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Hydrogen-bond-guided micellar self-assembly-
directed carbon superstructures for high-energy
and ultralong-life zinc-ion hybrid capacitorsy
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Lihua Gan © *2° and Mingxian Liu & *2®

Well-intricate carbon superstructures have tremendous potential as cathode materials in zinc-ion hybrid
capacitors (ZHCs) owing to their maximum accessible surface, superior structural integrity and
robustness. However, significant challenges still remain in simplifying the synthesis process. Herein,

a hydrogen-bond-guided micellar self-assembly strategy was leveraged to construct flower-like carbon

superstructures for targeting high-energy and ultralong-life ZHCs. This approach employed aggregated
micelles to serve as structural guides facilitating the controlled growth of oligomers into intricate
polymer superstructures with a distinct flower-like morphology and architecture. The subsequent
hierarchical porous carbon superstructures exhibited a considerable surface area (2824 m? g~ with

efficient charge-transport pathways. Remarkably, the synergistic combination of dual-ion storage, ion-

accessible pore structures, and endogenous zincophilic sites enabled exceptional performance. This

included a remarkable energy density of 160.8 W h kg~ at 112.1 W kg~?, extraordinary cycling stability of
200 000 cycles at 20 A g%, and a high specific capacity of 262.8 mA h g~ at 0.2 A g~%. The exceptional
electrochemical performances were primarily attributed to the effective and alternating Zn?*/CF3SO5~
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adsorption at the abundant, easily accessible zincophilic sites within the superstructures. Additionally,

proton-assisted zinc-ion storage through H* adsorption onto the carbon matrix significantly enhanced

DOI: 10.1039/d5ta00357a

rsc.li/materials-a

1 Introduction

Zinc-ion hybrid capacitors (ZHCs) have garnered substantial
attention as highly promising energy-storage equipment,
captivating researchers with their alluring combination of the
electrochemical properties of batteries and supercapacitors.™*
Specifically, the highly reversible adsorption/desorption process
of zinc ions on the cathode offers a supercapacitor-like output,
while the rapid plating/stripping of zinc ions promises battery-
level energy density.® Zinc anodes with a remarkable theoretical
capacity (820 mA h g~') and an inherently low redox potential
(—0.762 V vs. the standard hydrogen electrode) can provide
sufficient charge in the energy-storage process.*® Therefore,
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the capacity and rate performance. This work paves a novel pathway for the exploration and design of
well-intricate carbon superstructure cathodes for enabling superior performance in ZHCs.

numerous studies have been devoted to developing carbon
cathodes to match the performance of zinc anodes, with the
goal of achieving the desired zinc-ion-storage capacity.®™?
Nevertheless, the development of high-performance ZHCs
remains constrained due to the insufficient zincophilic sites
and limited accessibility to these sites, which renders carbon
cathodes incapable of affording high capacity, triggering a low
energy density and cycle durability."*?° Addressing this chal-
lenge requires substantial progress in the development of
highly electroactive cathode materials with well-organized
configurations for ZHCs with enhanced electrochemical
metrics.

To date, a wide range of carbon materials with various
dimensions and morphologies as capable cathode materials
have been reported for ZHCs.**?* These includes nano-
structured carbon-based materials, including 0D carbon nano-
particles,* carbon spheres,” 1D carbon nanotubes,*® carbon
nanorods,” 2D carbon nanosheets, graphene**>° and 3D porous
carbon.***" Low-dimensional carbon-based materials (0-1D)
possess a high chemical stability, adjustable porosity, and
exceptional flexibility, which can enable better electrolyte
accessibility and facilitate the ion-transportation pathways,***
while on the contrary 2D carbon-based materials with enlarged
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interlayer spacing demonstrate a large surface area and great
number of accessible electrochemical active sites with an
improved charge-storage capability.'***** However, low-
dimensional materials (0-2D) cannot avoid stacking and
aggregation, which will sacrifice some of the accessible surface
area. Additionally, their irregular morphology restricts the
kinetics of electrolyte ions, limiting the volumetric ion-storage
capacity and slowing the reaction kinetics, thereby diminish-
ing the overall energy-storage performance.*****” By contrast,
porous carbons with a 3D structure as cathode materials exhibit
superior electrochemical performance for ZHCs.*® This can be
attributed to their structural interconnectivity and hierarchical
porous channels, which allow more active sites, which enhances
the electrochemical activity also increases the charge-storage
activity.*>**' However, the potential structural breakdown and
dissolution of active sites limit their energy-storage capacity.**
Notably, three-dimensional (3D) carbon superstructures metic-
ulously assembled from well-coordinated low-dimensional
components can effectively harness the benefits, while
reducing the energy barriers to achieve the targeted energy-
storage objectives.**** This is due to the fact that carbon
superstructures not only retain the advantageous properties of
their individual components but can also achieve ultra-stable,
well-organized structures with an increased exposure of
surface-active sites and enhanced pathways for rapid electron
migration.*>*® Therefore, it is imperative to design carbon
superstructures characterized by hierarchical porous designs
and organized morphologies to improve the accessibility of the
electroactive active sites and facilitate uninterrupted charge-
transport pathways with enhanced electrochemical perfor-
mance and low energy barriers. However, realizing the
controllable construction of superstructures exhibiting diverse
and well-organized morphologies is a great challenge because
of their unprecedented architectural complexity, which can lead
to random orientation. Therefore, it is still an intriguing and
ongoing task to understand the self-assembly behavior in con-
structing these superstructures to attain well-organized struc-
tures with a controllable morphology. Thus, the construction of
carbon superstructures with a specific morphology is of great
interest but still a daunting challenge.

Herein, we report a hydrogen-bond-guided micellar self-
assembly strategy to synthesize flower-like carbon superstruc-
tures. The self-assembled micelles function as a structural
guide to direct the superstructures' formation process. These
polymer superstructures can thus be efficiently converted to
highly porous carbons while preserving their inherent archi-
tecture. The resultant flower-like carbon superstructures with
numerous interconnected carbon nanosheets allow exceptional
accessibility to abundant active sites, facilitating ion/electron
transfer with plentiful ion interactions. By exploiting the
optimal carbon cathode, an assembled ZHCs exhibited
a remarkable capacity of 262.8 mA h g~ * and an exceptionally
high energy density of 160.8 W h kg™". Ex situ characterization
results combined with the theoretical findings indicated that
the outstanding electrochemical performance arose from the
synergetic interplay of two key factors: the alternating absorp-
tion of Zn>" and CF3;SO; at zincophilic sites and the strong
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redox interactions between Zn>" and carbonyl/pyridine motifs
leading to the formation of O-Zn-N bonds. Thus, this work
introduces a novel approach for designing and fabricating
efficient carbon superstructures, further facilitating the devel-
opment of high-performance ZHCs.

2 Results and discussion
2.1 Construction and structural characterization

The construction process of a typical carbon superstructure (CS-
750) 1is illustrated in Fig. 1a. In brief, (1) tetra-
chlorobenzoquinone-4,4’-methylenedianiline (TM) oligomers
interact with the hydrophilic segment of F127 resulting in the
formation of F127/oligomer composite micelles; (2) when sub-
jected to a temperature of 100 °C under hydrothermal condi-
tions, the composite micelles aggregate with each other through
hydrogen bonding; (3) the micelles act as structure-directing
agents leading the TM oligomers to grow a flower-like
morphology and form polymer superstructures; and (4) the
subsequent carbonization and activation steps convert the
polymer superstructures into well-organized highly hierarchical
porous flower-like carbon superstructures. The synthesis route
for the TM oligomers via the polymerization reaction is shown
in Fig. S11 and involved a nucleophilic reaction between the -Cl
and -NH, groups, as confirmed by the Fourier-transform
infrared spectroscopy (FT-IR) spectra shown in Fig. S2.f In
accordance with the scanning electron microscopy (SEM)
observations (Fig. 1b and c), CS-750 comprised a flower-like
superstructure with a hierarchical arrangement of nanosheets
and an open porous structure that ensured abundant accessible
active sites while creating a well-developed network of pores.
Transmission electron microscopy (TEM) observations further
validated the above conclusion about the interconnecting
channels, consisting of nanosheets connecting towards the
surface with open pores (Fig. 1d). Further observation by TEM
(Fig. S371) offered a more detailed view of the structural features,
revealing a disordered carbon lattice. Moreover, elemental
mappings (Fig. 1e and S41) demonstrated the consistent and
highly uniform distribution of C, N, O elements on the surface.
The pyrolysis temperature significantly influences the surface
area and porosity of the resulting carbon products, critically
impacting the electrochemical performance. Thus, the carbon
products are designated as CS-x (where x denotes the pyrolysis
temperature). The N, adsorption/desorption isotherms, dis-
playing a sharp rise at a relatively low pressure (P/P, < 0.1) and
mild hysteresis loop at a relatively elevated pressure (0.45 < P/P,
< 0.95) as well as very minor rise at (P/P, > 0.95), revealed the
hierarchical porous properties of CS-x (Fig. 1f).*** The above
mentioned results indicate that CS-x displayed a more micro-
pore and mesopore dominated hierarchal architecture, which
was further supported by the pore-size distribution curves
(Fig. 1g). These findings show that plentiful micropores and
mesopores were derived from the polymer decomposition and
from the cavities of the open flower-like structure.*® Moreover,
the mesopores of CS-750 were primarily distributed in the 2-
10 nm size range, with a prominent peak appearance compared
with in CS-700 and CS-800. Meanwhile, CS-750 was endowed

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic of the synthesis of carbon superstructures. (b and c) SEM images of CS-750. (d) TEM images of CS-750. (e) EDS mapping

images of CS-750. (f) Nitrogen adsorption/desorption isotherms of CS-x. (g) Pore-size distribution curves of CS-x.

with a larger specific surface area of 2824 m* g~ compared to
that of CS-700 (954 m> g~ ') and CS-800 (1431 m* g~ ') (Table
S1t). The selection of an appropriate pyrolysis temperature and
hold time (750 °C, 2 h) allowed the functional segments to
further decompose and craft the immature porous structure
(CS-700) into a well-developed porous architecture with signif-
icantly increased micropores and a correspondingly high
surface area. Moreover, the mesoporous volume ratio (Vieso!
Viota) Of CS-750 was observed to be 75.6%, which was over-
whelmingly higher than that of CS-700 and CS-800 (34.7% and
50.6%, respectively). Thus, suitable pyrolysis temperatures for
CS-x are optimal for achieving well-defined and controlled
morphologies with a good balance between pore development
and structural integrity.

Robust carbon superstructures with highly interconnected
channels and abundant adsorption sites help fast ion migration
and superior charge-storage capability, ensuring high energy
density. The formation of flower-like superstructures is briefly
discussed below. Initially the TM oligomers assemble with F127
micelles to generate F127/TM oligomer composite micelles. In

This journal is © The Royal Society of Chemistry 2025

this process, the -NH- in TM oligomers connect with the
hydrophilic domain of F127 micelles through hydrogen bonds.
Subsequently, under hydrothermal treatment, the interaction
between the oligomer and F127 micelles becomes more
dynamic and aggregated oligomer composite micelles are
formed. The oligomer composite micelles tend to join together
primarily due to hydrogen-bond interactions and the increased
kinetic energy. As the reaction proceeds with a continuous rise
in temperature to about 100 °C under the hydrothermal
conditions, the system tends to equilibrate and the aggregated
oligomer micelles act as nucleation sites for the formation of
nanosheets. This transformation into a nanosheet morphology
occurs due to the hydrophobic nature of the oligomers, which
tend to flatten and spread out to minimize the surface area.
Thus, the resulting nanosheets exhibit enhanced growth
activity, facilitating the incorporation of additional nanosheets
and binding to each other, thereby promoting self-assembly and
polymerization, which are ultimately stabilized by various inter-
molecular forces. As more nanosheets aggregate, they start to
arrange in a hierarchical manner, giving rise to a robust intricate
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flower-like morphology. Thus, the aggregated micelles act as
structure-directing agents leading the TM oligomers to grow
a sophisticated and distinct flower-like morphology. This results
in a stable and intricate architecture derived from the oligomers.
Further to elucidate the role of F127 in the formation of the
flower-like carbon superstructures, different analysis were con-
ducted. In the absence of F127, an aggregated sphere-like carbon
structure was formed, demonstrating the critical role of F127 in
creating well-defined structures (Fig. S51). Additionally, the Tyn-
dall effect was employed to assess the aggregation state of the
micelles. Results indicate that increasing the concentration of
F127 enhanced the intensity of scattered light, suggesting
a higher degree of micelle assembly (Fig. S67).

The increase in F127 concentration led to the micelles
assembling together through hydrogen bonding under specific
temperatures to form a larger structure.”>** Moreover, the Tyn-
dall effect of the 1,4 dioxane-F127 solution was demonstrated
by the increase in scattered light intensity with the rise in
temperature (Fig. S7t), this suggests that the F127 micelles
underwent a temperature-dependent aggregation, forming
a flower-like structure. Overall, a new strategy was proposed to
create a flower carbon superstructure.

Further, X-ray photoelectron spectroscopy (XPS) analysis was
performed to gain valuable insights into the chemical compo-
sition of the CS-x carbon materials. Upon examining the XPS
spectra of samples CS-700, CS-750 and CS-800, distinct peaks
could be observed at 284.4, 400.2 and 531.9 eV, which were the
core level signals for C 1s, N 1s and O 1s, respectively (Fig. S87).
The O 1s spectra could be resolved into three distinct peaks
positioned at 530.4 eV for O-N, 532.1 eV for C=0 and 533.2 eV
for C-O (Fig. S9at). Besides, the N 1s spectra revealed three
distinct peaks, namely N-5, N-6 and N-Q, with the peaks posi-
tioned at 399.9, 398.2 and 401.3 €V, respectively (Fig. S9b¥).
Also, the chemical composition summary confirmed the pres-
ence of C, O, N species (Fig. S10f). CS-750 showed a high O
content due to its more stable C=0 bonds, which resisted the
release of O species. However, CS-700 and CS-800, even with
a high N content compared to CS-750, delivered an inadequate
capacitance due to their limited accessible surface areas.*” In
addition, Raman spectroscopy was employed to investigate the
disorder within the carbon lattice. The degree of disorder was
quantified by the intensity ratio of the D band (at approximately
1306 cm™ %), indicative of sp*-hybridized or defective carbon, to
the G band (at around 1530 cm™ '), corresponding to sp’-
bonded carbon in the graphitic structure. The I,/I; ratio ranged
from 0.83 to 0.85. Generally, a higher Ip/I ratio reflects a greater
degree of disorder or a higher concentration of defects, whereas
a lower ratio suggests a more ordered graphitic structure. This
ratio provides valuable insights into a material's structural
integrity and overall quality (Fig. S11at). The CS-750 sample
showed the best compromise between defects and graphitiza-
tion, with an Ip/Ig ratio of 0.85. Next, X-ray diffraction (XRD)
patterns of the CS-x materials were recorded and they displayed
diffraction peaks attributable to the (002) and (100) planes of
the carbon lattice, respectively, indicating the amorphous
nature of the CS-x materials (Fig. S11bf¥).
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2.2 Electrochemical performances

To assess the electrochemical performances of CS-x in ZHCs,
the as-designed CS-x material was fabricated as the cathode, Zn
foil as the anode and 3 M Zn(OTF), as the electrolyte for ZHCs
(Fig. 2a). The cyclic voltammetry (CV) profiles of the as-
fabricated ZHCs at the scan rate of 10 mV s~ ' displayed quasi-
rectangular shapes, indicating a combined contribution of an
electrical double-layer behaviour plus pseudo-capacitance
response, which was related to the electrochemically active
motifs on the carbon skeleton (Fig. 2b).>*** The CV curves for
the CS-x devices at different scan rates are provided in Fig. S12.}
Furthermore, the specific capacities were determined by galva-
nostatic charge-discharge (GCD) tests. CS-750 showed a supe-
rior discharge capacity of 262.8 mA h g~ *, which exceeds that of
CS-700 (132.2 mA h g~ ') and 800 (168.1 mA g~ ), respectively
(Fig. 2¢). In addition, CS-750 exhibited a well-developed porous
architecture characterized by a high surface area and optimized
pore distribution. Its abundant micropores and a correspond-
ingly high surface area (2824 m> g~ ') provide more active sites
for electrochemical reactions, while its multi-level pore archi-
tecture (Vimeso/Veotat = 75.6%) facilitates enhanced charge-
storage capacity through conductive pathways for electron and
ion transport. Conversely, CS-700 possessed an immature
porous structure with limited porosity (Sger = 954 m”> g™,
Vinesol Viotal = 34.7%). This limits the availability of active sites
and hinders the transport of electrons and ions, leading to
a reduced charge-storage capacity. Meanwhile, the GCD curves
of the CS-750 device demonstrated symmetrical shapes at
a wide range of current densities ranging from 0.2 to 20 A g~*
(Fig. 2d). The GCD curves of the CS-800 device and CS-700
device at different current densities are provided in Fig. S13.7
Moreover, the CS-750 cathode showed high capacity retention,
even at 20 A g, reflecting its good rate capability and excellent
structural stability (Fig. S141), which was 54.6% for CS-750,
whereas the capacity retention was 32.6% and 28.3% for CS-
800 and CS-700, respectively. The CS-x electrodes were tested
at every single current density for a continuous 10 cycles
ranging from 0.2 to 20 A g~ ', with the results showing that the
devices could maintain their initial capacities, even after cycling
back to 0.2 A g~ '. This indicates that the devices possessed good
reversibility (Fig. 2e). Moreover, the high capacity of the as-
designed Zn//CS-750 device yielded a high energy density of
160.8 W h kg™', demonstrating its great energy/power delivery
compared with CS-800 (120.3 W h kg™') and CS-700
(110.6 W h kg™") (Fig. 2f). Among the three prepared CS-x
materials, CS-750 with a flower-like superstructure possessed
a large surface area, which provided sufficient space for
accommodating the volume changes that occur during charge/
discharge cycles, leading to improved cycling stability. The
robust carbon superstructures guarantee quick ion penetration
into the core zincophilic sites, which ultimately induces effi-
cient charge adsorption and N/O redox reactions, providing an
extraordinary capacity as well as ultra-long stability.>>* Signif-
icantly, the CS-750 device demonstrated a notable capacity
retention of 93.2% across 200 000 cycles at 20 A g~ " and a 99.1%
coulombic efficiency, showcasing its excellent long-term cycling

This journal is © The Royal Society of Chemistry 2025
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performance (Fig. 2g). The remarkable stability of CS-750 was
due to its improved structural integrity, which reduces the loss
of active sites and structural collapse during repeated charge
and discharge cycles. Moreover, in CS-750, the combination of
an improved microstructure and enhanced porosity also relieve
capacity loss and structural breakdown over time, which
contributes to its minimal degradation over prolonged cycling.
These factors collectively contribute to the exceptional long-
term stability of CS-750, enabling it to retain 93.2% of its
initial capacity. The cycling performances of the CS-700 and CS-
800 devices are shown in Fig. S15.F

Furthermore, the morphology of CS-750 did not show any
specific alterations after extensive cycling, revealing the stable
and robust structure of the CS-750 cathode (Fig. S1671). Besides,
GCD tests were performed on CS-750-based ZHCs with a high
mass loading from 10 to 30 mg cm?, which showed capacities of
216.7,199.2, 175.3 and 142.5 mA h g™, respectively (Fig. S177).
Compared with recent reports, these results show the signifi-
cant potential of the CS-750 cathode, with superior electro-
chemical performances for use in practical ZHCs (Table S27).

2.3 Reaction kinetics

A more in-depth investigation was conducted to gain

a comprehensive understanding of the charge-storage kinetics

This journal is © The Royal Society of Chemistry 2025

and electron/ion-transport properties within the CS-x based
devices (i.e. ZHCs). All of the three assembled ZHCs exhibited
semicircle curves in the higher frequency domain together with
alinear tail in the lower frequency domain, as can be seen in the
Nyquist plots of the CS-x cathodes (Fig. 3a). This displays the
dual features of the pseudocapacitive process and fast kinetics
diffusion-controlled process.>® An analogous circuit model for
EIS was used to fit the curves, which is shown in Fig. S18.1 The
CS-x electrodes showed smaller equivalent resistances (Ry),
which were 2.8 Q for CS-700, 1.8 Q for CS-750 and 2.2 Q for CS-
800. Of note, the charge-transfer resistance (R.) was 9.2 Q for
CS-750, which was significantly less than that of other CS-x-
based devices, suggesting the optimized structure with a rapid
ion-transfer rate (Table S3t). Furthermore, the ion-diffusion
resistance (¢) was quantitatively determined based on the
relation between the angular frequency (w) and the real part of
the impedance (Z').” The CS-750 device showed a lower steep-
ness of the linear tendency of 12.1 Q s~ % compared with 22.4 Q
s~ for the CS-700 device and 18.8 Q s~ for the CS-800 device,
verifying the intermediate access for ion migration during the
charging and discharging process (Fig. 3b). Moreover, the
variation in capacitance change along with the wide frequency
change were studied in an elaborated capacitance mode, C(w) =
C'(w) + jC"(w), where C'(w) symbolizes the real capacitance of
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based devices.

the device and C'(w) represents the imaginary part, corre-
sponding to irreversible energy-dissipation processes.”® The
relaxation time constant 7, = 1/f could be extracted from the
frequency at which the maximum C’(w) was observed, indi-
cating the temporal sustainability affording the power and
saved energy.* Of note, CS-750 delivered an optimal 7, value of
22.7 s (Fig. 3c and d) verifying its rapid reaction kinetics and
higher capability compared to CS-700 for 41.6 s and CS-800 for
30.3 s. Additionally, the CS-x electrodes all displayed the
smallest voltage drop, showing they had the best ion-transport
capability (Fig. S191). The CV curves displayed a quasi-
rectangular shape across the scan rates ranging from 5 to
200 mV s ', suggesting a combined contribution of electric
double-layer capacitance and pseudo-capacitance (Fig. 3e).c>**
Furthermore, the power law exponent b was determined using
the equation i = kv”, and it was found that typically b lies within
a range of 0.5-1. A value of 0.5 generally indicates a diffusion-
controlled process whereas b value of 1 signifies a surface-

15106 | J Mater. Chem. A, 2025, 13, 15101-15T10

controlled process.®” The b value of CS-750 was 0.93/0.92 for
the cathodic and anodic peaks (Fig. 3f) which is larger than the
0.83/0.82 of CS-700 and 0.85/0.84 of CS-800, indicating an ideal
surface-governed process (Fig. S207).

Further the quantitative contributions were calculated using
Dunn's method, which involves the equation: kv + k,1%°, where
k2v°'5
controlled contributions, respectively.®*** Based on the above,
the rectangular CV curves at 10 mV s of CS-750 suggested
a synergetic contribution from diffusion-limited and ultrafast
surface capacitance-controlled processes, with an obvious
significant capacitive contribution of 70.2% (Fig. 3g). As the
scan rate was increased, a pronounced dominance of capacitive
processes over diffusion-controlled processes was clearly
evident, with the contribution increasing significantly from
67.6% to 92.1% (Fig. 3h and S2171), suggesting an excellent rate
capability. The superior and enduring charge-storage kinetics of

and k; correspond to the capacitive and diffusion-

the zincophilic flower-like superstructures was primarily due to

This journal is © The Royal Society of Chemistry 2025
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their advantageous morphology, which facilitated ion migration
with a low energy barrier, thereby optimizing the dynamic
capacity. A comparative analysis of various parameters (Fig. 3i)
further revealed that the outstanding energy-storage perfor-
mance of the CS-750 cathode was due to the synergistic inter-
play of multiple factors, like it maximizing its accessible surface
area, its well-optimized hierarchical pore structure and robust
carbon framework with numerous zincophilic sites, which all
contributed to its exceptional electrochemical energy-storage
capabilities.

2.4 Charge-storage mechanism

To enhance our comprehension of the charge-storage mecha-
nism, a series of ex situ characterizations was conducted. The
GCD profile (Fig. 4a) identified five critical points (A, B, C, D, and
E) for characterization corresponding to 1.8, 0.9 and 0 V during
the discharge cycle, and 0.9 and 1.8 V during the charge cycle. Ex
situ XRD analysis was then employed to investigate the modifi-
cations in structure of the CS-750 cathode material. A pronounced
peak at ~26.4° was observed in the XRD pattern (Fig. S227). The
2D contour plot of the XRD patterns substantiated this conclusion
(Fig. 4b). There was an enhancement of the peak signal with the
progression of the discharge process due to ion uptake, which
gradually diminished following the charging process. This was
accompanied by a shift towards lower angle, ultimately returning
to the initial state, thereby highlighting the dynamic structural
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changes associated with the charge and discharge cycles.®® This
process refers to the reversible origination and dissolution of
Zn(CF3S03) [Zn(OH), ;- xH,O on the cathode surface throughout
the charging and discharging processes. It was driven by the
coordination of OH~ with Zn(CF;S03), and H,O (Fig. S237).
Furthermore, the 2D XPS contour map of Zn 2p revealed
a progressive intensification of the Zn signal during the dis-
charging process, indicating a substantial incorporation of Zn>*
ions into the cathode structure (Fig. 4c). This phenomenon was
reversed during the charging phase, wherein the Zn signal
showed a notable decrease, suggesting the reversible expulsion of
Zn*" ions to their initial state. Alternatively, the intensity of the S
2p peak exhibited an inverse fluctuation trend compared to the Zn
signal throughout the charging and discharging cycles (Fig. 4d).
This demonstrates the cathodes' capability to alternately accom-
modate Zn>*/CF;S0; ™~ charge carriers. Moreover, in the ex situ FT-
IR analysis, a new signal was observed at 2923 cm ', which was
attributed to the generation of -OH species, indicating the coor-
dination between H' ions and the C=O functional group
(Fig. S241). This suggests that during discharge the C=0 group
underwent a reduction reaction, facilitating proton transfer,
which resulted in the formation of C-OH bonds. This gradually
intensified during discharging and weakened during charging,
which was also consistent with the ex situ XPS and XRD results.
Further, insights into the chemical conversion mechanism within
the CS-750 cathode were obtained through detailed analysis of the
O 1s, C 1s and N 1s XPS spectra (Fig. S25). Regarding the O 1s
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spectra (Fig. 4e), peaks for quinone-type O (532.4 €V) and phenol/
carboxyl O (532.5 eV) were obtained by curve fitting. Notably, the
carbonyl O (C=0) exhibited electrochemical redox responses to
produce strong binding interactions with electrolyte ions. The
intensity of the C-O peak demonstrated a significant increase
during discharge while the C=0 peak was diminished continu-
ously, while conversely in the charge process, the C=0 peak
showed a reverse trend. The changes in the ex situ spectra of C 1s
were compatible with the variations in the C-O signal (Fig. 4f). In
the discharged state, an emergent peak signal indicative of C-O-
Zn bonds could be observed, which denotes the occurrence of
chemical interactions between Zn** ions and C-OH groups, which
resemble the reaction between carbonyl and Zn ions. During the
discharge process, the C=O unit in the carbon cathode
undergoes a reduction reaction and forms C-OH through the
addition of protons and electrons. Concurrently, H" and Zn>" ions
migrate to the cathode, forming C-Zn. As discharge progresses,
the C-Zn species undergo metathesis with additional C=0
groups, releasing protons back into the electrolyte and resulting
in the generation of the C-O-Zn configuration. Regarding the N
species (Fig. S261), the pyridinic N peak at 398.8 eV, pyrrolic N
peak at 400.5 eV and quaternary N peak at 401.7 eV could be
obtained from the deconvoluted XPS spectra. Notably, the
pyridinic N peak gradually declined during discharge process
indicating an ongoing zincation reaction. Conversely, this peak
increased during the charging process, reflecting the elimination
of Zn** ions from the electrochemically active sites. Notably, the
emergence of a new peak at 401.3 eV for O-Zn-N suggests that
pyridinic N was capable of uptake of Zn>" ions. This observation
suggests the synergetic interplay between nitrogen and oxygen
functional groups markedly enhances the ability to accommodate
Zn>" ions, thereby offering insightful implications for the opti-
mization of the electrochemical performance.®*®” Further to
authenticate the incorporation of H' ions throughout the
charging and discharging cycles, DMF, a solvent devoid of
protonic constituents, was selected as a medium for the Zn(CF;-
S0O;), electrolyte. This approach was chosen to mitigate the
influence of H' ions present in H,O. Consequently, in the
Zn(CF3S0;),-DMF electrolyte, the CS-750 cathodes demonstrated
a specific capacity of 183.5 mAh g " at 0.2 A g~ " (Fig. S271), which
was conspicuously lower compared to the capacity observed in
a Zn(CF;S0;),-H,0 electrolyte. Various comparative tests were
performed to verify the possible chance for participation of H'
ions during Zn>* storage in the CS-750 cathode, which were
conducted in aqueous HCF;SO; electrolyte at various pH values
with the same pH value of 3 M Zn(CF;S0;), electrolyte used. At
different corresponding pH values (1.01, 3.28, and 5.71), HCF;5SO3;
showed capacities of 41.1, 49.1, and 66.4 mA h g~ (Fig. $287),
respectively, clearly indicating the participation of H" in cathodic
electrochemical reactions. The enhancement of the capacity was
influenced by the elevation of the hydrogen-ion concentration
during the discharge phase from 1.8 to 0 V. This was also evi-
denced by SEM, which revealed the emergence of a flake-like
structure on the CS-750 cathode surface (Fig. S291). Remark-
ably, these structures vanished upon recharging (Fig. S307),
demonstrating the reversible nature of H'-ion corporation.
Additionally, the smallest size of proton facilitated the rapid redox
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dynamics, addressing the interfacial charge-transfer limitations
of Zn**. This minimized the mass load and structural growth,
resulting in faster charge and discharge rates. Consequently, the
cathode material stability was enhanced during cycling, leading to
long-term cycling stability and an improved rate performance.
However, the proton insertion/extraction process can lead to
structural degradation and subsequent capacity fading during
long -term cycling. Furthermore, at high current densities, the
accumulation of protons within the electrode structure can
impede ion-diffusion, thereby limiting the rate capability. The
entire proton-assisted zinc-ion-storage mechanism within the
superstructure cathode is illustrated in Fig. 4g. This process
involves reversible electrochemical hydrogen-ion adsorption/
desorption and redox reactions of oxygen species.®® During every
charge-discharge cycle, the CS-750 material undergoes a series of
oxidation-reductions, facilitating efficient and rapid ion transport
and charge storage. A combined experimental and theoretical
investigation elucidated the energy-storage process of the CS-750
cathodes in ZHCs, as shown in Fig. 4h. The charge-storage
process of the carbon cathode with Zn(SO;CF;), electrolyte
involves an alternative physical uptake of Zn>* ions, mediated by
OTF ™ anions, which occurs alternatively within the superstructure
framework. This process is accompanied by reversible electro-
chemical reactions involving Zn>* ions and nitrogen/oxygen
motifs, leading to the formation of O-Zn-N bonds throughout
whole charge and discharge process. The charging process is
characterized by the physical adsorption of OTF~ anions at the
cathode surface, which is primarily related to charge balancing
and maintaining electrochemical reversibility. The OTF~ ions
play a crucial role in stabilizing the overall electrochemical system
by maintaining charge neutrality throughout the intercalation
and de-intercalation of Zn>" ions into and out of the cathode. This
reversible interplay of the anion and cation within the cathode
structure is the critical aspect for achieving long-cycling stability
and high performance. The overall reaction mechanism involved
in zinc-ion storage is depicted in Fig. 4i. Leveraging theoretical
and practical findings, the mechanism of proton-assisted Zn**
storage within the cathodes can be mainly characterized into two
pivotal stages. First, the combined action of carbonyl and pyridine
structures facilitates the chemical adsorption of zinc ions, leading
to the formation of O-Zn-N bonds. Second, the adsorption of H"
ions onto the carbon cathode, which is a crucial factor that
significantly contributes to the energy-storage capacity.®”® These
synergistic interactions underpin propelling the electrochemical
energy-storage efficiency observed in the CS-750 model, show-
casing the essential influence of the proton-facilitated zinc-ion
charge-storage mechanism in advancing the device performance.

3 Conclusion

In conclusion, a hydrogen-bond-induced micellar aggregation-
driven self-assembly approach is developed to synthesize
flower-like carbon superstructures with exceptional structural
robustness. The well-optimized architecture enhances the
availability of ample sites for electrolyte interaction and charge
storage, leading to superior specific capacitance and
outstanding electrochemical responses. Specially, CS-750

This journal is © The Royal Society of Chemistry 2025
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device-based carbon superstructures delivered a remarkable
energy density of 160.8 W h kg™ " with a high discharge capacity
of 262.8 mA h ¢~ " and consistent cycle life with a 93.2% capacity
retention after 200 000 cycles at 20 A g~ . The superior electro-
chemical properties could be ascribed primarily to the efficient
alternating adsorption of Zn>" and CF;SO;~ ions at zincophilic
sites within the superstructures and the Zn>*-linked redox
reactions involving the pyridine/carbonyl motifs. Additionally,
the adsorption of H' ions onto the carbon framework signifi-
cantly contributed to enhancing the capacity and rate perfor-
mance. These synergetic interactions underscore the crucial
role of the proton-assisted zinc-ion-storage process. Overall, the
as-constructed carbon superstructures as cathodes offer several
advantages and characteristics that enhance the capacitive
activity and durability of zinc-ion capacitors. This approach
provides a novel paradigm for the design of advanced carbon
superstructures for use in energy-storage system.
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