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Covalent organic frameworks (COFs) exhibiting reversible redox behaviors have been identified as promis-
ing candidates for constructing electrode materials in lithium-ion batteries (LIBs). However, their exten-
sive application has been limited due to finite redox sites and poor structural stability. In this study,
we design and synthesize a novel polyimide covalent organic framework (PI-COF) using the traditional
solvothermal method and successfully apply it as an anode material for LIBs. The large conjugated struc-
ture of PI-COF accelerates charge transfer, while its large surface area provides more active sites, making
PI-COF an attractive anode material for LIBs. Furthermore, the PI-COF anode material demonstrates high
reversible specific capacity and excellent long-term cycling stability due to its COF characteristics. Specif-
ically, the PI-COF electrodes deliver a specific capacity of 800 mAh/g at a current density of 200 mA/g
after 200 cycles, while a specific capacity of 450 mAh/g at a current density of 1000 mA/g is sustained
after 800 cycles. The outstanding lithium storage capacity, particularly the satisfactory long-term cycling
stability, establishes PI-COF as a promising material for LIBs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the increasing demand for low-carbon lifestyles, the de-
velopment of clean and sustainable energy has become a pressing
need. Lithium-ion batteries (LIBs), as a representative of new en-
ergy, have garnered much attention and have been widely used
in new energy vehicles and portable electronic devices [1]. How-
ever, the limited reserves and high cost of non-renewable lithium-
containing transition metal-based electrode materials restrict their
large-scale applications and cause environmental problems, such as
water and soil pollution [2-5]. Therefore, the development of high-
performance, sustainable, and eco-friendly electrode materials is of
utmost importance for the practical applications of Li-ion batteries.

In recent years, a large number of organic compounds, such
as organic carbonyl (C=0) compounds [6] and quinone/phenoxide
derivatives [7,8], have been explored as highly active Li-ion an-
ode materials due to their eco-friendliness, low density, inexpen-
siveness, and sustainability. For example, Zhou et al. reported an
anthraquinone-based polymer electrode as an ideal lithium stor-
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age material, which exhibited relatively good charge-discharge per-
formance [9]. However, the cycling stabilities of organic small
molecule based electrode material are not satisfactory due to
their dissolution in organic battery electrolytes [10]. To inhibit
the solubility, organic conductive polymers, such as polyacetylene
and polyaniline, have been employed to construct the electrodes
[11,12]. Posudievskye et al. used polyacetylene as a lithium-ion an-
ode material, which exhibited excellent cycling/rate performance
[13]. Although organic conducting polymers can effectively address
the issue of electrolyte dissolution, they will also lead to the inert-
ness of Lit insertion/deinsertion layer and low conductivity of ion
and electron transfer during the charge-discharge process [14,15].
Therefore, the development of anode materials for LIBs with high
lithium intercalation capacity, good electrical conductivity, and sta-
ble cycling performance remains a current research focus.
Covalent organic frameworks (COFs) composed of nonmetal
elements such as C, N, and O exhibit remarkable stability in
organic electrolytes, owing to their ordered crystalline networks
[16-19]. Additionally, the ordered porous network structure of
COFs exposes numerous redox active sites, facilitating electrolyte
penetration and convenient ion/electron transport [20,21]. Com-
pared with organic polymers, COFs possess uniform pores, large
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specific surface area, and good structural stability, thereby expos-
ing more lithium storage sites [22]. Among them, two-dimensional
(2D) COFs have gained increasing attention in energy storage and
conversion applications [18,23-25]. Yang et al. reported the first
use of 2D COFs as a lithium-ion anode material, demonstrating
excellent stability [26]. Subsequently, Feng et al. constructed a new
type of Li-ion battery using two-dimensional polyimide COFs that
exhibited strong rate capability and cycling stability [27].

Theoretically, the m-conjugated layers in two-dimensional COFs
provide an efficient pathway for carrier (electron and/or hole)
migration between planar layers. The delocalized m-electrons
in these materials facilitate the transport of carriers, leading to
increased mobility and electrical conductivity [28]. For instance,
two-dimensional imide-based COFs have been utilized as anode
materials in LIBs owing to their fully conjugated porous layer
structure, which features nitrogen-rich backbones. The imide
group (C-N-C) is involved in the lithium storage process as a
lithium-ion anode material, and the framework contains numerous
polar imide bonds that can readily combine with lithium ions [29].
Additionally, imide-based COFs possess good chemical stability in
organic electrolyte solution due to their two or three-dimensional
m-conjugated skeletons [30]. These remarkable findings suggest
that COFs hold great promise as electrode materials for LIBs. How-
ever, simultaneously achieving high reversible capacity and long
cycle performance at high current densities remains a challenge
for COFs. Therefore, it is necessary to explore novel COF anode
materials for high-performance LIBs.

Herein, we synthesized a novel acyl-conjugated COF by a
conventional solvothermal method. The imidization reaction of
ethylenediaminetetraacetic dianhydride (EDTAD) and 5,10,15,20-
tetra(4-aminophenyl)-porphyrin (TAPP) was carried out to produce
a stable polyimide covalent organic framework, which was suc-
cessfully applied to lithium-ion anode materials. The prepared PI-
COF has a large specific surface area, porous structure, and abun-
dant active sites, which is favorable for high specific capacity out-
put and rapid lithium storage. More importantly, the formation of
stable conjugated bonds that cross-link the acyl-substituted con-
jugated molecules can effectively prevent the molecular structure
from being destroyed by the redox process, while maintaining the
high lithium storage capacity of acylamide compounds [18]. Addi-
tionally, the PI-COF has a two-dimensional -conjugated structure
resulting from the combination of EDTAD and TAPP, which sig-
nificantly enhances electron transport and reaction kinetics. As a
lithium-ion anode material, the electrode demonstrates excellent
chemical and structural stability, high specific capacity, rate capa-
bility, and long cycle performance at high current densities. This
research provides a new avenue for the rational design of high-
performance LIBs based on COFs.

As shown in Fig. 1a, a two-dimensional porous polyimide COF
(PI-COF) material was synthesized via a typical acylation reaction
using TAPP and EDTAD as basic building blocks and quinoline as
a catalyst. The reaction was carried out in a solvent mixture of N-
methyl-2-pyrrolidone (NMP) and mesitylene at a ratio of 1:1 and
at 120°C for 3 days. As is well known, TAPP is a large 7-conjugated
aromatic porphyrin ligand with four pyrrole nitrogens and four ac-
tive amino groups, which can serve as active sites for electrochem-
ical energy storage [20]. To improve the structural stability of COF,
we chose chain-like EDTAD to enhance its flexibility. In addition,
the model was established using Material Studios, and the geo-
metric configuration of the PI-COF was optimized using the Forcite
module. As shown in Fig. 1b, the theoretical interlayer spacing of
the PI-COF was 3.47 A after optimization.

The morphology and detailed nanostructure of the PI-COF were
investigated by scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and high-resolution transmission elec-
tron microscopy (HR-TEM), respectively. As shown in Figs. 2a and

Chinese Chemical Letters 35 (2024) 108785

<

Fig. 1. (a) Schematic representation of the synthesis processes of PI-COF. (b) Stack-
ing distance between the two adjacent layers (O, red; N, blue; C, gray).

100 nm| O

100 nm

Fig. 2. (a, b) SEM images of PI-COF. (c, d) TEM images of PI-COF. (e) High magnifi-
cation TEM image of the PI-COF. (f-i) Elemental mapping images of C, O, and N.

b, the synthesized PI-COF material had a uniform and regular mor-
phology, consisting of small nanoparticles with obvious pores on
the surface. Transmission electron microscopy further confirmed
that PI-COF was composed of nanoparticles with a size of about
40-50nm (Figs. 2c and d), which were closely connected to each
other. High-resolution transmission electron microscopy (Fig. 2e)
images showed that PI-COF has weak lattice fringes, indicating a
certain degree of crystallinity. Additionally, element mapping im-
ages of carbon, nitrogen, and oxygen in PI-COF indicated uniform
distribution of these elements. Additionally, the element mapping
images of PI-COF clearly showed that the C, N, and O elements
were evenly distributed in Figs. 2f-i.

The successful imidization of TAPP and EDTAD was demon-
strated by powder X-ray diffraction (PXRD) and Fourier-transform
infrared spectroscopy (FT-IR). As shown in Fig. 3a, the PXRD pat-
tern of PI-COF (red curve) possesses intense diffraction peaks at
260 =2.62° and 4.13°, which are assigned to the (100) and (110)
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Fig. 3. (a) XRD pattern of PI-COF. (b) FT-IR spectrum of EDTAD, TAPP and PI-COF. (c)
Nitrogen adsorption-desorption isotherms (77 K) with pore size distribution (inset).
(d) High-resolution XPS spectra of C 1s of PI-COF. (e) High-resolution XPS spectra
of N 1s of PI-COF. (f) Thermogravimetric analysis of PI-COF under N, flow with a
heating rate of 10 K/min.

facets, respectively, indicating the good crystallinity of PI-COF. A
smaller peak around at 26 =20° was also ascribed to the mw-7
stack generated by the (001) plane, matching with the AA stack-
ing model with d-spacing of 3.47A (Fig. 1b). We simulated the
two cases of eclipsed (AA) and staggered (AB) stacking models
(Figs. S1 and S6 in Supporting information) and calculated their
fitted values (Fig. 3a, blue and purple traces, respectively). After
comparing with the experimental powder X-ray diffraction pat-
tern for PI-COF at room temperature (Fig. 3, black trace), the AA
stacking model was deemed optimal, and Pawley refinement ac-
cordingly yielded the following unit cell parameters: a = 55.66 A,
b = 55.23A, ¢ = 1743A, a=B=90°, y =89.5°. It is worth not-
ing that crystallinity is one of the key factors that can affect the
electrochemical and thermal properties of polymer electrode ma-
terials [31]. The FT-IR spectrum of PI-COF displayed a new ab-
sorption peak at 1402 cm~!, which was attributed to the stretch-
ing mode of imide C-N-C (Fig. 3b) [32]. The disappearance of the
stretching peaks of the amino groups (around 3329 cm~!) and an-
hydride C=0 groups (around 1765 cm~!) indicates the formation
of imide from the amino groups and anhydride units. In addition,
the characteristic band at 1650 cm~! in PI-COF is attributed to the
asymmetric vibrations of the C=0 group. The signal of the carbonyl
groups in PI-COF exhibits a downward shift in wavenumbers com-
pared to those of the carbonyl groups in the reactant dianhydride,
indicating the formation of the polyimide backbone [33].

The porosity of PI-COF is measured using the nitrogen absorp-
tion isotherms and corresponding pores at liquid nitrogen temper-
ature (77K). As shown in Fig. 3c, the specific surface area of the
PI-COF is up to 401.96 m?/g. In addition, the pore size distribu-
tion based on non-local density functional theory (NLDFT) leads to
the main pore size distribution concentrated at ~2.55nm (Fig. 3c
inset), which is close to the theoretical value (3 nm, Fig. S1) cal-
culated by the Forcite module of Materials Studio. In this regard,
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we can conclude that the as-prepared PI-COF is a 2D material with
high porosity and a large specific surface area, which is beneficial
for transferring Li-ions during the charge—discharge process [27].

To analyze the chemical composition of samples, X-ray photo-
electron spectroscopy (XPS) was further used to characterize PI-
COF. The XPS survey spectra of PI-COF are shown in Fig. S2 (Sup-
porting information), confirming the co-existence of carbon, nitro-
gen and oxygen elements in PI-COF. The C 1s (Fig. 3d) spectrum for
PI-COF contains three peaks at ~288.1, ~285.9, and ~284.6 eV, cor-
responding to C=0, C-N and C=C. In the N 1s spectrum (Fig. 3e),
the N 1s region analyses of PI-COF show the presence of two peaks
at ~399.7 and ~397.5eV. The peak at about 399.7eV (C-N) can
be ascribed to the pyrrole nitrogen atoms. It is well known that
pyrrole nitrogen can create defects that provide active sites for Li-
ion storage, and a porphyrin molecule can contain up to four pyr-
role nitrogen molecules to enhance electrochemically active sites
[34,35]. The peak at 397.5eV belongs to the -NH, at the end of the
TAPP monomer. The XPS spectrum of O 1s (Fig. S3 in Supporting
information) for PI-COF shows the presence of C=0. In addition,
the thermogravimetric analysis (TGA, Fig. 3f) indicates the thermal
stability of PI-COF can reach 350 °C, which conforms to the rigid
characteristics of PI-COF materials [36].

The PI-COF was used as the anode for LIBs and its electrochemi-
cal performance was evaluated in a potential window ranging from
0.01V to 3.0V. Fig. 4a shows the first three cyclic voltammogram
(CV) of the PI-COF electrode at a scanning speed of 0.2 mV/s. The
CV curve of the first cycle was quite different from the subsequent
CV curve, especially in the discharge half-cycle where a strong re-
duction peak at 0.66V can be observed, which is related to the
formation of a solid electrolyte interface (SEI) layer and an irre-
versible reaction of Li with the functional groups on the surface
of active materials [30,37]. The cathodic peak, which appeared at
0.20V (vs. Lit/Li), corresponds to the reversible oxidation of the
active group in PI-COF [38]. In the first cycle of the charging curve,
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Fig. 4. Electrochemical performance of samples for LIBs: (a) CV curves of the PI-COF
electrode for three cycles at a scan rate of 0.2mV/s in voltage range of 0.01-3.0V.
(b) Discharge-charge profiles of the PI-COF electrode at 100 mA/g. (c) Cycling perfor-
mance (0.01-3.0V, 200mA/g) of the PI-COF electrode. (d) Long cycle performance of
the PI-COF electrode at a current density of 200 mA/g. (e) Long cycle performance
of the PI-COF electrode at a current density of 500 mA/g. (f) Long cycle performance
of the PI-COF electrode at a current density of 1000 mA/g.
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two oxidation peaks located at 0.65V and 1.29V, which are related
to the delithiation process. Compared to the first cycle, the peak
current and the integral area of the second and third cycles were
significantly decreased, indicating that an irreversible reaction and
capacity loss during cycling. A reduction peak at around 0.87V was
observed in the subsequent cycles, which may indicate the acti-
vation of the material after the first cycle. In the following sec-
ond and third potential scans, the redox peak gradually remained
stable, suggesting highly reversible reactions and excellent cycling
stability of COF-based LIBs.

Fig. 4b shows the initial three discharge-charge voltage (0.01-
3.0V) distributions of PI-COF electrodes that were studied in the
range of voltage 0.01-3.0V and at a current density of 100 mA/g.
In the test, the PI-COF electrode delivered the initial discharge
capacity and charge capacity of 17371 mAh/g and 858.4 mAh/g,
respectively, corresponding to an initial coulombic efficiency of
49.42%. The result may be caused by the irreversible reaction, in-
cluding the formation of SEI layers and interfacial lithium stor-
age [31,39-41]. The stable SEI film will be in favor of good ther-
mal stability as anode materials for LIBs [42]. In the subsequent
cycles, the discharge and charge profiles almost overlap, suggest-
ing that the PI-COF anode has excellent cycling stability perfor-
mance. From the second cycle, the charge and discharge capacities
are up to 1023.3 and 1166.4 mAh/g, which the coulombic efficien-
cies of PI-COF electrodes are over 87.73%. Until the third cycle, the
charge and discharge capacity of the PI-COF electrode was 989.6
and 1095.7 mAh/g, respectively. The coulombic efficiency of 95.3%
indicates the stable formation of the SEI layer and the efficient
transport of ions and electrons in the anode material. The Coulom-
bic efficiency remains consistently above 99% in subsequent cycles
at 0.2, 0.5, and 1A/g current densities. These results demonstrate
the occurrence of stable and reversible electrochemical reactions.

To understand the electrochemical performance of the prepared
PI-COF electrode, its rate performance was further studied. Fig. 4c
shows the rate capabilities of the PI-COF electrode when the cur-
rent density is set to 100, 200, 500, 1000, and 2000 mA/g. The
specific capacity of the PI-COF electrode is 871, 720, 520, 353,
and 188 mAh/g, respectively, indicating excellent high-power per-
formance. Under different current densities, the PI-COF electrode
still exhibits persistent and stable rate performance. Additionally,
it is worth noting that when the current density finally returns to
100 mA/g, the discharge capacity can return to 778.9 mAh/g, sug-
gesting highly structural stability under high current densities. The
results show excellent rate performance of the COF electrode in the
lithium battery.

The long-term cycling performance of the PI-COF electrode at
a current density of 200mA/g is shown in Fig. 4d. After a small
capacity decrease in the first 24t cycles, the obvious capacity in-
crease can be observed for the PI-COF electrode from the 24 to
73t cycle due to the better electrolyte infusion and improved Li*
diffusion kinetics during repetitive cycling. The initial discharge ca-
pacity and charge capacity of the PI-COF electrode are 800 mAh/g
after 200 cycles. Additionally, we also tested the cycling perfor-
mance of the PI-COF electrode at 500 mA/g is shown in Fig. 4e.
The specific discharge capacity of the PI-COF electrode remains
at 610 mAh/g after 500 cycles. It can be clearly seen that the
PI-COF electrode exhibits good cycling stability during the dis-
charge/charge processes. The excellent cycling stability of PI-COF
may be attributed to the stable conjugated bonds formed by cross-
linked acyl-substituted conjugated molecules and the flexibility
provided by long-chain EDTAD molecules.

The PI-COF electrode exhibits excellent long-life cycling perfor-
mance at high current density. From Fig. 4f, the discharge capacity
of the PI-COF electrode gradually increased as the cycle progressed,
reaching a maximum value of 615.4 mAh/g at about the 200t cy-
cle, which may be attributed to the activation process of the elec-
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Table 1

Electrochemical performance comparison of our work with reported works.
Name of the Potential (V) Capacity (mAh/g), Cycling References
COFs versus Li/Li* times, Current density (A/g)
COF@CNT 0.01-3 570, 100", 0.1 [22]
IISERP-CON2 0.01-3 220, 200, 0.1 [16]
Tp-Azo-COF 0.01-3 513.8, 100, 0.1 [38]
N2-COF 0.05-3 600, 500t 1 [44]
Cz-COF1 0.005-3 236, 400, 0.2 [45]
Tb-COF 0.01-3.5 379.1, 500, 1 [18]
TThPP 0.005-3 401, 200t 1 [26]
PI-COF 0.01-3 800, 200", 0.2 This work
PI-COF 0.01-3 450, 800, 1 This work

trode [43]. It can be observed that a high reversible capacity of
450 mAh/g is still maintained after 800 cycles at 1000 mA/g for the
PI-COF electrode, respectively. This excellent performance may be
attributed to the large specific surface area and porous structure of
PI-COF materials, as well as abundant redox active sites, which are
conducive to the intercalation/deintercalation of Li* ions, thus they
exhibit excellent cycling stability and slow capacity fading, and the
Coulombic efficiency exceeds 99%. Finally, the electrochemical be-
havior of the PI-COF material in our study has been compared with
other COF anodes, as shown in Table 1. The PI-COF electrode ex-
hibits excellent Li-ion storage performance with high capacity and
good cycling stability.

Fig. S4 (Supporting information) shows the electrochemical
impedance spectroscopy (EIS) of the PI-COF electrode before cy-
cling over the frequency ranges of 0.01-100 MHz. Fig. S4 demon-
strates the Nyquist plot of the PI-COF electrode, which comprises
an imperfect semicircle in the moderate frequency area and an in-
clined line in the low frequency. The semicircle in the moderate
frequency area can be attributed to the interfacial charge trans-
fer resistance region. The low frequency straight line corresponds
to the Warburg impedance (Zy), regarding the Li* diffusion ability
in electrodes [46,47]. It can be seen that the resistance of the PI-
COF electrode is relatively small, suggesting a faster transfer rate of
charges and higher transport kinetics of Li*. As shown in Fig. S4,
the charge transfer process of PI-COF electrode is improved after
50 cycles, which may be attributed to the electrochemical activa-
tion process [48].

To evaluate the volume change of the PI-COF electrode material
before and after cycling, we measured the thickness of the elec-
trode sheet cross-section using SEM (Fig. S5 in Supporting infor-
mation). The thickness of the electrode has slightly increased rel-
ative to that before the test, but there is no significant difference
in the surface morphology of the electrode. By calculation, the ex-
pansion rate of the electrode sheet is only 124.8% (Table S1 in Sup-
porting information), which is considered excellent among similar
electrode materials. The lower expansion rate of the PI-COF elec-
trode may be due to its unique structure of rigid-flexible combina-
tion formed by porphyrin and acid anhydride molecules, as well as
the larger interlayer distance of COF.

In summary, a novel acyl-conjugated COF was synthesized by
the imine reaction between EDTAD and TAPP, and was used as an-
ode materials for LIBs. The PI-COF electrodes delivers a reversible
specific capacity of 800 mAh/g after 200 cycles at a current density
of 200mA/g. Even at a higher current density of 1000 mA/g, the
electrode maintained a reversible specific capacity of 450 mAh/g
after 800 cycles, indicating excellent long-term cyclic stability.
These outstanding electrochemical properties of PI-COF anode ma-
terials are mainly attributed to their abundant active sites, large
specific surface area, and unique conjugated structure combining
rigidity and flexibility. These characteristics are advantageous for
achieving high specific capacity output, as well as improving the
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insertion and extraction rates of both charge carriers and lithium
ions.
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