization. Too high or too low pyrolysis temperatures can lead
to structural instability, resulting in low SSA and unreasonable pore
size distribution. The stable structure of CSs-800 promotes rapid
penetration of electrolyte ions, and the reasonable pore size distri-
bution provides sufficient storage platform, resulting in enhanced
capacity and energy density.

X-ray photoelectron spectroscopy (XPS) was used to analyze the
amount of heteroatoms and the chemical condition of N/O atoms

in the carbon superstructures [43,44]. Three characteristic peaks
are monitored in the XPS spectra, as C 1s (284.4eV), N 1s (399eV),
and O 1s (520eV), respectively (Fig. S2a in Supporting informa-
tion) [45,46]. Specifically, the N doping of CSs-X are 5.9, 6.9 and
2.3 wt%, and the O doping are 9.3, 13.9 and 5.7 wt%, correspond-
ing to CSs-700, CSs-800 and CSs-900, respectively (Fig. 1g). CSs-
800 has the highest heteroatom doping, which is attributed to the
favorable properties due to the appropriate pyrolysis temperature.
High-resolution spectra of N 1s show three signal peaks located at
398.2eV, 400eV and 401.3eV corresponding to pyridine-N (N-6),
pyrrole-N (N-5), and quaternary ammonium-N (N-Q), respectively
(Fig. S2b in Supporting information). Among them, pyridine-N with
electrochemically active occupies the largest percentage, which al-
lows them to provide storage sites for Zn2* storage, resulting in
additional capacity. High-resolution spectra of O 1s peaks show
three distinct signal peaks at 531.3 eV (C=0), 532.7 eV (C-OH/C-0-
C) and 533.9eV (-COOH), respectively. Substantial heteroatom dop-
ing can greatly improve the surface wettability of CSs-X and pro-
vide additional pseudocapacitance [47-49]. Next, X-ray diffraction
(XRD) tests were carried out to investigate the crystal structure of
the CSs-X. As shown in Fig. S3a (Supporting information), CSs-X
show two small bulges at 24.6° and 44.1° attributed to the 002 and
100 crystal planes of the carbon lattice, respectively [18,50]. Wide
and weak bulges indicate the presence of amorphous organization
in the CSs-X, which can provide an abundant active platform for
storing zinc ions. Raman spectra of CSs-X show two broad peaks at
1350 cm~! for the D band caused by defects/doping in the carbon
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Fig. 3. (a) A GCD profile. (b) Ex-situ XRD patterns. Ex-situ XPS spectra of (c) Zn 2p, (d) S 2p/2s, (e) N 1s and (f) O 1s at various discharged/charged states.

lattice and G band at 1550 cm~! for the sp? benzene ring carbon
(Fig. S3b in Supporting information) [51-53]. The degree of defects
and doping in the CSs-X can be calculated from the peak area ratio
of Ip/Ig. Remarkably, the Ip/Ig values of CSs-700, 800, and 900 are
1.8, 2.1, and 1.6, respectively. CSs-800 has the largest Ip/Ig value,
indicating that it has the most abundant storage active sites.

ZIHCs were assembled in an aqueous electrolyte of 3 mol/L
Zn(CF3S03), with CSs-X as the working cathode and zinc foil as
the anode. As shown in Fig. 2a, CSs-700, 800 and 900 deliver
162, 245, and 225 mAh/g at 0.5 A/g, respectively. The capacity
of the conductive agent (super P) shows a neglected contribu-
tion (Fig. S4 in Supporting information). When the current den-
sity increases to 20 A/g, CSs-800 still delivers 130 mAh/g (Fig. 2b),
which is also far better than CSs-700 (91 mAh/g) and CSs-900
(104 mAh/g), demonstrating its superior capacity retention (Fig.
S5 in Supporting information). Additionally, the CSs-X based ZI-
HCs show highly reversible capacity at all current densities (Fig.
2c). When using 2mol/L ZnSO4 as the electrolyte, CSs-800 still
has favorable electrochemical performance (Fig. S6 in Supporting
information). Remarkably, CSs-800 maintains 92.7% capacity after
300,000 cycles at 10 A/g (Fig. 2d), while the CSs-700 and CSs-900
are 87.7% and 89.1%, respectively (Fig. S7 in Supporting informa-
tion). CV curves also did not change significantly after long cycles,
reaffirming the stability of the CSs-800 cathode (Fig. S8 in Sup-
porting information). High mass-loading performance remains an
important guideline for realizing large-scale applications [54], with
CSs-800 can deliver capacities of 260, 160, and 132 mAh/g when
mass-loading isotropy increases to 5, 10, and 20 mg/cm? (Fig. 2e).
Based on the mass of cathode active materials, such a high capacity
of CSs-800 provides a high energy density of 152 Wh/kg at a power
density of 309 W/kg. The electrochemical performance of CSs-800
is quite encouraging compared to CSs-700, 900 and recently re-
ported carbon-based ZIHCs (Fig. 2f and Table S2 in Supporting
information).

The ion diffusion behavior and reaction kinetics of CSs-based
ZIHCs were investigated by electrochemical impedance spec-
troscopy (EIS), which was used to reveal the potential reasons for
the excellent electrochemical performance (Fig. S9 in Supporting
information). Nyquist plots show that CSs-800 based ZIHCs have

the smallest interfacial resistances (Rs) of 0.8 Q, while CSs-700 and
CSs-900 are 1.5, and 1.2 Q, respectively. The charge transfer resis-
tances (R¢t) for CSs-700, CSs-800, and CSs-900 are 18, 12 and 22 Q,
respectively (Table S3 in Supporting information). CSs-800 has the
smallest Rs and Rt, which is attributed to the good modification of
the carbon superstructure interface by the highly active N/O dop-
ing, which improves the electrode surface compatibility and low-
ers the charge transfer barrier (Fig. S10 in Supporting information)
[55-57]. CV profiles at scan rates from 1mV/s to 100 mV/s show
one pair of redox peaks (marked Pg/Pg, Fig. 2g). Dunn’s method
[58-60] shows that the connection between current and scan rate
is i=kvP, where k is a constant. The logarithmic relationship be-
tween v and i, b, is used to explain the capacitance diffusion. The b
value approaches 1, which represents a perfect surface control pro-
cess [61-64]. At the range of 10-100 mV/s, the b value of CSs-800
is 0.95/0.98 (Fig. 2h), while the b values of CSs-700 and CSs-900
are 0.88/0.92 and 0.86/0.82, respectively (Fig. S11 in Supporting in-
formation). The b value of CSs-800 is close to 1, which indicates
that the rapid ion diffusion process, corresponds to the fast reac-
tion kinetics.

The specific calculations of the contributions of capacitance
control and diffusion control to the storage process are further car-
ried out using following Eqgs. 1 and 2:

i=kyv+kyv0> (1)
ifv0> =k v03 + k; (2)

where k; and k; are constants, k;v and k,v%> are used as represen-
tatives of the capacitance-controlled and diffusion-controlled con-
tributions to the storage process, respectively [65-67]. According to
the equation, the capacitance contribution of CSs-800 cathode at
1mV/s is 45.9% (Fig. 2i). The capacitance contribution of the CSs-
800 cathode increases from 51.2% to 92.7% as scan rate increases
from 2mV/s to 100 mV/s. The capacitive contribution of CSs-700
and CSs-900 is 85.1% and 90.0%, respectively (Fig. S12 in Support-
ing information). CSs-800 shows typical capacitance control mech-
anisms, which are attributed to theinterconnected network to pro-
vide fast ion transport and the highest N/O doping lowering the
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adsorption and desorption energy barriers to produce fast charg-
ing and discharging kinetics.

Five electrode sheet states were selected for monitoring at dif-
ferent voltages during a single charge/discharge cycle, labeled se-
quentially as A, B, C, D, and E. Of these, A, B, and C are the
three state points of discharge to 1.8V, 0.9V, and 0V, and D and
E are the two state points of charge to 0.9V and 1.8V (Fig. 3a).
To gain insight into the charge storage mechanism, a series of ex-
situ characterizations were carried out to observe and analyze the
changes in electrode structure and morphology. Ex-situ XPS spectra
were performed to monitor the valence changes of the elements
(Fig. S13 in Supporting information). Expanding, when the cathode
sheet undergoes discharge from state A to C (1.8V to 0V), Zn2*
ions are stripped from the Zn foil and gradually aggregate and
adsorb on the CSs-800 cathode. As a result, Zn 2p signals gradu-
ally elevate during this discharge process. When the cathode sheet
is charged from state C to E (0-1.8V), the Zn 2p signals gradu-
ally weaken again (Fig. 3b). Meanwhile, S 2p/2s, which represents
the CF3SO3~ signal, shows an opposite trend to Zn 2p signals (Fig.
3c¢). This suggests that simultaneous anion and cation storage oc-
curs during a single electrochemical storage process. Specifically,
the storage of Zn%* ions during the discharge process and the cou-
pling of CF3SO3~ ions during the charging process. The reversible
transformation of Zn 2p and S 2p/2s signals is attributed to the
fast ionic response and structural storage stability guided by the
tailored carbon superstructure.

Volume-integrated fitting of ex-situ high-resolution O 1s and
N 1s spectra to reveal the effect of N/O atoms in the alternat-
ing cation/anion storage process. When discharge from 1.8V to
0V (states A to C), the content of C=0 located at 532.2eV de-
creases significantly, while the content of C—O located at 533.8eV
increases significantly. Upon recharging to 1.8V (states C to E), the
C=0/C-0 content returns to the initial state (Fig. 3d). This indi-
cates the reversible storage of electrically active C=0 with Zn%*
ions. For N species, ex-situ high-resolution N 1s show threesignal
peaks, pyridine-N at 399 eV, pyrrole-N at 400.2 eV, and quaternary-
N at 401.1eV (Fig. 3e). Pyridine-N with electrochemically active
shows a reversible trend of enhancement followed by weakening

and then enhancement in a single charge/discharge cycle. The sig-
nal peak attributed to the O—Zn—N bond is monitored at 402.2 eV
[68], which indicates that the co-modification of pyridine-N and
C=0 groups can greatly improve the coupling ability with Zn%*+
ions.

Ex-situ XRD patterns show that a new characteristic peak at-
tributed to Zn(CF3S03),[Zn(OH);]3-xH,0 was observed when the
discharge voltage was varied from 1.8V to OV and disappeared
again during re-charging (Fig. 3f) [69,70]. A clear formation of flaky
zinc salts was also observed at state C by SEM image, and EDS-
mapping shows the distribution of S and Zn elements (Fig. S14 in
Supporting information). The formation of zinc salts is attributed
to the aggregated adsorption of Zn?* ions on the CSs-800 cath-
ode during the discharge process and the interaction with CF3SO3~
and OH~ ions in the electrolyte. Considering that protons are pro-
duced by the consumption of OH™ ions in H,0, they may be in-
volved in electrochemical storage. To verify this idea, electrochem-
ical tests were performed using HCF3SO3 electrolytes with different
pH. As the proton content in the electrolyte increases, the capac-
ity of CSs-800 is elevated, verifying the auxiliary role of protons
in the storage process (Fig. S15a in Supporting information) [71].
And when using a proton-free electrolyte (Zn(CF3S03),/ACN), the
CSs-800 based ZIHCs also shows less than its specific capacity in
Zn(CF3S03),/H,0 (Fig. S15b in Supporting information).

The effects of carbonyl and pyridine-N functional groups with
electrochemical redox-active activity on the cathode storage per-
formance of CSs-800 were investigated by density functional the-
ory (DFT) calculations [72]. Reduced density gradient (RDG) plots
based on the reaction between pyridine-N and Zn?* ion model
show that the green spike is observed in the horizontal coordinate
region in the range of —0.01 ~ —0.02 a.u., which suggests that the
pyridine site can interact with Zn2t ions (Fig. 4a) [73]. Meanwhile,
RDG plot of the carbonyl and Zn?* jon model also shows green
spikes representing the interaction of carbonyl and Zn2?* ion in the
range of —0.01 ~ —0.022 a.u. for the horizontal coordinate region
(Fig. 4b). Moreover, the interaction of carbonyl group with Zn%*+
ion is significantly greater than the interaction of pyridine-N with
Zn2* ion, which suggests that carbonyl group is more strongly cou-
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pled with Zn2t ion. When the carbonyl and pyridine-N functional
groups were paired with each other in the model (Fig. 4c), they
demonstrated a more robust chelation of Zn?* ion, which is also
shown in the RDG plots (Fig. 4d). Specifically, the relative adsorp-
tion energies (AE;) of CSs cathode modified with different func-
tional groups for Zn?t ion were calculated in detail. Smaller val-
ues of AE; were associated with higher electrophilic properties
and reactivity of the functional motifs towards the Zn2?* ion. The
carbon superstructure modifies with both carbonyl and pyridine-N
active sites with an AE; of 2.38eV, which is greater than that of
the AE, with a single pyridine-N (0.68eV) and a single carbonyl
group (1eV) (Fig. 4e). Similarly, CF3SO5~ electrosorption based on
the synergistic interactions of carbonyl and pyridine-N motifs in
carbon cathode also shows more favorable conformation compared
to carbon cathode with a single active center (Fig. S16 in Support-
ing information).

Differential charge density isosurface simulations of the adsorp-
tion interface based on the optimized model were carried out to
study in depth the charge transfer and bonding of heteroatoms
during storage. The yellow region represents the electron-enriched
region and the blue represents the electron-deficient region, from
which it can be seen that the electrons are transferred from the
vicinity of zinc to the region where the pyridine-N and carbonyl
groups are located, revealing the interactions of the electroactive
carbonyl and pyridine-N group order on zinc [74]. In addition, the
simulation results show that the modification of the heteroatoms
effectively reduces the energy barrier of the interaction of zinc ions
with the carbon cathode. The analysis in the Bader charge dia-
gram yields 0.66 e charge transfer from the yellow region to the
blue region (Fig. 4f), implying that the effective access of zinc ions
from the electrochemically active carbonyl and pyridine-N func-
tional group strengthens the charge storage capacity of the carbon
cathode. Theoretical calculations further demonstrated that het-
eroatom modification could make carbon cathode more efficient
for charge storage and accelerate the ion transfer rate.

In summary, a three-dimensional carbon superstructure with
a definite structure is constructed by the solvothermal method.
In particular, tetrachloro-p-benzoquinone (TBQ) and 2,6-diamino-
anthraquinone (DAQ) were prepared under the condition of the
coupling reaction without a noble metal catalyst, and the organic
motifs were induced to construct the spherical nano-flower-like
carbon superstructure. ZIHCs based on CSs-800 can provide an
ultra-high energy density of 152 Wh/kg and ultra-stable cycle life,
with 92.7% capacity retained after 300,000 cycles at 20 A/g. The
excellent electrochemical performance was attributed to the ob-
tained three-dimensional carbon superstructure. This kind of su-
perstructure can effectively prevent the self-stacking of carbon
structure, shorten the ion diffusion distance and ensure the high
density of the active center. This also facilitates the alternating
binding of Zn?+/CF3S05~ ions at the carbon-active site and imparts
incredible structural stability to the carbon material. This paper de-
scribes the synthesis of an advanced porous carbon cathode mate-
rial, and the basic understanding of its charge storage mechanism
is presented.
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