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Engineering lithium-ion battery (LIB) cathode materials with high energy density and fast-charging
capability plays a significant role in the development of next-generation lightweight and high-
performance storage devices for near space vehicles and electric aircraft. Herein, we propose a post-
coordination strategy using Cu®* to mediate a redox-active bipolar-type conjugated microporous
polymer (CMP) incorporating porphyrin and pyrrole active groups (PPCMP). The as-synthesized Cu?*
mediated PPCMP (PPCMP-Cu) not only retains the high surface area (618 m? g~ of PPCMP, but also
features an extended m-conjugated structure, a narrowed band gap, increased bipolar active sites, and
optimized micro/mesopores, maximizing the utilization of active sites and enhancing ion diffusion
kinetics. As the LIB cathode, PPCMP-Cu demonstrates an improved ion diffusion rate of 107 cm? st
and a higher capacity of 2851 mA h g™ at 300 mA g% compared to the 107° cm? st and
135.5 mA h g* achieved by PPCMP. Moreover, PPCMP-Cu delivers an exceptional energy density of 702
W h kg~! (based on the cathode) at 300 mA g and an ultra-fast charging capability of 12464 W kg™*
with an ultra-short charging time of just 76 s at 5 A g~*. Besides, PPCMP-Cu shows a stable cycling life,
with a 0.010% capacity fading rate per cycle at 2 A g~ over 5000 cycles. This work paves an avenue for
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Introduction

The advancement of near space vehicles and electric aircraft has
significantly driven the demand for lightweight and high-
performance lithium-ion batteries (LIBs) in the future. As the
most critical component of LIBs, the cathode plays a pivotal role
in determining the battery's energy storage capability. Inorganic
materials, like LiFePO,, LiCoO,, and LiNi,CoyMn,, are currently
the most widely studied commercial cathode materials due to
their easy preparation and stable performance.'* However, the
limited energy density, poor fast-charging stability, and the
shortage of their transition metal resources have greatly limited
their further development.** Therefore, it is essential to develop
non-polluting, renewable cathode materials that exhibit excel-
lent energy density and fast-charging capability to meet the
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demands of next-generation energy storage devices for near
space electric equipment.”

Organic martials are considered as sustainable options for
electrodes due to their abundant active sites, low density,
environmental friendliness, and sustainable production.
Among these, conjugated microporous polymers (CMPs), as
a class of porous organic polymers (POPs), have attracted
increasing interest as promising electrode materials for LIBs.*?
This interest primarily stems from the fact that (1) the structural
stability of CMPs can prevent dissolution in electrolytes and
enhance cycling stability compared to small organic molecules;
(2) their intrinsic micropores and high specific surface area
facilitate interfacial contact between electrodes and electrolytes,
promote ion diffusion and provide abundant active sites for ion
storage; (3) the chemical designability of CMPs offers opportu-
nities to develop organic cathode materials with bipolar active
sites, i.e., n-type and p-type groups, enabling a broader oper-
ating voltage range and high energy density; (4) the intrinsic -
conjugated skeleton facilitates efficient charge transfer.*** For
example, Zhang et al.'® synthesized CMP (TzPz) using dihy-
drophenazine and 2,4,6-triphenyl-1,3,5-triazine as monomers
via the Buchwald-Hartwig coupling reaction. The obtained high
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surface area (397 m” g~ ') promotes the contact between the
electrolyte and cathode. When served as a cathode for LIBs,
a high capacity (202 mA h g~" at 200 mA g~ ') and rate perfor-
mance (125 mA h g~" at 5 A g ') were achieved. Yang et al.V’
developed a bipolar-type CMP (TPSZ) using thiazole as an n-type
group to store Li" and triphenylamine as a p-type group to store
Clo, ™, with a capacity of 237 mA h g "' at 50 mA g~ ' and a wide
voltage range from 1.5 to 4.5 V achieved. Although these
advancements, challenges remain in optimizing CMP-based
cathode materials for achieving LIBs with both high energy
density and fast-charging capability, including an optimal
volume ratio of micropores and mesopores for improved ion
diffusion kinetics, maximized utilization of bipolar active sites
for increased capacity, and a narrowed band gap for faster
electron transfer.'*'

Porphyrin units have been widely utilized in designing
organic electrode materials due to their extended m-conjugated
structure, multiple electron transfer capabilities, high redox
activity, and ability to coordinate with various metals. Specifi-
cally, metal-free porphyrin can function as bipolar groups,
binding with 2PF¢~ and 2Li" through electron acceptance and
donation at their macrocyclic core within a single system.*>>>?*
Additionally, coordinating metal atoms like Cu can adjust the
electronegativity, enabling the binding of 2PFs~ and 4Li" to
a single Cu-porphyrin unit. This characteristic makes Cu-
porphyrin particularly attractive as bipolar active sites for
polymeric cathode materials for LIBs." For instance, Liu et al.*
synthesized a Cu-porphyrin-based POP (COP500-CuT,TP) using
an electrochemical polymerization method. COP500-CuT,TP
showed a specific surface area of 38 m*> g™, a high capacity of
420 mA h ¢g" at 100 mA g™, and an ion diffusion rate of 107 *°
cm® s~'. It is expected that Cu-porphyrin-based CMPs with
higher specific surface area and suitable pore distribution could
achieve faster ion diffusion rates, higher energy densities and
shorter charging times.

Herein, we propose a Cu”‘-mediated strategy to develop
a high-performance Cu-porphyrin based CMP. A Cu®*"-mediated
redox-active CMP, incorporating porphyrin and pyrrole active
groups, was synthesized via chemical oxidative polymerization
combined with a post-coordination method. Tetrapyrrole
phenyl porphyrin (PP), a monomer with bipolar properties, was
used to first polymerize into a porphyrin and pyrrole-based CMP
(PPCMP). The pyrrole unit was chosen for its typical p-type
energy storage sites (binding with one PF¢ ) and its facilita-
tion of polymerization. Additionally, the incorporation of
a benzene unit imparts the CMP with a planar and extended -
conjugated structure, facilitating charge transfer and ensuring
a high surface area (968 m> g ") due to its rigid skeleton. As
shown in Fig. 1, the electron-withdrawing effect of Cu*>* enables
its post-coordinating on PPCMP (PPCMP-Cu), which homoge-
nizes the electron distribution within the N4 macrocyclic core
and facilitates binding with an additional 2 Li*, similar to
a pristine Cu-porphyrin unit. This Cu®"-mediating also
increases the conjugation degree of PPCMP, reduces the band
gap for promoting electron transfer, and optimizes micropore
sizes verified by simulation calculation and experimental tests,
improving active site exposure and ion diffusion kinetics. As
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expected, PPCMP-Cu demonstrates high specific capacities of
285.1at300 mA g 'and 109.2 mAhg 'at5Ag ", respectively,
along with exceptional cycling stability, exhibiting a capacity
fading rate of 0.010% per cycle at 2 A g~ ' over 5000 cycles, with
a retained specific capacity of 130.8 mA h g~ '. As a result,
PPCMP-Cu displays an ultra-high power density of 12464 W
kg~ ' and energy density of 263 W h kg (based on the cathode)
with an ultra-short charging time of just 76 s at 5 A g¢~', and
a desirable energy density of 702 W h kg ™" with a charging time
of 60 min at 300 mA g '. This study gives insights into
synthesizing bipolar-type CMPs with maximum unitization of
active sites and facilitated ion diffusion kinetics for high energy
density and fast-charging LIB cathodes.

Results and discussion

The schematics for the preparation of PPCMP and PPCMP-Cu
samples using the chemical polymerization coupled post-
coordination method are shown in Fig. 2a, Schemes S2 and
S3.f The PP monomer was synthesized through the Alder-
Longo reaction (Scheme S1t). The chemical structures of PP,
PPCMP, and PPCMP-Cu samples were first characterized by
Fourier Transform Infrared (FT-IR), 'H nuclear magnetic reso-
nance ("H NMR), and solid-state '*C cross-polarization magic-
angle-spinning NMR (**C MAS NMR) spectroscopy (Fig. S1-
S31). The disappearance of the stretching vibration bands of the
aldehyde at 2730 cm ™" for 4-(1H-pyrrol-1-yl) benzaldehyde (TT)
shown in the FT-IR spectrum of PP indicates the successful
synthesis of the PP monomer (Fig. $11).>* The '"H NMR spectrum
of PP shown in Fig. S1bt further supports the formation of the
PP monomer.* As shown in Fig. 2b, the decreased intensity of
the C-H vibration peak around 720 cm ' suggested the
successful polymerization of PPCMP.>® This is further sup-
ported by the observed characteristic peak around 118 ppm,
ascribing to the C-C coupling between pyrrole groups,* in the
3C NMR spectrum of PPCMP (Fig. S21). Different contents of
CuCl, (i.e., 50, 83, and 91 mol% of CuCl,) were adopted to post-
coordinate PPCMP, with samples named PPCMP-Cu-1, PPCMP-
Cu, and PPCMP-Cu-10, respectively. The highest Cu element
measured from the inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) test was obtained for PPCMP-Cu
(approximately 80% of the theoretical post-coordination value)
(Table S1t). The appearance of a new vibration peak corre-
sponding to the Cu-N bond located at around 1000 cm ™" in the
FT-IR spectra of PPCMP-Cu-1, PPCMP-Cu, and PPCMP-Cu-10
suggests that the Cu atom is successfully incorporated into
the porphyrin of the polymer (Fig. 2b and S3t).>**” The powder
X-ray diffraction (XRD) patterns of PPCMP and PPCMP-Cu
samples exhibit similar broad diffraction peaks without the
characteristic peaks of CuCl, and metal Cu, demonstrating
their amorphous nature and the preservation of the polymer
skeleton after the introduction of Cu (Fig. S4t). The observed
peaks located at 935.1 eV and 954.9 eV in the X-ray Photoelec-
tron Spectroscopy (XPS) spectrum of PPCMP-Cu, corresponding
to Cu 2p3,, and Cu 2p,,,, respectively, demonstrate that Cu is
coordinated with the porphyrin ring as the ion state (Fig. 2¢).?®
Additionally, two characteristic peaks located at 400.3 eV and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the advantages of the Cu-mediated bipolar-type CMP with abundant exposed active sites, high conjugation
degree, and optimized pore sizes for high-performance LIB cathode materials.

398.3 eV corresponding to the amine N (-NH-) and imine N (-
N=C-) in the porphyrin ring are observed in the N 1s XPS
spectra of PPCMP (Fig. 2d and Table S2+).>** The observed new
peak at 398.8 eV, attributing to the Cu-N bond, and a decreased
percentage of pyrrolic N in the N 1s XPS spectra of PPCMP-Cu
further indicate that Cu is coordinated by substituting the H
of pyrrolic N-H within the porphyrin ring.***

The porosities of the PPCMP and PPCMP-Cu samples were
then investigated by N, adsorption/desorption measurements
at 77.3 K. As displayed in Fig. 2e, both samples exhibit
a combination sorption isotherm of type I featuring a sharp
uptake in the low-pressure region and type IV featuring a large
hysteresis loop in the high-pressure range, indicating the main
existence of micropores in PPCMP and PPCMP-Cu.** The Bru-
nauer-Emmett-Teller (BET) surface area (Sggr) of PPCMP-Cu
(618 m* g ") is lower than that of PPCMP (968 m”> g~ '), which
may be due to the enlarged micropore size after coordinating
with Cu®*. As the pore size distribution curves shown in Fig. 2e,
the pore size proportion of 1-2 nm increases from 21.9% to
47.1% and the proportion of 0-1 nm decreases from 69.8% to
37.5% upon increasing the coordinating Cu®>* ratio from
0 (PPCMP) to 80% coordination ratio (PPCMP-Cu) (Fig. S57).
Such a trend confirms that the Cu®>* coordination can regulate
the pore size of PPCMP. Pore size distribution simulations were
conducted to help understanding the possible reason. Dimers
of PPCMP and PPCMP-Cu were developed as models for
LAMMPS calculation (Fig. S6 and 2f, for details see the ESI{). It
can be seen that the Cu®* coordination makes the connected
spatial angle of dimers reduce from 128.0° (PPCMP) to 80.3°
(PPCMP-Cu) (Fig. S6a and bt). The possible reason is that the
formation of the Cu-N bond leads to the extended w-conjugated

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

skeleton of the porphyrin ring and lowers the distortion degree,
which could make the intrinsic micropore size larger.””?® As
shown in Fig. 2f, S6c and d,T the simulated PPCMP-Cu displays
a larger average pore size of 1.5 nm, compared with the average
pore size of 0.7 nm for simulated PPCMP. The simulated
specific surface area of PPCMP-Cu (772 m*> g ') and PPCMP (952
m?> g ") are close to those obtained from the experimental
results, indicating the rationality of the simulated structures.
These obtained larger pore sizes and high surface area are ex-
pected to be more favorable for ion insertion and faster diffu-
sion with the large ion radius as PFs~ for the cathode material,
which could promote the activation of the redox reaction and
ion storage.">® Therefore, it is expected that PPCMP-Cu
samples are more favorable for cathode materials than
PPCMP. The morphologies of samples were then investigated by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). As shown in Fig. S7,1 all samples exhibit
close-packed nanosphere-like morphology. TEM images (Fig.
S8t) further demonstrate the close-packed spherical particles
for PPCMP and PPCMP-Cu. The similar morphologies of
PPCMP and PPCMP-Cu indicate that the polymer retains the
skeleton after the coordination of Cu®*. The absence of dark
aggregated dots of metal cluster in the TEM images (Fig. S8t) of
PPCMP-Cu suggests the homogeneous distribution of coordi-
nated Cu®**. It can be further supported by the observed
homogeneous distribution of C, N, and Cu in the element
energy dispersive spectroscopy (EDS) mapping of PPCMP-Cu
(Fig. S97). The high thermal stability of PPCMP and PPCMP-
Cu was finally studied by thermogravimetric analysis (TGA)
with an initial decomposition temperature at around 350 °C in
a nitrogen (N,) atmosphere. The PPCMP displayed a 63% mass
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Fig. 2

(a) Schematic synthetic procedure of PPCMP-Cu. (b) FT-IR spectra of PP, PPCMP, and PPCMP-Cu. (c) Cu 2p XPS spectra of PPCMP-Cu

and (d) N 1s XPS spectrum of PPCMP and PPCMP-Cu. (e) BET specific surface areas and the pore size distribution of PPCMP and PPCMP-Cu. (f)
The architecture of pores in the structural models (blue region indicates the void space for N,) and the confined fragmentation with pore sizes of

PPCMP and PPCMP-Cu.

retention upon increasing the temperature to 900 °C. In
comparison, PPCMP-Cu exhibits better thermal stability, with
a minimal weight loss occurring until 500 °C and a 73% mass
retention at 900 °C, further indicating the possible enhanced
intermolecular 7t-stacking of PPCMP-Cu (Fig. S107).*

To further elucidate the structural characteristics of PPCMP-
Cu, X-ray absorption near-edge structure (XANES) spectroscopy
was employed to probe the oxidation state and coordination
environment of Cu atoms (Fig. 3a). The Cu K-edge XANES
spectrum of PPCMP-Cu (Fig. 3a) displays a position nearly
identical to that of copper phthalocyanine (CuPc), indicating
that the Cu ions in PPCMP-Cu predominantly exist in the +2
state. Additionally, in the k’-weighted Fourier transform (FT)
extended X-ray absorption fine structure (EXAFS) spectra
(Fig. 3b), both PPCMP-Cu and CuPc exhibit a prominent peak at
approximately 1.53 A, which is notably different from the
characteristic Cu-Cu peak at 2.24 A observed in metallic Cu foil.
This clearly suggests that the dominant -coordination

M314 | Chem. Sci, 2025, 16, N311-11321

environment in PPCMP-Cu is Cu-N bonding. The coordination
number of the Cu ions was determined by fitting of the EXAFS
data (Fig. 3¢, S11, and Table S3t), the coordination environment
in PPCMP-Cu gives mainly priority to Cu-N coordination.
Wavelet transform (WT) contour plots were also employed to
investigate the local environment of the Cu ions (Fig. 3d-f).
Compared to the Cu-Cu bond peak located at 8 A™* observed in
Cu foil, the peak maximum of PPCMP-Cu appears at 6.5 A™"
corresponding to the Cu-N bonds, which are also observed in
CuPc. These results collectively confirm that Cu atoms in
PPCMP-Cu are predominantly coordinated by nitrogen atoms
rather than forming metallic clusters, reinforcing the successful
integration of Cu®" into the porphyrin framework via Cu-N
bonds.*

Density functional theory (DFT) calculations were first per-
formed to understand the Cu®" post-coordinate effect on the
band gap and charge distribution of PPCMP and PPCMP-Cu
(calculation details are presented in the ESIt). The repeating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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units of PPCMP (PP) and PPCMP (Cu-PP) were adopted as models
(Fig. S12%). As shown in Fig. 4a, the band gap reduces from
2.67 eV for PP to 2.49 eV for Cu-PP, with the highest occupied

molecular orbital and lowest unoccupied molecular orbital
(HOMO/LUMO) energy of —5.09, —5.12, and —2.42, —2.63 eV
calculated for PP and Cu-PP, respectively. Meanwhile, the
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(@) HOMO/LUMO energy diagrams with the corresponding configuration and (b) the electrostatic potential map of the PP and Cu-PP (red

indicates the positive charge and blue indicates the negative charge). (c) CV curves at a scan rate of 0.2 mV st of PPCMP-Cu. (d) Cycling
performances at a current density of 300 mA g%, (e) rate performances at different current densities, and (f) long-term cycling stability at
a current density of 2 A g~ of PPCMP and PPCMP-Cu. (g) Comparison of the electrochemical properties of PPCMP-Cu to other cathodes in
LIBS.17'29_31
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electrical conductivity of PPCMP-Cu was 8.20 x 10> S ecm ™,
which is higher than that of PPCMP (1.08 x 10~ S em™") in
Fig. S13.F This improvement can be attributed to the enhanced
charge delocalization resulting from the m-d conjugation effect
introduced by Cu®* coordination.*** The obtained results further
support the enhanced conjugation degree after coordinating
Cu?", which is beneficial for faster electron transfer and redox
kinetics.’*#*¢ From the molecular electrostatic potential (MESP)
map shown in Fig. 4b, the inner region of the porphyrin ring
tends to be electrically neutral for Cu-PP in contrast to that in PP.
It indicates that Cu®" can regulate the electric field distribution of
N4 at its macrocyclic core to combine additional 2 cations than
PP, imparting Cu-PP with a bipolar characteristic of 4 cations and
2 anions storage.” Combined with the one anion storage for per
pyrrole, the theoretical capacity of PPCMP-Cu is calculated as
high as 286.2 mA h g~ (calculation details based on eqn (S1) are
displayed in the ESIT). Benefitted by its high porosity and larger
micropore sizes, it is expected that PPCMP-Cu is an ideal cathode
material with high energy density and fast-charging
performance.

The electrochemical performance of PPCMP and PPCMP-Cu
was then tested. From the cyclic voltammetry (CV) curves shown
in Fig. S14t and 4c, four distinct couples of redox peaks (around
3.85/3.84, 3.09/3.03, 2.56/2.58, and 1.65/1.59 V vs. Li'/Li), cor-
responding to the two combination steps of 6 PFs~ and two
combination steps of 4 Li* can be observed for PPCMP-Cu, while
only two obvious couples of redox peaks located at 2.31/3.17 and
2.75/3.90 Vvs. Li'/Li are noted for PPCMP.** The observed peaks
in the low-voltage range and high-voltage range belonging to the
n-type and p-type active sites, respectively, observed in the CV
cures of PPCMP-Cu demonstrate the typical bipolarization
redox characteristics.’” This result is in accordance with the
different active sites analysis in the above DFT calculation, the
porphyrin center can be combined with Li* and PFs~ and the
pyrrole ring can be combine with PFs . The larger area of CV
curves of PPCMP-Cu, compared with PPCMP at the same scan
rate, also indicates its increased capacity. As shown in Fig. 4c,
the CV curves of PPCMP-Cu are well over-lapped and the redox
peaks remain stable in the subsequent cycling, revealing its
remarkable stability.

Herein, we utilized PPCMP and PPCMP-Cu as the active
materials for the fabrication of electrodes. The tap densities for
the electrodes with low mass loading as around 0.3-0.35 mg
cm 2 were measured to be 0.211 g cm *, which increased to
0.300 g cm * with a high mass loading of 1.0 mg cm > (calcu-
lation details based on eqn (S2)t). The tap density of PPCMP-Cu
is significantly lower than that of conventional inorganic
materials, which can be attributed to the higher proportion of
conductive additives and binders, as well as the inherently
lightweight feature of CMPs. The electrolyte uptake for the
electrodes with low mass loading (around 0.3-0.35 mg cm™?)
were measured as 280% and 360% for PPCMP and PPCMP-Cu
(calculation details based on eqn (S3)f), respectively. With
a high mass loading of 1.0 mg cm ™2, the electrolyte uptake of
PPCMP-Cu reached 390%. The high electrolyte uptake facili-
tates sufficient accessibility to active sites during cycling.*®
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As expected, PPCMP-Cu exhibits an outstanding initial
capacity of 301.7 mA h g™ ' at a current density of 300 mA g~
(Fig. 4d), which stabilizes at 285.1 mA h g " in the second cycle.
This value is consistent with theoretical expectations, with an
almost 100% utilization of active sites. After 200 cycles, an
excellent specific capacity of 277.3 mA h g~ ' remained for
PPCMP-Cu, while only 135.5 mA h g~ was kept for PPCMP. It
should be mentioned that the capacity of PPCMP-Cu increased
slightly after several cycles, which may be ascribed to the
gradual activation of the electrode material.** The rate perfor-
mance of PPCMP and PPCMP-Cu was then evaluated at various
current densities. As shown in Fig. 4e and S15,f PPCMP-Cu
delivers specific capacities of 295.0, 238.2, 191.1, 148.3, and
109.2 mA h g~ at current densities of 0.3, 0.5,1,2,and 5A g™,
respectively. In particular, during the return process from 5 to
0.3 Ag™ ", the capacities recover to their initial values, indicating
the excellent reversible redox kinetics for PPCMP-Cu.

Fig. 4f shows the long-term cycling performance of both
samples tested at a current density of 2 A g~ ". It can be seen that
PPCMP-Cu shows an ultra-long stable cycling performance,
with a capacity fading rate of only 0.010%, approximately 100%
of coulombic efficiency, and a specific capacity of
130.8 mA h g ! remained after 5000 cycles. Conversely, PPCMP
exhibits a lower specific capacity of only 75.4 mA h g™ after
5000 cycles. Furthermore, PPCMP-Cu delivers a high specific
capacity of 207.1 mA h g and an energy density of 457 W h
kg ' at 300 mA g~ with the mass loading as ~1.0 mg cm > (Fig.
S16at). When the current density is increased to 5000 mA g *,
PPCMP-Cu retains a specific capacity of 72.5 mA h g~ with
a power density of 12 725 W kg~ " within 58 s. When the current
density recovered to 300 mA g~ ', a reversible capacity of
180.3 mA h g is retained. Long-term cycling at a higher mass
loading (1.0 mg cm ?) of PPCMP-Cu was also evaluated at
2000 mA g~ (Fig. S16bt), where PPCMP-Cu retains a capacity of
85.1 mA h g~ " even after 2000 cycles. The capacity and high-rate
performance of PPCMP-Cu are superior to those of recently re-
ported CMPs and the porphyrin-based cathode (Fig. 4g), which
possesses higher capacity (285.1 mA h g™ %) at higher current
density (300 mA g~') with high active site utilization (~100%)
and exhibits 130 mA h g~ ' after 5000 cycles at 2 A g~*. For
example, TAPBA-NTCDA@MWCNTSs displays only
97.6 mA h g ' at 100 mA g ' and 51.4 mA h g~ " after 10 000
cycles at 2 A g~ '.** Meanwhile, Ni-TABQ displays 139 mA h g~*
(at 1 A g™ 1) after only 1000 cycles with limited active site utili-
zation (65%).** The superior electrochemical performance of
PPCMP-Cu may be because the coordination of Cu** increases
the exposed bipolar active sites of porphyrin and provides more
pores in the scale of 1-2 nm and a smaller band gap of 2.49 eV.

Electrochemical reaction kinetics of the PPCMP and PPCMP-
Cu cathodes were further analyzed. Fig. S17at and 5a show the
CV curves of PPCMP and PPCMP-Cu cathodes measured at
various scan rates from 0.2 to 1 mV s~ '. It can be seen that,
when the scan rate increases, the CV curves of both PPCMP and
PPCMP-Cu show similar shapes and the redox peaks shift
slightly. These results indicated that both samples have good
rate performance.”> We used Dunn's method* to explore the
contribution of the capacitive process for PPCMP and PPCMP-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cu (eqn (S4) and (S5)). The peak currents in CV curves follow
the linear relationship with the scan rate, indicating the char-
acteristic of capacitive behavior and the related b values of both
samples are calculated (Fig. S17b, 5b, and Table S4t). The
b values of redox peaks in the high voltage range marked in Fig.
S17bt and 5b are 0.78, 0.99, 0.62, and 0.99 for PPCMP (O1 and
R1) and PPCMP-Cu (02 and R2), respectively. It demonstrates
that the ion storage for both samples is mainly controlled by the
surface-dominated pseudocapacitive characteristic.** It indi-
cates that the easily accessible and exposed active sites existed
in both samples. Trasatti analysis was then performed to
quantitatively separate the diffusion-controlled and capacitive-
controlled contributions. As shown in Fig. 5c¢ and S18f%, the
capacitive-controlled contribution of PPCMP-Cu is about 51%
at 0.2 mV s~ !, which increases to 83% at 1 mV s~ '. However for
PPCMP, the capacitive-controlled contribution increased from
67% (0.2 mV s ') to 88% (1 mV s '). The less capacitive-
controlled contribution and high diffusion-controlled contri-
bution of PPCMP-Cu indicate that it exhibits an optimized pore
distribution for ion diffusion.*

Galvanostatic intermittent titration technique (GITT)
measurements were conducted to reveal the ions diffusion
characteristics of both samples during the charging and

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

discharging processes (eqn (S6)T). As shown in Fig. S197 and 5d,
the average ion diffusion coefficient based on the GITT results is
2.98 x 10~ cm? s~ * for PPCMP, while that of PPCMP-Cu is 1.14
x 107 ecm? s7'.% Obviously, the ion diffusion coefficient of
PPCMP-Cu is significantly higher than that of PPCMP. These
results are mainly because of the larger pore size structure with
more accessible active sites of PPCMP-Cu. Molecular dynamics
(MD) simulations were conducted using models of PPCMP and
PPCMP-Cu in 1 M LiPF4 excluding solvent components of the
electrolyte (Fig. S20at).** The Li* diffusion in PPCMP-Cu is
significantly faster than that in PPCMP over 250 ps from the
time evolution of the mean square displacement (MSD) (Fig.
S20bt), consistent with the experimentally observed enhance-
ment in Li* transport for PPCMP-Cu. Moreover, according to the
electrochemical impedance spectroscopy (EIS) at different
temperatures, the activation energy (E,) of both samples as
cathodes in the half-battery system was calculated (Fig. 5e and
eqn (S7)T). The E, of PPCMP-Cu is 0.46 eV, which is significantly
lower than that of PPCMP (0.68 eV), further indicating that the
facilitated ion transport in PPCMP-Cu resulted from its nar-
rowed band gap (Fig. 5f). As a result, PPCMP-Cu delivers an
ultra-high energy density of 702 W h kg™ " and a power density of
702 W kg™ " with lithium metal as the anode (charging time of

Chem. Sci, 2025, 16, 1311-11321 | 11317
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60 min) at a current density of 300 mA g~ calculated from eqn
(S8) and (S9)f. Moreover, upon increasing the current density to
5 A g, PPCMP-Cu displays an energy density of 263 W h kg™"
and an excellent power density of 12 464 W g, with a charging
time of just 76 s. The above results indicate that PPCMP-Cu
exhibits a competitive higher energy density and fast-charging
performance with an ultra-fast charging time, among POP-
based cathode materials®**"* (Fig. 5¢ and Table S5). For
comparison, PPCMP only presents an energy density of 272 W h
kg™ with a power density of 680 W kg™" (charging time of 24
min) at 300 mA g~ ' and an energy density of 130 W h kg™~ * with
a power density of 12 000 W kg ™' at 5 A g~ * (charging time of 39
s), respectively (Table S51). In addition, a full-battery was also
assembled by using PPCMP-Cu as the cathode and pre-lithiated
graphite as the anode, demonstrating good electrochemical
performance, including high energy density (216 W h kg™ " at
0.3 A g ') and fast-charge capability (6684 W kg™ ' at 5 A g7 )
with a charging time of around 1 min (Fig. S217). The increased
energy density and power density, as well as the short charging
time, indicates that the coordination of Cu?*" on PPCMP effec-
tively increases the active sites and promotes electron transfer.
To the best of our knowledge, PPCMP-Cu exhibits high perfor-
mance of energy density and fast charging capability which
ranks among organic cathode materials and also is the best of
CMP-based cathode materials. In addition, PPCMP-Cu displays
superior electrochemical performance, including higher energy
density and enhanced fast-charging capability, compared to the
recently reported conventional inorganic cathodes in lithium
metal battery (LMB) and LIB systems (Table S61).

Fig. S227 presents the ex situ FT-IR spectra of PPCMP-Cu at
selected voltages (1.2-4.4 V) during the charge-discharge
process to understand the ion storage mechanism. Notably,
compared with the pristine FT-IR spectra, the characteristic
peak intensity of P-F at 846 cm ™' gradually increased at voltages
higher than 3.3 V during the charging process (p-doping reac-
tion)," which declined during the discharging process. It indi-
cates the insertion and deintercalation of PFs .°> Meanwhile,
when the voltage was under 3.5 V during discharging (n-doping
reaction), the peak intensity of C=N (around 1645 cm %)
decreased, with an increased peak intensity of C-N (at
1330 cm™ ') observed. This variation of peaks can be attributed
to the occurrence of the insertion of Li" on the C=N reaction
sites and the formation of Li-C-N.** These phenomena
demonstrate the bipolar reaction characteristics of PPCMP-Cu,
which matches the bipolar characteristic analysis derived from
the CV curves shown in Fig. 4c.

The same results can also be observed in ex situ XPS spectra.
As shown by the N 1s XPS spectra of as-prepared pristine
PPCMP-Cu in Fig. 6a, the peaks at 400.3, 398.8, and 398.3 €V,
ascribed to pyrrolic N (C-N), Cu-N, and imine N (C=N),
respectively,’***%* are observed. After discharging to 1.2 V from
the pristine state, the decreased proportion of the C=N peak
(from 20.1% to 9.8%) indicates Li" insertion on the C=N active
sites from porphyrin during the discharge.>**® Further charging
to 4.4 V with Li" desertion, the peak proportion of C=N rose
back to 20.0%. Notably, when charging or discharging to the
voltage around 3 V, the peaks corresponding to Cu-N and C=N
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are consistent with the position of the pristine state. In addi-
tion, a new peak corresponding to Cu’ appears at 932.8 eV when
discharging to 1.2 V, in which the percentage of the Cu>" peak
(395.3 eV) decreased from 78.2% (4.4 V) to 69.9% (1.2 V).>* Upon
subsequent charging to 4.4 V, the proportion for the Cu* peak
decreases from 30.1% to 21.8% (Fig. S23+t). The valence changes
of Cu in Cu-N bonds suggest that the coordinated Cu®" can
occur the redox reaction during cycling. Meanwhile, upon
coordination of Cu** within the porphyrin ring, the resulting
Cu-N bonds in PPCMP-Cu offer more active sites for Li ion
storage than PPCMP. This result is also evidenced by the electric
field distribution optimization in the macrocyclic core of
porphyrin as discussed above in Fig. 4b.>® Notably, the peak area
proportions of Cu-N remain stable at about 15% during cycling
(Fig. 6a), confirming the structural robustness of the Cu-N
coordination bond.

The same trend can be observed in the subsequent cycle
process, proving the reversible bipolar ion storage capability of
the porphyrin ring. In Fig. 6b, the observed characteristic peak
at 688.0 eV in the F 1s XPS spectra for the as-prepared PPCMP-
Cu was attributed to the polyvinylidene difluoride (PVDF)
binder in the electrode slurry.?” After discharging to 1.2 V, a new
peak at 685.4 eV, corresponding to the PFs~ from the residual
electrolyte, appeared.®®*” When charging to 4.4 V, the
percentage of the P-F peak originating from PFs  increased
from 9.1% to 18.0%. The variation of P-F peak intensity shows
a consistent trend during the subsequent charging and dis-
charging processes, indicating the occurrence of doping and de-
doping of PFs~ on PPCMP-Cu from the electrolyte. The above
results confirm that PPCMP-Cu serves as both active storage
sites of Li" and PFs~ during the charging and discharging
processes, therefore endowing the cathode with high energy
density.

DFT theory calculations were finally conducted to help
understand the sequential structural evolution of PPCMP-Cu
during successive cationization and anionization (calculation
details are shown in the ESIt). Combined with FT-IR, XPS, and
MESP of Cu-PP analysis above, the simulated charging and
discharging processes of Cu-PP are shown in Fig. 6¢.*®* Upon
charging, porphyrin and pyrrolic N act as p-type active sites for
accepting electrons and binding with 2PFs~ and 4PFs
respectively. As shown in Fig. 6d, the Gibbs free energies of Cu-
PP with 3 and 6PFs (i.e., Cu-PP-3PFs and Cu-PP-6PF) are
—28.46 and —30.66 eV, respectively, confirming the strong
binding ability between these p-type active sites and PFg .
Fig. 6e shows that binding three PFs~ (Cu-PP-3PF¢) were located
in the porphyrin ring with one PFs~ and two pyrroles with two
PF¢ . The MESP maps of unbound pyrrole in Cu-PP-3PF exhibit
red positive charge, in which PF¢~ prefers to interact with in
further charging process. As more PFs  anions bind to the
porphyrin ring and pyrrole units, the MESP map of Cu-PP-6PF¢
shows a tendency toward a neutral electrostatic state. It should
be mentioned that the increased distortion in the spatial
structure of the Cu-PP monomer with higher PFs~ binding is
attributed to the large size of PFs . Upon discharging, the Cu-
porphyrin unit allows for the binding of 4Li* by donating elec-
trons (Fig. 6¢). The calculated Gibbs free energies of Cu-PP with

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08244c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 21 May 2025. Downloaded on 12/21/2025 10:06:34 PM.

(cc)

View Article Online

Edge Article Chemical Science
(a) (b)
Pristine ! { Pristine "
A } Nis —
on AN o PVOF '
(64.9%) - '
N :
—eeeN
Discharge 1.2V v Discharge 12V L
*x ! PVDF i
oN 4 ' — |
- ! (89.9%) ' i PFy
(75.2%) ' » o / L e
: N (98%) i s
Charge 4.4V : ; Charge 4.4V ! ! NP (. -
c A pvoF L] | PFy
N .48 ) (82.0%) il i A
(64.1%) i =\ c=N H [ 18.0%)
! @ (20.0%) ~ j“
Redischarge 225V : N Redischarge 225 V/ ! S 7['\(
N * ! ! I ' S o &
(68.0%) 4 y o vor i i P, ” >
i . =N —a= [
! 17.0% (912%) i 8% !
/cu?\ ( ) Wy O L "
Redischarge 1.2 V ' Redischarge 1.2V N K = J
- i | Discharge N
(75.8%) " _F5 i ! ' BF,
PVDF ~—~— " PRy A
1 _ . CN (82.6%) X N ) (n typ e) 2Lt f+2e 2e | saLit
e 0s%) N~ h =,
Recharge 3.3 V | oo Recharge 3.3 V ! ! - | "
A : \ ! ) 4
N N i i \
- ! ' PF
(67.1%) . =N PVDF ~—= 1) (}\ ¢
| g (89.3%) : S 10a%)
/m\ (18.8%) i =L ,{‘7
Recharge 4.4 V ! v Recharge 4.4 V. ! i
i
a v !
[ V i . | | PF,
> P PVDF ~——| i . PR
(68.7%) ' m‘ (19.3%) (82.0%) : " (18.0%)
[l —

403 402 401 400 399 398 397 396 694 692 690 688 686

Binding energy (eV)

684 682 680

Binding energy (eV)

(d)
5 .
Discharge
c"':OP;PF' Cu-PP-3PFg -30
JES -28.46 2
<= 205
b CuPP4Li| @
o3 -14.30 [}
o3 Cu-PP-2Li 13
= <
&) 6.17 <c
924 0 <
©
<
14 10>~
0 50 1 . 150 200 250
( ) Discharge progress of Cu-PP
(]

ESP (Keabmol)
-a1

0

Cu-PP-6PF, Cu-PP-3PF;

Fig. 6

ESP (Kealmol)

ESP (Kealmo)

|—3z

ESP (Kealmol)
!—m

0
I_.qs

VS_\ |

Cu-PP-2Li

Cu-PP-4Li

(@) N 1s and (b) F 1s of ex situ XPS spectra for PPCMP-Cu at different charge states. (c) The structure evolution of the repeating unit of

PPCMP-Cu during the charge/discharge process. (d) The discharge pathway was obtained from simulations. (e) The optimized different active

sites were obtained via the MESP method.

2 and 4Li" (ie., Cu-PP-2Li and Cu-PP-4Li) are —6.17 and
—14.30 eV, respectively (Fig. 6d). From the MESP maps of Cu-PP-
2Li and Cu-PP-4Li, we can see that the N atoms in the porphyrin
ring begin to saturate when gradually binding 4Li'. This
phenomenon further explains the role of the Cu-N bond in Li*
storage. According to the simulation results, Cu-PP undergoes
a total of 10 electron transfer during the charging and dis-
charging process, and the theoretical capacity calculated based
on this conclusion is 286.2 mA h g™, which is comparable to
the actual reversible capacity (285.1 mA h g~ '). The excess
capacity in Fig. 4d and e may be attributed to the valence change
of Cu ions as discussed above (Fig. S231) and the formation of
the cathode-electrolyte interphase (CEI) film.*

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

Conclusions

In this work, a Cu**-mediated bipolar-type PPCMP-Cu incor-
porating porphyrin and pyrrole groups, as a promising organic
cathode material for LIBs with high energy density and fast-
charging capability, is synthesized through a simple oxidation
polymerization combined with post-coordination method. DFT
theoretical calculations, ex situ FI-TR, and XPS spectra analysis
verify the bipolar ion storage mechanism, with Cu®*" coordina-
tion increasing active sites from seven to a total of ten ion
storage and extending m-7 conjugation with a narrowed band
gap for the facilitated charge transfer. N, adsorption/desorption
isotherm analysis, simulation calculation, and kinetic studies
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show that Cu®" coordination regulates the pore structures with
an increased micropore size for facilitated ion diffusion and
maximum active site utilization, thereby endowing an organic
cathode with high capacity and excellent cycling stability. As
expected, PPCMP-Cu displays a high energy density of 702 W h
kg™! (based on the cathode) and retains a high capacity of
277.3 mA h g ! after 200 cycles at 300 mA g '. Moreover,
PPCMP-Cu delivers an ultra-fast charging capability of 12 464 W
kg " with an exceptionally short charging time of 76 sat 5 Ag™ .
This work not only introduces a high-performance, easily
synthesized bipolar cathode material for LIBs, but also presents
a novel strategy for the design and modulation of the band gap
and porous structure of metal coordination porphyrin-based
porous polymer electrodes.
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