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In situ growth of covalent organic framework (COF) nanosheets on substrates like graphene and carbon
nanotubes usually leads to significantly enhanced conductivity but is often accompanied by an obvious
the
hydrothermal condensation of two molecules with aromatic conjugated structures, triphenylene-
2,3,6,7,10,11-hexacarboxylic acid (HATNCA) and 1,3,5-tris(4-aminophenyl) triazine (TAPT), on graphene
affords a series of graphene-supported 2D COF nanosheets, HT-COF-XGs (X = 10, 20, and 30 wt% of
graphene), with controllable thicknesses of 30, 11, and 7 layers. Powder X-ray diffraction (PXRD) analysis

reduction in crystallinity, thus resulting in non-ideal electrochemical performance. Herein,

reveals the excellent crystalline nature of the nanosheets and further characterization shows that this
COF has good conductivity and a large pore size of 2.0 nm, which enable fast and stable electron/ion
transport. These properties, in combination with the fully exposed abundant active sites for storing Zn®*
ions and anchoring polyiodides, endow these graphene-supported COF nanosheets, in particular HT-
COF-20%G, with the best aqueous dual-ion battery (ADIBs) performance to date with a high reversible
capacity of 792 mAh gt at 2 A g~ and good cycling stability of 83% capacity retention at 20 A g~* after

rsc.li/chemical-science 8000 cycles.

Introduction

The increasing demand for renewable energy has intensified
the focus on developing eco-friendly and highly efficient energy
storage systems.'™* Of late, aqueous dual-ion batteries (ADIBs)
have started to attract increasing attention as a promising
energy storage system for grid-scale applications owing to their
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remarkable energy density, inherent safety, cost-effectiveness,
and environmental sustainability.”® Among the charge
carriers for ADIBs, zinc cations and iodine anions are particu-
larly noteworthy due to their abundance, high capacity, and
suitable redox potentials.’*™* In contrast to conventional zinc
ion batteries, ADIBs operate through the migration of cations
and anions during the charging/discharging processes, not only
circumventing the drawbacks associated with Zn”* intercalation
but also accelerating the Zn plating/stripping reaction.***
Unfortunately, the notorious shuttle effect and slow ion trans-
port kinetics of the iodine species have significantly hindered
the development of ADIBs for use in practical grid storage
applications."'® Despite the great application potential of
ADIBs, thus far only a few types of porous materials including
carbon materials,””™" organic polymers,*>** and metal-organic
frameworks (MOFs)** have been employed as the cathode
materials for ADIBs. Due to their low density, robust stability,
and ordered porous structure, COFs constructed from molec-
ular building blocks that depend on covalent bonds, as seen in
their MOF counterparts but with enhanced stability, are ex-
pected to show promise in ADIBs.>*”” However, COF-based
ADIBs still remain essentially unexplored with the sole
example being, to the best of our knowledge, IISERP-COF22.?®

It is worth noting that bulky 2D COFs with densely packed
layers have a substantial number of buried active sites and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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restrict ionic transport to quite a large extent,* thus leading to
unsatisfactory power and energy densities. Fortunately, bulky
2D COFs can be exfoliated into nanosheets, enabling the
exposure of more accessible active sites and the enhancement
of ion diffusion.’** For the purpose of enhancing the
conductivity, graphene and carbon nanotubes were employed
for the fabrication of substrate-supported thin COFs nano-
sheets.>** However, the incorporation of substrates into COFs
usually leads to a significant reduction in the crystallinity due to
the disruption that the corresponding substrate has on the
molecular arrangement of the building blocks, interfering with
the crystal growth and repair process.***® This in turn
compromises the inherent advantages of the ordered COFs
structure to a certain extent. As a result, achieving substrate-
supported thin COFs nanosheets with high crystallinity
remains a challenge.

Herein, two highly conjugated organic precursors were
selected to pre-organize a molecular assembly through m-m
stacking interactions with graphene. This strategy enables the
controlled directional growth of COFs along the graphene
substrate, significantly mitigating the adverse effects on the
crystallinity of the COFs. Specifically, a series of graphene-
supported COF nanosheets HT-COF-XGs (X = 10, 20, and
30 wt% of graphene) with controllable thicknesses of 30, 11,
and 7 layers were prepared via in situ hydrothermal condensa-
tion of  triphenylene-2,3,6,7,10,11-hexacarboxylic acid
(HATNCA) and 1,3,5-tris(4-aminophenyl) triazine (TAPT) on
graphene. The aromatic conjugated structure of HATNCA and
TAPT facilitates their effective - interaction with graphene,
resulting in the isolation of HT-COF-XGs with high crystallinity
and a well-defined hexagonal porous structure, as demon-
strated using powder X-ray diffraction (PXRD) analysis and
high-resolution transmission electron microscopy (HR-TEM),
respectively. HT-COF-XGs possesses excellent stability, good
conductivity, and a large pore size of 2.0 nm, enabling fast and
stable electron/ion transport. These properties, in combination
with the abundant fully exposed active sites for storing Zn>*
ions and anchoring active polyiodides, endow HT-COF-XGs, in
particular HT-COF-20%G, with excellent ADIBs performance
with a high reversible capacity of 792 mAh g~ at 2 A g7,
remarkable rate performance (a capacity of 520 mAh g™, an
energy density of 461 W h kg™, and a power density of 22 734 W
kg™' at 20 A g7'), and good cycling stability (83% capacity
retention at 20 A g~ ! after 8000 cycles), surpassing all the thus
far reported ADIBs electrodes.

Results and discussion
Synthesis and characterization

In this work, pristine HT-COF was isolated in a yield of 92%
from the condensation of HATNCA and TAPT in pure water at
200 °C for 48 hours. The HT-COF-XGs nanosheets including HT-
COF-10%G, HT-COF-20%G, and HT-COF-30%G were fabricated
in the same manner by adding 10, 20, and 30 wt% of graphene,
respectively, resulting in yields of 92-95% (Fig. S1 and Scheme
1). The HT-COF structure was first characterized using Fourier-
transform infrared (FT-IR) spectroscopy via observation of the
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characteristic stretching vibration bands of C=0 and C-N-C at
1781-1725 and 1357 ecm™ ', respectively.

The disappearance of the TAPT amino band at 3300 cm™
and a reduced intensity for the HATNCA carboxyl groups at
1716 cm~' demonstrate the successful polymerization of the
starting reagents and the formation of imide groups*® (Fig. 1a).
In the solid-state *C cross-polarization magic angle spinning
nuclear magnetic resonance spectrum of HT-COF, the carbonyl
carbon of the imide moiety appears at 164 ppm, while the aryl
carbon atoms in the triazine and benzene moieties appear at
167 and 110-155 ppm,*' respectively, providing additional
evidence for the formation of imide groups (Fig. 1b). The FT-IR
spectra of HT-COF-XGs also display corresponding character-
istic evidence for the formation of imide groups through the
bands at 1781-1725 and 1357 cm ™, thus evidencing the pres-
ence of HT-COF on graphene (Fig. S2).

HT-COF was structurally characterized through PXRD anal-
ysis in combination with theoretical simulation. In the PXRD
pattern in Fig. 1c, HT-COF displays an intense peak at 2¢ =
3.87° together with four prominent peaks at 6.69°, 7.78°, 10.23°,
and 25.95° due to the (1,0,0), (2,—1,0), (2,0,0), (3,—1,0), and
(0,0,1) planes, respectively, thus proving its highly crystalline
nature. Density-functional tight-binding (DFTB") calculations
were performed to afford the optimum C; + C; hexagonal
skeleton and stacking mode of HT-COF. As can be seen in
Fig. 1c and S3, the simulated AA stacking model can generate
a PXRD profile that reproduces the experimental pattern well
with good agreement factors of R, = 4.01% and R, = 5.70%
according to the Le Bail refinement. The cell parameters were
determined to be « = 8 = 90°, y = 120°,a = b = 25.93 A, ¢ = 3.38
A in the P6m2 group space. According to the structural model of
HT-COF, the theoretical size of the circular hole is 2.0 nm and
the m-7 stacking distance is 0.34 nm (Fig. 1d and e). Interest-
ingly, unlike other COFs/graphene composites reported
previously,****** the isolated HT-COF-XGs still display clear
diffraction peaks due to the (1,0,0), (2,—1,0), (2,0,0), (3,—1,0),
and (0,0,1) planes, the same as those in the pristine HT-COF
(Fig. 1f) revealing that the excellent crystallinity of the HT-
COF nanosheets is maintained on the graphene substrate.
This suggests that a graphene template effect exists that facili-
tates the formation of COFs with good crystallinity due to the
effective - interactions with the aromatic conjugated struc-
tures of the precursors.

The porosities of HT-COF and HT-COF-XGs were assessed by
N, sorption measurements at 77 K. As shown in Fig. 1g, HT-COF
and HT-COF-XGs display type IV isotherms with the presence of
a hysteresis loop, indicating the mesoporous nature of their
structures. The Brunauer-Emmett-Teller (BET) surface area of
the HT-COF amounts to 1219 m? g~ *. According to the pore size
distribution, the HT-COF possesses a distinct type of mesopore
with a width of 2.0 nm (Fig. S4) consistent with the theoretically
calculated value of 2.0 nm based on the AA stacking structural
model mentioned above. The introduction of graphene leads to
reduced isotherms under low pressure and BET surface areas of
1080, 1023, and 826 m* g~ for HT-COF-10%G, HT-COF-20%G,
and HT-COF-30%G, respectively. Additionally, thermogravi-
metric analysis (TGA) reveals that HT-COF and HT-COF-XGs

1
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Scheme 1 Schematic representation of the synthesis of HT-COF-XGs.

have good thermal stability with a decomposition temperature
above 400 °C in an N, atmosphere (Fig. S5). Next, HT-COF-20%
G was employed as a typical representative to investigate the
chemical stability of this series of materials. As displayed in
Fig. S6, after being soaked in a series of solvents including
tetrahydrofuran (THF), methanol (MeOH), N-methyl-2-
pyrrolidone (NMP), N,N-dimethylformamide (DMF), and 6 M
hydrochloric acid (HCI) for seven days, the PXRD patterns of
HT-COF-20%G remained almost unchanged, revealing its
excellent solvent resistance. This is also true for this material in
a 3.0 M ZnSO, + 0.5 M KI electrolyte in water, thus showing that
HT-COF-XGs have favorable electrode stability for ADIBs
application.

The pristine HT-COF shows a fibrous morphology with
diameters ranging from 50 to 200 nm based on the scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) images in Fig. S7 and S8. HR-TEM images confirm
the presence of a well-ordered network with a lattice spacing of
2.27 nm corresponding to the (1,0,0) plane (Fig. S8). The use of
graphene during the COF synthesis process results in prefer-
ential growth along its surface because of the - interactions
between the precursors and graphene, resulting in the forma-
tion of COF/graphene nanosheets. As a result, the morphology
of HT-COF evolves from fibrous blocks into nanosheets that are
tightly anchored onto graphene, leading to the composite
nanosheets seen in the SEM images in Fig. S9. As revealed by the
TEM images in Fig. 2a-c, S10 and S11, HT-COF-XGs demon-
strates significantly increased surface roughness compared to
the smooth surface of pristine graphene due to the uniform
deposition of HT-COF onto the graphene substrate. The
element energy dispersive spectroscopy (EDS) mapping images
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HT-COF-XG

reveal a homogeneous distribution of C, O, and N over HT-COF-
20%G (Fig. S12) further confirming the uniform distribution of
HT-COF on graphene. Additionally, the well-organized structure
of HT-COF on the graphene substrate in the HT-COF-20%G
nanosheets allows the visualization of its hexagonal porous
architecture through HR-TEM analysis (Fig. 2c) further proving
the excellent crystallinity of the nanosheets. For the purpose of
determining the thickness of the HT-COF on the graphene
substrate in the HT-COF-XGs nanosheets, these composites and
graphene were comparatively investigated using atomic force
microscopy (AFM). As shown in Fig. 2d and e, the thickness of
graphene is approximately 1.3 nm, corresponding to a three-
layer structure, while the average thicknesses of HT-COF-10%
G, HT-COF-20%G, and HT-COF-30%G, amount to 11.8, 5.0, and
3.6 nm, respectively, corresponding to approximately 30, 11,
and 7 layers of HT-COF, respectively (Fig. 2f, g and S13).

Electrochemical performance

Inspired by their dense redox-active sites and excellent
conductivity, as detailed below, together with the presence of
well-ordered porous nanosheets that can shorten the ion
diffusion length and improve active site accessibility, the HT-
COF-XGs nanosheets were employed in the fabrication of an
ADIBs cathode. The redox mechanism of the HT-COF-XGs in the
ADIBs was investigated using cyclic voltammetry (CV). Taking
HT-COF-20%G as a typical representative, the impact of the
electrolyte composition on the redox behavior within a voltage
range of 0.2 to 1.5 V was initially investigated. When 3 M ZnSO,
is used as the electrolyte, the HT-COF-20%G cathode shows two
pairs of weak redox peaks at 1.02/0.78 V and 0.77/0.51 V versus
Zn/Zn**, respectively (Fig. 3a), which are assigned to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural characterization of HT-COF and HT-COF-XGs. (a) FT-IR spectra of HT-COF, HATNCA and TAPT. (b) Solid state C CP/MAS
NMR spectrum of HT-COF. (c—e) PXRD pattern, and top/side views of the simulated AA stacking structure of HT-COF. (f) PXRD patterns of HT-
COF-10%G, HT-COF-20%G, and HT-COF-30%G. (g) N, sorption isotherm profiles of HT-COF, HT-COF-10%G, HT-COF-20%G, and HT-COF-

30%G.

reversible C=N and C=0 active sites.*®*” On the other hand, in
the 0.5 M KI electrolyte, the CV curve shows a reduction peak at
1.26 V and an oxidation peak at 1.32 V with weak intensity,
indicating that upon introduction of I" into the electrolyte
during the charge process I, is generated and a reversible I,/
I redox process for electrochemical energy storage is formed.*®
Surprisingly, the CV curves of the HT-COF-20%G cathode
exhibit a larger enclosed area with three clear redox peaks at
1.33/1.21, 0.98/0.93, and 0.65/0.51 V versus Zn/Zn*' in 3 M
ZnSO, + 0.5 M KI electrolyte corresponding to the I, /I, C=N/
C-N, and C=0/C-O redox reactions, respectively. The redox
peaks for the HT-COF-20%G cathode of C=N/C-N and C=0/C-
O in 3 M ZnSO, + 0.5 M KI display reduced gaps (0.14 and 0.05
V) in comparison with those in 3 M ZnSO, (0.26 and 0.24 V),
indicating a decrease in polarization due to the introduction of
KI, which might enhance the ion transport rate. The

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrochemical process of I, /I" shows an enlarged gap
between the oxidation and reduction peaks, increasing from
0.06 V to 0.11 V in the 0.5 M KI and 3 M ZnSO4 + 0.5 M KI
electrolyte systems. This phenomenon can be attributed to the
provision of charge balanced carriers by Zn>*, which promotes
more efficient iodine ion conversion and thus enhances the
polarization process. Therefore, the two energy storage mech-
anisms (Zn*>* and I, storage) exhibit a synergistic relationship,
thereby enhancing their overall effectiveness. Furthermore, the
CV curves of the HT-COF-20%G electrode display excellent
overlap after the initial irreversibility, indicating the remarkable
reversibility of its ion storage behavior (Fig. S14).

To investigate the rate performance, HT-COF-XGs, galvano-
static charge/discharge (GCD) tests were conducted at various
current densities. All the specific capacities were determined
according to the mass of the COF/graphene composites. HT-

Chem. Sci., 2025, 16, 22542-22553 | 22545
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Fig. 2 Characterization of the morphology of HT-COF-20%G. (a—c) TEM and HR-TEM images of HT-COF-20%G (HT-COF on a graphene
substrate). (d and e) AFM topography images and AFM height profiles of graphene. (f and g) AFM topography images and AFM height profiles of

HT-COF-20%G.

COF-20%G delivers a poor specific capacity of 150 mAh g~ * at
2 A g, when using 3 M ZnSO; as the electrolyte (Fig. S15 and
S16), which is obviously lower than the theoretical storage
capacity for Zn”>" storage of 216 mAh g~'. When KI is added to
the electrolyte the capacity is significantly enhanced, thus
verifying the crucial role of iodine as an active substance in
improving the electrochemical performance. During the
charging process, iodine ions are oxidized into polyiodides,
while HT-COF serves as a host material for anchoring poly-
iodides. Electrolytes containing varying concentrations of KI
have also been investigated. As shown in Fig. S17, the specific
capacity is also obviously increased as the concentration of KI
increases. However, an excessive amount of KI may reduce the
coulombic efficiency of the ADIBs because the limited number
of adsorption sites in HT-COF-XGs is insufficient to effectively
anchor the excess polyiodides.””* As a consequence, the 3 M
ZnSO4 + 0.5 M KI electrolyte was selected for subsequent
electrochemical performance tests. The capacity contribution of
the HT-COF-XGs in this work actually stems from two aspects:
firstly, the intrinsic oxidation-active sites within HT-COF
directly enhance the capacity (as observed in the range of 0.2-
1.1 V in the CV curves) and secondly, the oxidation activity of
iodide species provides additional improvement (as observed in
the range of 1.1-1.5 V in the CV curves). As depicted in Fig. 3b,
the electrochemical performance of all the HT-COF-XGs nano-
sheets surpasses that of HT-COF due to the enhanced exposure
of active sites and increased conductivity of the former mate-
rials. Among the HT-COF-XGs nanosheets investigated, HT-

22546 | Chem. Sci., 2025, 16, 22542-22553

COF-20%G exhibits superior capacities throughout the cycles
tested. More precisely, the specific capacity of the activated HT-
COF-20%G electrode is as high as 792 mAh g™ after 260 cycles
(the utilization rate of iodine is approximately 44%, Fig. S16)
which is obviously higher than HT-COF (652 mAh g '), HT-COF-
10%G (676 mAh g '), and HT-COF-30%G (660 mAh g~ ') at
a current density of 2 A g~ ". In comparison with HT-COF, the
enhanced specific capacity of the HT-COF-20%G electrode can
be attributed to the m-m interactions between the HT-COF
layers and graphene, which effectively reduce the interface
resistance, shorten the ion transport pathways, and enhance the
active site utilization. This is also true for the HT-COF-10%G
electrode. However, the addition of greater amounts of gra-
phene indeed leads to a reduction in nanosheet thickness but
also a concomitant decrease in the COF content within the HT-
COF-30%G nanosheets. This in turn diminishes the overall
number of active sites and weakens the electrochemical
performance. Along with increasing the current density, the HT-
COF-20%G electrode delivers discharge specific capacities of
711, 640, 583, 547, 500, and 469 mAh g~ " at current densities of
4, 6, 8, 10, 15, and 20 A g’1 (Fig. 3c). As a comparison, the
discharge specific capacities at the same current densities were
547, 458, 387, 348, 297, and 261 mAh g~ for HT-COF, 591, 517,
446, 398, 346, and 321 mAh g~' for HT-COF-10%G, and 587,
525, 473, 438, 395, and 374 mAh g~ * for HT-COF-30%G (Fig. 3d
and S18). It is worth noting that despite the relatively low
specific capacity of HT-COF-30%G due to the limited number of
active sites, it demonstrates significantly superior rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical performance of HT-COF and HT-COF-XG. (a) Comparative CV plots of the HT-COF-20%G-based coin cells measured
using different electrolytes at 0.2 mV s~ (for convenience of comparison, the CV curve is normalized by weight of active substance). (b) Rate
performance of HT-COF-20%G and HT-COF electrodes from 2 to 10 A g%, (c and d) GCD curves of the HT-COF-20%G and HT-COF electrodes
at different current densities corresponding to the rate performance in the 130th, 150th, 170th, 190th, 210th, 230th and 250th cycles. (e) Rate
performance comparison between HT-COF-20%G and other organic framework materials. (f) Cycling performance of the HT-COF-20%G
electrode. (g) Nyquist plots of the HT-COF-20%G and HT-COF electrodes.

performance compared to HT-COF-10%G and HT-COF under
high current densities, particularly at 20 A g~', due to the
optimized ion transport pathways and enhanced electrical
conductivity of HT-COF-30%G. The HT-COF-20%G electrode
exhibits the best rate performance of the HT-COF-XG cathodes
and demonstrates an optimal balance between the active site
utilization efficiency, the number of exposed sites, and
conductivity. The electrochemical performance of HT-COF-20%
G is also superior to that of HT-COF@20%G (a physical mixture
of graphene and HT-COFs, Fig. S19), proving the high utiliza-
tion of the active sites of the HT-COF-20%G nanosheets. In
particular, the HT-COF-20%G cathode exhibits the best rate
performance for rechargeable ADIBs reported to date (Fig. 3e
and Table S1). On the basis of the discharge capacity and
average discharge voltage, the energy density of the HT-COF-
20%G electrode amounts to 870 W h kg™, representing the best
performance for an ADIBs cathode. Remarkably, the HT-COF-
20%G cathode can deliver an exceptional energy density of
461 W h kg™ even under a high current density of 20 A g%,
corresponding to a power density of 22734 W kg~' with
a complete discharge time of 73 seconds. These results reveal

© 2025 The Author(s). Published by the Royal Society of Chemistry

the great advantages that the COF/graphene nanosheets have
for use in ADIBs.

The long-term cycling performance of HT-COF-20%G was
further assessed at a high current density of 20 A g~'. As
exhibited in Fig. 3f, the capacity of the HT-COF-20%G electrode
remains stable at 404 mAh g~' even after 8000 cycles with an
excellent capacity retention rate of 83%, representing one of the
best COF-based ADIBs electrodes in terms of both long cycling
stability and high capacity (Table S1). To probe the reason for
the capacity decay, which is particularly pronounced after 5000
cycles, the cycled HT-COF-20%G cell was disassembled for post-
mortem analysis. As shown in Fig. S20a, the yellow stains
observed on the separator unambiguously indicate the occur-
rence of the dissolution and shuttling effect during the charge-
discharge process.*®* SEM images of the cycled zinc anode
display substantial dendrite formation and surface passivation
(Fig. S20b and c), confirming the occurrence of uneven zinc
deposition during the charge-discharge process.**** Addition-
ally, the TEM image of the cycled HT-COF-20%G cathode
manifests a lowered degree of structural order (Fig. S21) sug-
gesting gradual degradation of the active material after pro-
longed cycling. These observations reveal that the capacity
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fading primarily originates from three factors: polyiodide
dissolution/shuttling, zinc dendrite formation, and the struc-
tural degradation of the active HT-COF-20%G material. To
quantitatively evaluate the contribution of each factor, a new
coin cell was reassembled using the cycled HT-COF-20%G
cathode with a fresh electrolyte and zinc anode. After initial
activation, the reassembled cell delivers a stable capacity of
around 437 mAh g ' at 20 Ag~ ', Fig. S22, corresponding to 91%
of its original capacity. This result indicates that 9% of the
capacity loss for the initial HT-COF-20%G cell after 8000 cycles
is attributed to the degradation of the HT-COF-20%G cathode,
while the remaining 8% of the capacity loss is caused by poly-
iodide shuttling and zinc anode degradation.

To further assess the charge-discharge stability in depth, the
cycling behavior was also examined at a lower current density.
The gradual increase in capacity during the initial cycles is
attributed to a progressive electrode activation process, which
improves electrolyte wetting and enhances the accessibility of
the porous framework to ions. As shown in Fig. S23, the HT-
COF-20%G electrode maintains a stable capacity of 760 mAh
g tat2 A g " over 500 cycles, demonstrating the good cycling
stability of HT-COF-20%G electrode under both high and low
current densities. Electrochemical impedance spectroscopy
(EIS) analysis reveals that HT-COF-20%G exhibits a significantly
reduced resistance of 18.3 Q in comparison with HT-COF (26.5
Q) (Fig. 3g), indicating enhanced charge transfer kinetics for
this COF/graphene-based electrode. This point is further sup-
ported by the smaller charge transfer impedance (R.) of HT-
COF-20%G (6.6 Q) compared to that of HT-COF (12.1 Q) in coin
cells. Subsequently, the Warburg coefficient of the HT-COF-20%
G-based cell is calculated to be 1.04 © s*?, lower than that of
HT-COF (1.39 Qs'?, Fig. S24), suggesting that the faster ion
diffusion kinetics of HT-COF-20%G are due to the shortened
pathway for ion diffusion and the enhanced accessibility of the
active sites in the COF nanosheets. These results demonstrate
the enhanced ion and electron conductivity of the COF/
graphene nanosheets, which are beneficial for improving the
battery performance. To further reveal the evolution of the
internal resistance in the HT-COF-20%G electrode after cycling,
EIS measurements after 8000 cycles were recorded. The resis-
tance of the HT-COF-20%G battery is 12.6 Q (Fig. S25) which is
lower than the total impedance of the fresh coin cell. This result
suggests that long-term cycling enhances electrolyte wettability
and optimizes the contact at the solid-liquid interface, ulti-
mately resulting in a reduction in the impedance.

Electrochemical mechanism

To gain insights into the mechanism underlying the enhanced
rate performance, the electrical conductivities of HT-COF, HT-
COF-XG and HT-COF@XG were comparatively investigated. As
illustrated in Fig. 4a and S26, the electrical conductivity of HT-
COF was determined to be 1.56 x 107> S m™ ', whereas the
electrical conductivity of HT-COF-20%G is increased to 1.16 X
107" S m™'. This significant enhancement unveils the largely
improved conductive properties of the COF/graphene compos-
ites. Furthermore, at identical graphene loadings (10, 20, and

22548 | Chem. Sci, 2025, 16, 22542-22553
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30 wt%), the conductivity of in situ grown HT-COF-XG samples
(2.03 x 107° S m™ " for HT-COF-10%G, 1.16 x 10°* S m™~" for
HT-COF-20%G, and 14.8 S m ™" for HT-COF-30%G) is 1-2 orders
of magnitude higher compared to their physically mixed
counterparts (7.41x 107> S m™! for HT-COF@10%G, 3.07 X
107* S m™* for HT-COF@20%G, and 1.88 x 10> S m™* for HT-
COF@30%G). This result implies that the superior interfacial
contact quality achieved through the in situ growth strategy is
able to promote efficient charge transfer across the COF/
graphene interface, contributing to the enhanced conductivity
of HT-COF-XG. To further understand the ion transport
kinetics, a series of CV curves were recorded at scan rates of 0.4,
0.6, 1.0, 2.0, and 5.0 mV s~ . The CV curves exhibit a consistent
shape across different scan rates, with the peak area gradually
increasing as the sweep speed increases (Fig. 4b). Notably, the
peak currents do not show a proportional relationship with the
square root of the scan rates, indicating the occurrence of both
faradaic and non-faradaic reactions during the ion storage
process. Generally, the relationship between the measured peak
current (i) and sweep rate (v) in CV curves can be mathemati-
cally described by a power law equation, log(i) = log(a) + b x
log(v), where a and b represent adjustable parameters. The
calculated b values for the oxidation peaks of O4, O,, and O; are
0.87, 0.89, and 0.83, respectively, while the b values for Ry, R,,
and R; are 0.78, 0.92, and 0.58 (Fig. 4c). These results suggest
that charge storage occurs through a rapid capacitive-
dominated process facilitated by unhindered ion diffusion
within the ordered channels of the COF/graphene nanosheets
and through the enhanced reactivity of accessible active sites in
HT-COF-20%G.** Additionally, the diffusion-controlled and
capacitive contributions in the HT-COF-20%G battery system
can be quantitatively separated using Trasatti analysis.>® As
illustrated in Fig. 4d, e and S27, the capacitive contribution is
determined to be 55.6% at a scan rate of 0.4 mV s~ !, which
further increases to 80.3% at 5 mV s~ '. These results suggest
a rapid kinetic capacitive process in ion storage for the HT-COF-
20%G cathode, attributed to both facile charge carrier transport
within the exposed active sites on the nanosheets and excellent
conductivity.

To investigate the ion insertion mechanism of the HT-COF-
XG nanosheets, ex situ FT-IR analysis on a representative HT-
COF-20%G electrode at different stages was carried out (Fig. 4f-
i). As displayed in Fig. 4f, the characteristic peaks at 1778, 1724,
and 738 cm ' corresponding to the asymmetric stretching,
symmetric stretching, and in-plane shear vibration of the C=0
of the imide moieties could be observed for the fresh electrode.
These signals gradually weakened during the discharge process.
Meanwhile, the conjugated C=N component bands of the
HATN moieties at 1510-1583 and 1183 cm ™" are also weakened
in a gradual manner along with a gradual increase in the
intensity of the C-N vibration band at 1636 cm ™" accompanied
by a blue shift of the C-N vibration bands at 1350 and
1077 em™" during the discharge process.*® After being fully
recharged to 1.2 V, the band intensity of these groups returns to
the original state, demonstrating their reversibility evolution
during the discharge/charge process. Subsequently, upon
further charging to 1.5 V, two new peaks at 1043 and 875 cm ™

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Electrochemical mechanism of HT-COF-20%G. (a) Current—voltage curves of HT-COF-20%G and HT-COF at 298 K. (b) CV profiles of the
HT-COF-20%G electrode at various scan rates. O,, and R, (n = 1-3) represent the oxidation and reduction peaks, respectively. (c) Determination
of the b values of the oxidation and reduction peaks. (d) Capacitive-controlled contribution at 5.0 mV s, (e) Contribution ratios controlled by the
capacitance at different scan rates. (f) Ex situ FT-IR spectra of different states (A: fresh electrode; B: discharged to 0.5 V; C: discharged to 0.2 V; D:

charged to 0.9 V; E: charged to 1.2 V; F: charged to 1.5 V). (g—i) In situ Raman analysis of the HT-COF-20%G electrodes during cycling.

attributed to the iodine species emerged accompanied by
a reduced peak intensity of the C=0 and C=N components.
These findings indicate an enrichment of the iodine species in
the HT-COF-20%G electrode material and their interaction with
the functional groups of HT-COF. Furthermore, ex situ X-ray
photoelectron spectroscopy (XPS) was conducted to further
clarify the reversible transformation of these functional active
components in different states (Fig. S28a and b). As can be seen,
the N 1s XPS spectrum of the HT-COF-20%G electrode can be
fitted into two peaks assigned to the C=N groups in HATN
(399.5 eV) and the triazine moieties and the C-N groups (400.4
eV) in the imide moieties.>> Meanwhile, only the peak assigned
to the X =0 (X = C and O) bonds at 532.6 eV is observed in the O
1s XPS spectrum.’® After discharging to 0.2 V, the intensity of
both the C=N and X = O groups is significantly diminished,
while the intensity of the C-N and C-O bonds is increased.
Moreover, the relative intensity is recovered after charging to
1.5 V versus Zn/Zn>*. Simultaneously, new peaks are observed at
389.9 and 531.7 eV in the N 1s and O 1s XPS spectra,

© 2025 The Author(s). Published by the Royal Society of Chemistry

respectively, which are attributed to the interactions of C=N/
C=0 with I, .”® These peaks are further enhanced after
charging to 1.5 V, indicating the storage of I,” as an electron
acceptor through interaction with its vacant ¢* antibonding
orbital by the lone pair electrons of the C=N and C=0 groups.
In the I 3d XPS spectrum (Fig. S28¢) a transformation from I” to
I,” can be observed that is consistent with the IR spectroscopic
results (Fig. 4f). These results demonstrate that HT-COF-20%G
not only undergoes redox reactions to store charge carriers but
also adsorbs active I,,” ions in the electrolyte, thereby signifi-
cantly enhancing the specific capacity of the electrode. Never-
theless, in situ Raman spectroscopic measurements provide
further insight into the transformation of the iodine species
induced by the HT-COF-20%G cathodes (Fig. 4g-i). When
charging to 1.15 V, two new peaks appeared at 110 and 160 cm ™"
attributed to I;~ and 15, respectively, suggesting that I" was
oxidized into I;/I5~.%” Specifically, I" is initially oxidized to I,.
Subsequently, the reaction between I™ and I, occurs as follows:
I" + I, = L7, and further proceeds to I3~ + I, = I5 . The

Chem. Sci., 2025, 16, 22542-22553 | 22549
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intensities of the peaks for these new species increase in
a continuous manner until reaching a maximum at the end of
the charging process. In the following discharge process, these
two peaks disappear, proving the reversible nature of the tran-
sition between I and I3 /I5 .

DFT calculations

In order to clarify the nature of the Zn>/1,,~ (n = 3, 5) adsorbing/
desorbing pathways and the electrode-driven I,, /I” conversion
mechanism, particularly the unique advantages of combing HT-
COF with a graphene substrate to enhance conductivity,
a density-functional theory (DFT) study was carried out at the
M06-2X-D3/SDD (for 1)/6-311G(d) (for other atoms) level of
theory.>®* Detailed calculation settings are listed in the SI.

Firstly, to understand the interaction between HT-COF and
graphene in the composite nanosheets, the charge density
difference of HT-COF-20%G was calculated. As shown in
Fig. S29, the electron cloud transfers from graphene to HT-COF,
leading to a tight w-m interaction between the graphene and
HT-COF. More importantly, the m-LOL calculation result
explains the uniform conjugated conductive structure of HT-
COF (Fig. 5a) which facilitates the smooth transfer of elec-
trons along the current collector < graphene < HT-COF <«
solvent route.

Using this smooth electron transfer route, the full charging/
discharging mechanism on the HT-COF-20%G electrode could
be divided into four stages: (1) Zn>" storage is the first discharge
process; (2) Zn>" release is the first charging process; (3) I —
I,~ conversion is the continuous charging process; and (4) I,
— I" conversion is the last discharge process. The full charge/
discharge cycle is described in the following equations:

!

Tt-electron flowing pathway
within the COF skeleton

__C\ * e+_a+
<P’"‘"
.

0.2
= 0.05
0.0125
0.003125 1.5
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Stage 1, first discharge process, Aer10 =1.99 eV:

[0:N,] + 4e™ + 2Zn*" — [0,N,]*~-2Zn*" (1)
Stage 2, first charging process, Aerzg =—-1.99eV:
[0,NL]*-2Zn*" — 4e~ — [0,N,] + 2Zn** (2)

Stage 3, continuous charging, A,G,’ = 1.46 eV (n = 3) or
1.85eV (n=5):

[0-N] + 2m)I™ — 2(n — 1)e™ + 2K* — [O,N,]-21,-2K* (3)

Stage 4, last discharge process, A,G,,” = —1.46 eV (n = 3) or
—1.85eV (n=5):

[0>N5]-2, - 2K* + 2(n — 1)e” — [0-Ns] + 2m)I~ + 2K* (4)

Before discussing the reaction mechanism, we must first
recheck the structure of HT-COF. As can be seen in Fig. 1d and
S30, each six-membered hole of HT-COF contains three ion
adsorption sites (named as the three [O,N,] sites) constructed
from six C=0 groups and six C=N groups that are arranged
together in a densely packed but orderly fashion. Electrostatic
potential (EP) calculations show that each six-membered hole,
which contains three [O,N,]* sites, could chelate six Zn** ions
per hole (Fig. 5b). As the starting point of the first stage, four
electrons (4e~) would be injected into the HT-COF-20%G elec-
trode changing two C=0 and two C=N groups into two C-O~
and two C-N~ groups in each [O,N,] site. At the same time, two
dissociated Zn>" ions in the solvent would be immediately
attracted by each [O,N,]*" site (eqn (1) and Fig. 5¢) in line with
the XPS and FT-IR analysis results. In the first discharge stage,

b 25,

1.99

2.0 1.85

146 l
s
@
g l b
1.0+ - | ]
[ [ ]
- -
- i
0.5 o -
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Fig.5 DFT calculations for the HT-COF storage of Zn?* and the polyiodides. (a) The 7-electron flowing pathway within the HT-COF skeleton. (b)
The electrostatic potential map of HT-COF. (c—e) The simulated adsorption of the Zn?* ions, |5~ ions and |5~ ions by the [O,N] sites.
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the storage of Zn>*, HT-COF shows two advantages: (1) HT-COF
possesses densely packed but orderly arranged redox sites
which can capture the abundant Zn>" ions in the manner of
chelate compound [O,N,]* -2Zn*"; and (2) HT-COF-20%G
performs excellently in the electron transfer route due to the
tight interaction and charge transfer between the graphene and
HT-COF together with the uniform conjugated conductive
structure of HT-COF.

As a reverse process of Stage 1, 4e~ and 2Zn** ions would be
released out of the HT-COF-20%G electrode in Stage 2, in which
[0,N,]*-2Zn*" is oxidized back to [O,N,] (eqn (2)). However,
the charging process would certainly not stop at Stage 2. After
the chelated Zn>" ions are exhausted, the continuous charging
process, Stage 3, will be started, in which an extra 2(n — 1)
electrons (n = 3, 5) would be continuously released through the
conversion of I, /I, providing extra battery capacity to the
present ADIB. Theoretical calculations indicate that the
advantage of HT-COF in Stage 3 is that the [O,N,] group can
effectively anchor the I;~ and Is~ ions with a strong adsorption
energy of 1.46 and 1.85 eV, respectively (Fig. 5d and e). Finally,
the extra 2(n — 1) electrons released in the charging stage
should be returned to the electrode HT-COF-20%G in Stage 4,
completing the full charge/discharge cycle. In short, due to the
introduction of HT-COF/I,,, the battery possesses an extra 2(n
— 1) electrons in the charge/discharge process.

When we look back to the full reaction mechanism, two
advantages of HT-COF can be summarized: (1) HT-COF
possesses densely packed but orderly arranged redox [O,N,]
sites which can be used by the Zn®*" and I, ions at different
stages. This is responsible for the high capacity of the battery.
(2) As the key component of HT-COF-20%G, HT-COF facilitates
smooth electron transfer along the current collector < gra-
phene < HT-COF « solvent route. This is responsible for the
high conductivity of the battery.

Last but not least, the ionic sizes of solvated [Zn(H,0)s]*",
[K(H,0)6]", I;, and 15~ were calculated using DFT. As shown in
Fig. S31, the solvated ionic sizes are calculated to be approxi-
mately 0.61 nm for [Zn(H,0)s]**, 0.78 nm for [K(H,0)e],
0.99 nm (long axis diameter) multiplied by 0.45 nm (short axis
diameter) for I3, and 1.44 nm (long axis diameter) multiplied
by 0.46 nm (short axis diameter) for I5~, significantly smaller
than the pore size of HT-COF, thus favoring efficient ion
transport and storage and in turn leading to the excellent rate
performance of the ADIBs.

Conclusions

In summary, the use of building blocks with an aromatic
conjugated structure induces the formation of thin COF nano-
sheets on graphene that maintain their crystallinity. This
structure imparts the graphene-supported thin 2D COF nano-
sheets with enhanced conductivity, more exposed active sites,
and a shortened ion transport path. The combination of these
factors endows HT-COF-20%G with the best ADIB performance
to date. As exemplified by its remarkable energy and power
densities. The present result offers valuable insight into the
development of substrate-supported COF nanosheets with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exceptional electrochemical properties, further unlocking their
potential in sustainable energy storage applications.
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