
Stable Na+ Ion Storage via Dual Active Sites Utilization in
Covalent Organic Framework-Carbon Nanotube Composite
Anupam Dey+,[a] Atin Pramanik+,[b] Sougat Purohit,[c] Sandip Biswas,[a]

Shreyasi Chattopadhyay,[b] Tymofii S. Pieshkov,[b, d] Gopalakrishnan Sai Gautam,[c]

Pulickel M. Ajayan,*[b] and Tapas Kumar Maji*[a]

Redox-active covalent organic frameworks (COFs) with metal
binding sites are increasingly recognized for developing cost-
effective, eco-friendly organic electrodes in rechargeable energy
storage devices. Here, we report a microwave-assisted synthesis
and characterization of a triazine-based polyimide COF that
features dual redox-active sites (� C=O from pyromellitic and
� C=N� from triazine) and COF@CNT nanocomposites
(COF@CNT-X, where X = 10, 30, and 50 wt % of NH2-MWCNT)
formed through covalent linking with amino-functionalized
multiwalled carbon nanotubes. These composites are evaluated
as cathode materials for the sodium-ion batteries (SIBs). The
amine functionalization renders the covalent bond between
COF and CNT, improving electronic conductivity, structural

rigidity, and long-term stability. The interfacial growth of COF
layers on CNTs increases accessible redox-active sites, enhanc-
ing sodium diffusion kinetics during sodiation/desodiation. The
COF@CNT-50 composite exhibits outstanding Na+ ion storage
performance (reversible capacity of 164.3 mAh g� 1 at 25 mA g� 1)
and excellent stability over 1000 cycles at ambient temperature.
At elevated temperature (65 °C), it also maintains good capacity
and cycle stability. Ex situ XPS analysis confirms the importance
of dual active sites in the Na+ diffusion mechanism. Density
functional theory (DFT) calculations reveal insights into Na+

binding sites and corresponding binding energies into COF
structure, elucidating the experimental storage capacity and
voltage profile.

1. Introduction

The development of innovative and reliable electrochemical
energy conversion and storage technologies is recognized as an
urgent need to combat the overuse of fossil fuels and the
steady growth of global energy demand.[1–5] In the context of
electric energy storage and utilization, sodium-ion batteries
(SIBs) have recently emerged as an alternative to the market-
dominant LIBs, owing to abundant resources, wide distribution,
and much cheaper ingredients than lithium.[6–10] As the perform-
ance of SIB largely depends upon the electrode materials,

several efforts have been made to develop suitable electrode
materials.[11–13] Presently, sodium-containing transition metal
oxides or polyanions (provide the redox centre) act as typical
cathode materials for SIBs.[14] However, fabricating these
inorganic materials is always expensive, energy-intensive, and
environmentally unfriendly.[15–17] Comparatively, organic materi-
als have many benefits, such as low cost, excellent structural
tunability, non-toxic, and lightweight, making them potent
next-generation energy storage electrode materials.[18–20] As a
result, various redox-active organic materials have been tested
in electrodes, including organic radical compounds,[21–23]

carbonyl compounds,[24–25] organosulfur compounds,[26–27] and
azo compounds.[28] However, small organic molecules suffer
from low intrinsic electric conductivity, solubility in aprotic
electrolytes, and minimal redox stability. A successful tactic is to
attach redox-active organic molecules to a polymeric frame-
work and increase their stability.[29–30] But, most of the
conducting organic polymers are nonporous in nature. This
results in inefficient access of redox-active centers by ions or
electrons. Additionally, it causes slow transportation of electro-
lytes, which leads to low efficiency, especially at high rates.[31–32]

Therefore, developing two- or three-dimensional (2D or 3D)
porous polymers with redox-active units can be considered an
important strategy to address the challenges mentioned with
organic electrode materials.[33–35]

In this perspective, covalent organic frameworks (COFs), a
class of crystalline, porous organic polymers with various redox-
active sites, have received significant attention in developing
effective organic electrode materials.[36–37] The characteristics of
open porous channels, robust π-conjugated and strong cova-
lent network in COF, can facilitate faster ion/electron trans-
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portation over an extended period.[34,38–43] However, most COFs
currently known to exist in SIB have a single redox active group
(either � C=O or � C=N� unit), which invariably results in low
output capacity.[44] To attenuate this issue, designing COFs with
multiple redox active sites can enhance the output capacity
effectively. In this context, the design and synthesis of triazine-
based polyimide COFs can be an excellent choice for achieving
higher energy storage performance.[45] The incorporation of
both � C=N� (from triazine moiety) and � C=O groups (from
imide moiety) in the triazine-based polyimide COFs can function
as dual redox active cathode material since the strong electro-
negative ‘O’ and ‘N’ atoms will be accessible to interact with the
cations during reversible charging and discharging process.[44,46]

Furthermore, pristine-bulk COF electrodes are also constrained
with low electrochemical energy storage performance by poor
electrical conductivity and lower utilization of active sites.[47–48] A
potential solution to this bottleneck is constructing COF-
composite material by growing a few layers of COF interfacially
on top of a conductive additive, like graphene or carbon
nanotubes (CNTs). There are few previous reports where, after
the integration of CNT into a covalent polymer framework,
higher electrochemical performance was obtained.[46,49–50] How-
ever, earlier reports majorly discussed the integration of CNT
with the COF by weak Van der Waals interaction, which can
occasionally impair the material‘s long-term stability, diffusion
of ions, and electrical conductivity rate. Therefore, the covalent
linkage between COFs and CNTs emerges as a compelling
approach to boost the electrochemical performance of
electrodes.[48] Additionally, the reported composite organic
electrode materials have only been tested at ambient temper-
ature (25 °C). However, in the deserts and tropical regions, a
high-temperature working range is essential for the practical
applications of rechargeable batteries.[51–52] Unfortunately,
achieving reliable battery performance at high temperatures
remains a challenge due to the structural deterioration of the
electrode and electrolytes caused by the ultrafast transfer of
ions.[53–54] A few studies have been conducted on SIBs, including
the high-temperature range (>50 °C), which reveals low
charge/discharge efficiency and poor cycling performance.[7,55–56]

The large radius of Na+ (1.02 Å) slows the reaction kinetics and
generates serious volume expansion, which hinders their
practical application. Thus, it is imperative to develop superior
high-temperature electrode material for SIB.

Herein, we report microwave-assisted synthesis and charac-
terization of a 2D crystalline triazine-based polyimide COF and
three different nanocomposite materials COF@CNT-X (where
X = 10, 30, and 50 wt % of NH2-MWCNT). These materials have
been tested as cathodes for SIB, and COF@CNT-50 displayed
the highest specific capacity (164.3 mAh g� 1 at 25 mA g� 1) and
long-term cyclic performance at high current density (1000
cycles at 0.5 A g� 1). Additionally, we have tested COF@CNT-50
nanocomposite for Na+ ion storage at elevated temperature
(65 °C), which exhibited considerable specific capacity with
stable cycling performance. Such studies in COF and related
composite materials are yet to be reported. Lastly, density
functional theory (DFT) calculations were carried out to explain

the atomistic origins of the experimentally observed capacity,
voltages, Na+ binding sites, and COF’s energy per unit cell.

2. Results and Discussion

The pristine COF was synthesized from the polyimide con-
densation of triazine triamine [TAPTz] (Scheme S1, Figure S1–
S2) and pyromellitic dianhydride [PMDA] monomers in m-
cresol/isoquinoline solvent mixture by microwave-assisted sol-
vothermal technique at 160 °C in 10 min by following the earlier
report from our group (Scheme 1, S2).[57] Microwave-assisted
synthesis is well-known for transferring heat faster and more
homogeneous than conventional solvothermal heating.[58] Thus,
we could synthesize the COF in a microwave reactor 720 times
faster than in the previously reported solvothermal
methods.[44,59–60] To assess the crystallinity of the COF, powder
X-ray diffraction (PXRD) measurement with Cu Kα radiation (λ=

1.5406 Å) was performed. Next, PXRD patterns for AA (eclipsed)
and AB (staggered) stacking models were simulated, and the
experimental pattern agreed with the simulated AA pattern for
COF. The final unit cell parameters (a=b= 36.823 Å, c= 3.565 Å;
α=β= 90°, γ= 120°) and P6/mmm space group were yielded
after Pawley refinement on experimental PXRD pattern, which
showed small differences and low residual values (Rwp = 3.92 %
and Rp = 3.14 %) (Figure 1a, S3, Table S1–S2). Fourier-transform
infrared spectroscopic (FTIR) studies were carried out to identify
the polyimide network of COF (Figure 1b, S4). As can be seen,
three characteristic peaks at 1355, 1723, and 1778 cm� 1 were
observed for COF due to the symmetric vibration of formed
� C� N� C- moiety and symmetric/asymmetric vibrations of
carbonyl (� C=O) groups of the pyromellitic imide rings,
respectively.[44,59–60] The disappearance of � N� H stretching
bands at 3324 and 3210 cm� 1 from the TAPTz building block
further corroborated the successful formation of the polyimide
framework in COF. The solid-state 13C nuclear magnetic
resonance (13C NMR) spectrum of COF displayed a peak at
164 ppm for the carbonyl carbon of the imide ring. Additionally,
it showed other aromatic carbon peaks between the chemical
shifts of 110–140 ppm (Figure 1c). By using the same procedure,
nanocomposite materials were prepared by adding 10, 30, and
50 wt % of amino-functionalized multiwalled carbon nanotube
(NH2-MWCNT) through the in situ polymerization of COF on the
surface of NH2-MWCNT. The composite materials is denoted as
COF@CNT-X, where X = 10, 30 and 50 wt % of NH2-MWCNT
(Scheme S3). The PXRD patterns of the COF@CNT-X composites
showed an additional, prominent diffraction at 26.3° for amino-
functionalized MWCNT along with the diffractions of the COF
(Figure 1d). The broad peak at 26.3° attributed to (002)
reflections of the hexagonal graphite structure in the MWCNT
layers.[61–62] The COF@CNT-X composites were further charac-
terized by the FTIR study, which displayed similar characteristic
vibrational peaks to COF (Figure 1b, S4). To comprehend the
covalent linking between COF and NH2-MWCNT, a model
compound, namely, PMDA-CNT was also synthesized by
following a similar microwave pathway by taking PMDA
monomer and NH2-MWCNT (Supporting Information). Notably,
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the FT-IR spectrum of PMDA-CNT showed a new peak for � C=O
(1681 cm� 1 and 1746 cm� 1) and � C� N� C� (1351 cm� 1) bonds,
as well as a decrease in the intensity of NH2 stretching bands
(3100–3300 cm� 1) compared to NH2-MWCNT (Figure S5). These
results certify the covalent connection between the amine and
anhydride groups from NH2-MWCNT and PMDA, respectively.

The porosity of COF and COF@CNT-X nanocomposites was
evaluated by N2 sorption experiments at 77 K (Figure 1e). A
reversible type-IV isotherm was observed for COF and BET
surface area was calculated to be 1256.2 m2 g� 1. With the
increased wt % of NH2-MWCNT, the BET surface area of
COF@CNT-X composites decreased gradually from 731.1 m2 g� 1,
523.6 m2 g� 1 to 395.7 m2 g� 1, respectively. The pore size distribu-
tion profile obtained by nonlocal density functional theory
(NLDFT) revealed a dominant pore at around 2.3 nm for COF. In
the case of COF@CNT-X also dominant pores around 2.3 nm
along with other mesopores in the range of 4–8 nm were
observed (Figure S6). High thermal stability up to 500 °C under
the N2 atmosphere was observed from the thermogravimetric
analysis (TGA) of COF. Further, COF@CNT-X composites showed
a slightly higher degradation temperature than COF, manifest-
ing increased thermal stability and mechanical strength after

covalent integration of CNT into the framework (Figure S7). The
COF showed chemical stability in different solvents, making it
advantageous for preparing electrodes in battery applications.
After soaking in water and common organic solvents for 48 h,
the PXRD pattern of COF was recorded, indicating stability of
the framework (Figure S8). The morphology of the COF and
COF@CNT-X composites was examined using field emission
scanning electron microscopy (FESEM) and transmission elec-
tron microscopy (TEM) (Figure 1f, S9). FESEM images of pristine
COF displayed fibrous morphology consisting of agglomeration
of small nanosheets (Figure S9), while COF@CNT-X composites
consist of smooth tubular surfaces (Figure 1g, S9). Further, TEM
and high-resolution TEM (HRTEM) probed the successful
wrapping of the COF layers on top of the MWCNT, forming
tube-type core-shell structures (Figure 1h–1i, Figure S9). Further,
atomic force microscopy (AFM) measurement was carried out,
which demonstrated the fibrous morphology of the pristine
COF with a height of 35�2 nm and a width of 380�20 nm
(Figure S10). The AFM image of entangled CNT shows a height
of 15�2 nm and a width of 80�10 nm (Figure S10). The AFM
imaging and corresponding height profile analysis (Figure S10)
also show a similar fibrous morphology for COF@CNT-X, but

Scheme 1. Schematic representation of microwave-assisted COF@CNT-X nanocomposite synthesis. Here, amino-functionalized MWCNT (MWCNT-NH2) acts as
a template for the interfacial growth of COF on top of the MWCNTs via covalent linking. In the COF@CNT-X, electrochemical performance increases compared
to COF due to higher redox active sites utilization during the Na+ insertion/extraction process.
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with larger dimensions: a height of 80�5 nm and a width of
500�20 nm. The increased composite dimensions compared to
pristine COF and CNT indicate uniform growth of COF layers
around the CNT. Thus, it can be stated that covalent linking
between the -NH2 group of MWCNT and residual anhydride
moieties of COF, as well as strong π–π interaction, drives the
interfacial growth of COF on MWCNT. This process eventually
forms tube-type core-shell structures. Moreover, energy dis-
persive X-ray mapping analysis of COF@CNT-50 showed a
uniform distribution of carbon, nitrogen, and oxygen elements
(Figure S11).

The electrochemical performance of COF and COF@CNT-X
composites was conducted in a CR2032-type coin half-cell
within the potential window of 1.3–3.5 V. Coin cells were
assembled with COF or COF@CNT-X composites as the positive
electrode, Na foil as the counter electrode and 1 M NaPF6 in
diglyme was used as the electrolyte. Cyclic voltammetry (CV) of
COF and COF@CNT-X composites at a scan rate of 0.3 mV s� 1

demonstrated two prominent reversible redox peaks at 1.58/

1.70 V and 2.12/2.19 V (vs. Na+/Na) indicating the reversible
sodiation (reduction)/desodiation (oxidation) processes (Fig-
ure 2a, S12). Even though COF’s structural units provide dual
active sites for the charging and discharging processes: i) � C=O
groups (from the PMDA motif) and ii) � C=N� groups (from the
TAPTz motif), we only observed two reversible peaks in CV
primarily associated with the two-step, two-electron reaction of
the � C=O groups. This infers that the redox peaks from the
� C=N� groups were less prominent and overlapped with those
from the � C=O group. The reason for this phenomenon is that
the � C=N� groups are less exposed towards sodiation/
desodiation processes as they are located in the centre of the
TAPTz building block. Interestingly, it was also observed that
the CV areas and peak current densities were increased as the
mass content of CNT increased in the COF@CNT-X composites
(Figure S12). This fact can be attributed to the interfacial growth
of a few layers of COF on top of the intrinsically conductive
CNTs, which shortens the Na+ ion diffusion length and
improves the Na+ storage characteristics across the bulk

Figure 1. (a) PXRD patterns of COF; experimentally obtained (black), Pawley refined (dotted red), their difference (purple), simulated pattern for AA stacking
(green) and Bragg positions (sky blue). (b) FT-IR spectra of COF and COF@CNT-50 nanocomposite. (c) Solid-state 13C NMR spectrum of COF. (d) PXRD patterns
of COF@CNT-X composites (where X = 10, 30 and 50 wt % of NH2-MWCNT), along with COF and MWCNT-NH2. (e) N2 sorption isotherm at 77 K for COF, all
three COF@CNT-X composites, and MWCNT-NH2. (f) TEM image of COF. (g) FESEM image of COF@CNT-50 composite. (h) TEM image of COF@CNT-50
composite. (i) High-resolution TEM image of COF@CNT-50 clearly demonstrates the interfacial growth of COF layers on top of CNTs.
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electrode. COF@CNT-50 exhibited the highest CV area, indicat-
ing the most effective utilization of redox-active sites among all
four active cathode materials. Next, galvanostatic charge/
discharge (GCD) experiments were conducted in the voltage
window of 1.3 to 3.5 V for all four composites of the positive
electrodes (Figure 2b) at 25 mA g� 1 current rate at the same
voltage window. The pristine COF showed a reversible capacity
of ~18.5 mAh g� 1 after 30 cycles, whereas the COF@CNT-50
showed ~138.5 mAh g� 1 (Figure S13a), which indicates as the
percentage of CNT increases, the reversible capacity also
increases. The first cycle GCD profile for COF@CNT-50 is shown
in Figure S13b, demonstrating an initial coulombic efficiency of
approximately 95.6 %, which retains the two pairs of peaks
observed in the CV very well. The 2nd cycle galvanostatic
charge-discharge profile at 25 mAg� 1 reveals that COF has a
specific capacity of 23 mAh g� 1, much less (~14 %) compared to
its theoretical capacity (calculation in Supporting Information,
Figure S14) arises due to low utilization of active sites of the 2D
stacked multilayer framework. However, the specific capacity at
25 mA g� 1 in COF@CNT-10, COF@CNT-30, and COF@CNT-50
increased to 55.2, 108.1, and 164.3 mAh g� 1, respectively, based
on the total active mass of the material (mass of COF, MWCNT-
NH2, and carbon black). In the COF unit cell, the maximum
available Na+ binding site is 12 (6 pyromellitic ‘O’ and 6 triazine
‘N’), and the corresponding theoretical capacity is
255.2 mAh g� 1. This capacity is much higher than the exper-
imentally observed capacity of COF@CNT-10 composites. This
indicates that all the available redox sites in COF are not
participating in the charge/discharge process. Considering that
there are 8 Na+ ions involved in each COF unit cell, the
utilization of redox-active sites was determined to be 33, 64,
and 97 % for COF@CNT-10, COF@CNT-30, and COF@CNT-50,

respectively (calculated theoretical specific capacity =

170.1 mAh g� 1) (Figure S14, Table S3). Furthermore, the specific
capacity of the monomer building units (i. e., PMDA, TAPTz) and
MWCNT-NH2 was also measured at 25 mA g� 1 (Figure S15). The
low specific capacity of MWCNT-NH2 illustrates that COF
contributes significantly to achieving high reversible capacity in
the COF@CNT-X composites after high utilization of the active
sites. Compared to the PMDA and TAPTz monomers, COF and
COF@CNT-X composites exhibited significantly higher and
more stable performance. This highlights the polymeric electro-
des’ good stability in the electrolytic solution.

Further, we conducted more in-depth electrochemical
studies with COF@CNT-50 composite only as it shows the best
performance among all COF@CNT-X composites and COF. The
rate capability across various current densities is a crucial
parameter for electrode materials. To assess high-current rate
capability, the SIB cell with COF@CNT-50 underwent testing
across a range of 25–5000 mA g� 1 current densities (Figure 2c).
Initially, the cell demonstrated a reversible capacity of approx-
imately ~157 mAh g� 1 at a current rate of 25 mA g� 1. Subse-
quently, as current densities increased to 50, 100, 500, and
1000 mA g� 1, reversible capacities decreased to approximately
~121, 105.8, 75.2, and 61.5 mAh g� 1, respectively. This repre-
sents a restoration of approximately ~77 %, 67.3 %, 47.9 %, and
39.1 % of reversible capacity when current densities increased
by two, four, twenty, and forty times, respectively, compared to
the initial current density. Moreover, the SIB cell was subjected
to a very high current density of 5000 mA g� 1 yet maintained a
reversible capacity of around ~39.3 mAh g� 1. Upon reverting to
its initial current density in three steps, the electrode exhibited
a reversible capacity of approximately 150 mAh g� 1 with stable
cycling, representing a restoration of approximately 95.5 %

Figure 2. (a) CV profiles of COF at a scan rate of 0.1 mV s� 1; (b) Galvanostatic charge/discharge profiles at 25 mA g� 1 for COF (black), COF@CNT-10 (red),
COF@CNT-30 (blue) and COF@CNT-50 (green). (c) Rate performances of COF@CNT-50 at 25–500 mA g� 1 current densities. (d) Cycling performances over 500
cycles with coulombic efficiency at 100 mA g� 1 and 200 mA g� 1 for COF@CNT-50 composite. (e) Long-term cycling performance of COF@CNT-50 composite at
500 mA g� 1 up to 1000 cycles.
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capacity. The SIB cell maintained a coulombic efficiency of
approximately 100 % throughout the rate performance, con-
firming the excellent rate capability of the COF@CNT-50
electrodes, as demonstrated by these results. Long-term cycling
stability is also an essential parameter in estimating cell
performance. The long-term cycling experiment of COF@CNT-
50 was initially studied through 500 cycles of repeated charge/
discharge operations at current densities of 100 and
200 mA g� 1. It exhibits outstanding cycling performance, retain-
ing 78 % and 74 % of its initial capacity after 500 cycles at 100
and 200 mA g� 1, respectively, with a coulombic efficiency of
~100 % (Figure 3d). Further, we have conducted cycling experi-
ments up to 1000 cycles at a higher current rate of 500 mA g� 1.
After 1000 cycles, ~69 % of capacity retention with ~100 %
coulombic efficiency was observed, which indicates stable
active site utilization of COF@CNT-50 for a longer time
(Figure 3e). Additionally, no change was observed in the FT-IR
spectrum and HRTEM image of the COF@CNT-50 after
1000 times GCD cycles (Figure S16–S17), suggesting good
structural stability of the electrode material. In Table S4, the
electrochemical performance of COF@CNT-50 as an organic
cathode material for SIB was further compared with the earlier
reported organic polymer-based positive electrodes for SIB.

2.1. High-Temperature SIB Application

The elevated temperature battery operation is important for
next-generation energy storage applications.[55] To check the
high-temperature performance of the COF@CNT-50 composite
as a sodium-ion battery (SIB) cathode, we conducted tests on
the cell at an elevated temperature of 65 °C. The SIB cell was
tested at 65 °C within a voltage window of 1.3–3.5 V and a
current rate of 300 mA g� 1 (Figures 3a and 3b). Figure 3a
illustrates the galvanostatic charge-discharge (GCD) profiles
across different cycles, from the 2nd to the 300th cycle, exhibiting
a similar pattern to that observed at room temperature
(Figure 2b). The initial reversible capacity of the first cycle was
approximately 83.5 mAh g� 1 at a current density of 300 mA g� 1

(Figure 3b). However, after a few cycles, a slight capacity fade
was observed, resulting in a reversible capacity of around
63.3 mAh g� 1 after 300 cycles, representing approximately
~76 % capacity restoration. The coulombic efficiency remained
at approximately ~95.3 % after 300 cycles, indicating the
excellent cycling stability of the COF@CNT-50 electrode under
high-temperature conditions. Upon continuous cycling, the
plateaus of GCD profiles are somehow missing; there could be
several reasons behind it (Figure 3a). Prolonged cycling at high
temperatures can induce irreversible changes at the electrode/
electrolyte interface, such as SEI layer thickening or instability,
which impair sodium-ion kinetics and diminish the definition of
voltage plateaus. While the initial cycles may display activation
behavior with well-defined plateaus, continuous cycling can
lead to the passivation of active sites due to surface reactions,
producing a sloping voltage profile. Additionally, sodium-ion
diffusion at high temperatures may create uneven distribution
within the material, contributing to a gradient that smoothens
the plateaus.

However, slight fluctuations in capacity and variations in
coulombic efficiency (CE) under high-temperature conditions
were observed, which can be attributed to several factors.
Elevated temperatures may induce reversible and irreversible
structural changes in COF materials, potentially altering ion
transport pathways or causing partial degradation, leading to
capacity variations during cycling. Moreover, non-uniform
plating and stripping of sodium on electrode surfaces at high
temperatures can result in intermittent capacity changes. To
the best of our knowledge, this level of high-temperature SIB
performance has not been reported previously. This study
underscores the superiority of COF-based materials for next-
generation SIB applications in both room and high temper-
atures.

To understand the charge storage process, the electro-
chemical reaction kinetics of COF@CNT-50 was investigated by
CV measurement at various scan rates (ν) from 0.1 to 1.0 mV s� 1

(Figure 4a). Two pairs of redox peaks (A1, A2, O1, and O2) are
slightly shifted as the scan rate increases, demonstrating the
favourable redox capacity of COF@CNT-50 even at high current

Figure 3. (a) At high temperature (65 °C), charge/discharge profile of COF@CNT-50 composite after different cycle numbers at 300 mA g� 1. (b) Cycling
performances over 300 cycles with coulombic efficiency at 100 mA g� 1 for COF@CNT-50 composite.
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densities. Further, the peak current (i) and scan rate (ν) are fitted
by the equation of log i =b log ν+ log a; where the b value
reflects capacity storage behaviours. A redox reaction controlled
by a semi-infinite linear diffusion process gives b value of near
0.5, while for a surface-controlled pseudocapacitive process, the
b value is near 1.[63–65] The b values of four redox peaks A1, A2,
O1, and O2 are found to be 0.81, 0.81, 0.89 and 0.89 (Figure 4b).
This indicates the surface-controlled pseudocapacitive storage
process in COF@CNT-50 due to the high utilization of the COF’s
redox-active pyromellitic and triazine groups. In addition, the
contribution of pseudocapacitance to the overall capacity
storage is computed using the equation i = k1ν+ k2ν1/2, whereas
k1 and k2 are constants and k1ν and k2ν1/2 reflect the
contribution from pseudocapacitance and ion diffusion capaci-
tance, respectively.[63–65] k1 and k2 constants can be deducted by
plotting iν� 1/2 vs ν1/2. At the low scan rate of 0.1 mV s� 1, the
capacitive contribution is 58 %, which is increased to 82 % at
1 mV s� 1. These results further suggest that Na+ storage in
COF@CNT-50 is a kinetically fast pseudocapacitive process
(Figure 4c).

The progress of the redox reaction during Na+ insertion/
extraction was monitored using ex situ XPS measurement, and
the results were referenced to the C1s peak (284.4 eV) (Fig-
ure 5). After sodiation (discharge) process, C1s spectrum of
pristine COF@CNT-50 was deconvoluted into � C=C�
(284.7 eV), � C� C� /� C=N� / � C� N� (285.2 eV), � C� O�
(286.4 eV) and � C=O (287.9 eV), respectively (Figure 5a).[12,45,66]

The peaks appeared at 286.4 eV (� C� O� ) and 287.9 eV (� C=O)
representing the insertion of Na+ into the pyromellitic group of
the material (Figure 5a). The involvement of � C=N� moieties
from the triazine building block was also observed from
deconvoluted N1s XPS spectra (Figure 5b). A low-intensity peak
for � C� N� bonds (399.6 eV) emerged after the sodiation
process, indicating the poor Na+ storage at the � C=N� sites of
the COF. Once the charging procedure is completed, the
following peak becomes even weaker (Figure 5b).[15,50,67] The
deconvoluted O1s XPS spectra demonstrated that the intensity
of O� C� groups (529.8 eV) is increased compared to O=C�
groups (531.2 eV) after the sodiation. This further indicating the
Na+ insertion process into � C=O groups to form � C� O� Na+

Figure 4. (a) CV measurements of COF@CNT-50 recorded under different scan rates (0.1–1.0 mV s� 1) to understand the electrochemical reaction kinetics of
charge storage process. (b) Plot of log i vs log ν to evaluate the b values of different peaks. (c) Contribution of pseudocapacitive and diffusion currents at
different scan rate.

Figure 5. Deconvoluted XPS spectra of (a) C1s (b) N1s and (c) O1s after discharging and charging process of COF@CNT-50 electrode. (d) Na+ insertion and
extraction mechanism occurring in the redox-active pyromellitic carbonyl (� C=O) and triazine (� C=N� ) group during the charging and discharging
processes.
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(Figure 5c). During the desodiation process, the intensity of
� C� O-Na+ groups decreased along with the simultaneous
increase of � C=O groups (Figure 5c), evincing reversible Na+

combined with electroactive � C=O groups in COF@CNT-
50.[44,68] Further, the reduced Na 2p peak (1069.5 eV) intensities
in desodiation process suggesting the involvement of reversible
Na+ insertion/extraction process. (Figure 5d).[65]

To understand the arrangement of the 8 Na+ per unit cell of
the COF (based on the maximum observed specific capacity of
COF@CNT-50), we performed DFT calculations with the Vienna
Ab-initio Simulation Package (VASP),[69–70] using the strongly
constrained and appropriately normed (SCAN)[71] meta-general-
ized gradient approximation exchange-correlation functional
(description of calculation parameters given in the Supporting
Information). For all calculations, we considered the crystalline
unit cell of COF, where a total of 18 sites are available for
binding Na+ ions (Figure S18). Among the 18 sites, we
considered a maximum occupation of 12 sites, resulting in a
maximum Na content of x = 12 in NaxCOF. From here on, ‘x’ in
NaxCOF denotes the COF’s number of Na per unit cell (or per
ring). Thus, the stability of any Na-containing COF structure is
evaluated using the empty COF (i. e., Na0COF) and the fully

sodiated COF (i. e., Na12COF) as the reference states (Figure 6a).
Instead of the previously used molecular electrostatic potential
(MESP) method[45,72] where multiple Na+ are placed at every
electrostatic potential global minimum around a COF, we
adopted a thermodynamics-based, sequential Na+ addition
approach (Supporting Information) to determine all the stable
sodiated-COF configurations. During sodiation, multiple Na+

may not always bind a COF unit simultaneously since each Na+

binding to the COF can cause significant structural and
electronic changes. These effects can impact the energetics of
further sodiation process in the unit cell of COF. The changes
caused by the binding of each Na+ are impossible to predict if
multiple Na+ are attached to the COF simultaneously. Our
sequential Na+ addition approach thus enables us to observe
the changes in the COF with every incremental Na+ addition to
the unit cell, yielding unique insights and accurate predictions
that match closely with experiments.

The first Na+ entering the COF unit cell binds to the triazine
� C=N� instead of the pyromellitic � C=O redox-active site
(Figure S19a), with the Na� N binding energy ~2 eV atom� 1

lower than the Na� O case. While Na+ binding to N (single lone
pair of electrons) instead of O (two lone pairs of electrons) is

Figure 6. (a) DFT calculated pseudo-binary convex hull, which shows the stable (blue dots) and metastable/unstable ( green crosses) configurations of NaxCOF,
where x ranges from 0 to 12. (b) DFT calculated the average Na intercalation voltage versus Na-content within the COF structure.
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unexpected, we observe that Na+ binding to the triazine
� C=N� breaks the planarity of the COF (Figure S19b). In this
non-planar structure, the Na+ simultaneously binds to two
triazine N atoms in adjacent A� A stacked layers. On the other
hand, the COF remains planar when a single Na+ binds to the
pyromellitic O (i. e., Na+ binds to a single pyromellitic O on the
same plane, Figure S19c,d). Thus, the breaking of the symmetric
COF structure to form non-planar Na� N bonds enables the Na+

to preferably bind at the triazine � C=N� site over the
pyromellitic � C=O site. Upon further sodiation of the non-
planar Na1COF structure, Na+ prefers binding to the pyromel-
litic O sites until seven Na-ions are in a unit cell (i. e., until
Na7COF, see Figure S21–S23). Also, we observe an increase in
the shearing of the COF rings with increasing Na+ in the
structure (Figure S24). With seven Na+ per unit cell, each
pyromellitic unit accommodates two Na+ (Figure S20), with
non-identical arrangement of Na+ among the pyromellitic units.
For example, in a planar COF, two Na+ can bind to diagonal O
sites in a pyromellitic unit to minimize electrostatic repulsion
(Figure S20a). However, in the non-planar COF that we obtain
beyond Na1COF, we observe some pyromellitic units where two
Na+ bind to adjacent O sites (Figure S20b) and other
pyromellitic units with a distorted diagonal arrangement of two
Na+ (Figure S20c). The pyromellitic units with Na+ bound to
adjacent O sites are the closest to the first Na+ bound to a
triazine unit. This indicates some electronic rearrangement
among the π-bonds that enables Na+ to bind to adjacent O
sites. The pyromellitic units that are further from the first bound
Na+ site facilitate Na+ binding at the distorted diagonal sites.
With every pyromellitic unit populated with two Na+ in Na7COF,
the eighth Na+ binds to a triazine � C=N� group. Interestingly,
the final Na+ binds to the same triazine unit as the first Na+,
leaving a completely unoccupied triazine unit in the Na8COF
structure (Figure S22d). The proximity of two Na+ in a single
triazine unit implies possible electronic redistribution in the
COF structure, which dominates any steric effects and makes
the occupied triazine unit more favourable for Na+ binding.

To understand the thermodynamic stability (at 0 K) of
different Na-containing COF configurations and their Na-
intercalation behavior, we obtained the pseudo-binary convex
hull (Figure 6a). We also calculated the average Na intercalation
voltage versus Na-content plots (Figure 6b). The convex hull
showed that Na1COF, Na3COF, Na7COF, and Na8COF are the
only stable sodiated COF phases. As shown in Figure 6a, the
reference phases Na0COF and Na12COF are depicted using blue
dots and dashed blue lines while other metastable configu-
rations are marked with green crosses. Thus, we expect phase-
separating behaviour at compositions between the stable
compositions. For example, at Na2COF, we expect the COF
structure to form Na-poor (Na1COF) and Na-rich (Na3COF)
domains. Figure 6b references the average Na intercalation
voltage concerning the Na/Na+ electrode. Combining the six
stable phases in the convex hull, including the reference
configurations (Figure 6a), leads to five voltage plateaus in the
voltage-composition curve. Each voltage plateau represents a
range of Na-contents of constant Na+ chemical potential,
resulting from two-phase equilibria among the stable sodiated-

COF phases. On the other hand, voltage steps represent varying
Na+ chemical potential or a single phase region (i. e., a single
stable compound) in the convex hull. Thus, the first voltage
plateau at ~2.5 V is due to the coexistence of Na0COF and
Na1COF phases, which is followed by a voltage step from ~2.5 V
to ~1.25 V corresponding to the stable Na1COF. Similarly, the
voltage plateaus at ~1.25 V, ~1.24 V, ~0.93 V and ~0.59 V are
due to Na1COF� Na3COF, Na3COF� Na7COF, Na7COF� Na8COF
and Na8COF� Na12COF coexistence, respectively and every step
between these plateaus correspond to single phases Na3COF,
Na7COF and Na8COF, respectively. Note that ground states that
are “shallow”, i. e., states that cause a minimal change in slope
of the convex hull concerning its adjacent stable phases, cause
a minor voltage step. This is why we observe a negligible
voltage step (~0.01 V) during the formation of Na3COF. The
transition of Na8COF to NaxCOF (x >8) upon sodiation reduces
the voltage below 0.93 V vs. Na/Na+ (Figure 6b). At such low
voltages, the Na+ chemical potential difference between the
cathode and the anode is small, leading to an insignificant
driving force for Na+ intercalation into the cathode, potentially
making it difficult to practically sodiate the COF beyond x ¼ 8.
Thus, eight Na+ per unit cell of COF likely mark a practical limit
to its capacity, in agreement with our experimentally observed
capacity. This is one of the reasons that we did not sequentially
add Na+ for x = 9, 10, and 11 in NaxCOF. Overall, our calculated
voltage profile, from Na0COF to Na8COF, is qualitatively
consistent with the voltage profiles obtained experimentally.
For example, the experimental voltage plateaus at ~2.2 V and
~1.2 V, visible especially during charging (Figure 2b) of
COF@CNT-50, are in close agreement with the theoretical
voltage plateaus at ~2.5 V and ~1.25 V. The gentle slopes in the
experimental voltage plateaus are usual since the measured
voltages are at ambient temperatures and not at 0 K. The initial
high voltages in the experimental voltage-capacity curves are
likely due to capacitive currents in galvanostatic measurements
and cannot be captured within the thermodynamic treatment
of DFT.

3. Conclusions

In summary, we synthesized COF@CNT-X (X = 10, 30, 50)
nanocomposite materials for SIB cathodes, combining a stable
polyimide-based COF with amino-functionalized multiwalled
carbon nanotubes (MWCNT-NH2) within 10 minutes using
microwave assistance. High-resolution TEM confirmed the
formation of tube-type core-shell structures with thin COF
layers grown covalently on MWCNTs’ outer surface. This synergy
enhanced mechanical stability, electrical conductivity, and
redox-active site accessibility in COF@CNT-X nanocomposites.
COF@CNT-50 showed a high capacity of 164.3 mAh g� 1 at
25 mA g� 1, with 69 % capacity retention after 1000 cycles at
500 mA g� 1. At 65 °C, stable electrochemical performance was
maintained with ~76 % capacity restoration after 300 cycles and
~95.3 % coulombic efficiency. Ex situ XPS measurements and
theoretical calculations revealed the charge storage mechanism
based on reversible Na+ insertion/extraction with � C=O and
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� C=N� groups in COF@CNT-50. Further, we explained the
COF’s experimentally observed voltage and capacity at the
atomic level by performing DFT-based calculations, which
revealed the structural evolution and the startling arrangement
of Na-ions in the COF ring during sodiation. This study
highlights the utilization of dual active sites for high-perform-
ance cathode material and promotes further research and
development of cutting-edge COF materials for SIBs at both
ambient and elevated temperatures.
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