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ABSTRACT: Organic electrode materials play a crucial role in environmentally friendly
and sustainable lithium-ion batteries (LIBs) due to their abundance, high theoretical
capacity, inexpensiveness, and recyclability. However, critical issues such as fewer redox-
active sites and poor structural stability limit their extensive application in LIBs. Herein,
a unique covalent organic framework (Tp-Azo-COF) with a dual active site of NN and
CO is designed and successfully applied as the anode material for LIBs. Benefiting
from its abundance of active sites, large conjugate structure, large surface area, and
accessible Li+ transport channels, the Tp-Azo-COF anode materials present high
electrochemical kinetics and structural stability. The assembled LIBs deliver a specific
capability of 305.97 mAh g−1 at a current density of 1000 mA g−1 after 3000 cycles. This
work may inspire avenues for the development of advanced organic materials of
inexpensive, sustainable, and durable rechargeable batteries.

Li-ion batteries (LIBs), as fundamental energy storage
and conversion devices, play a crucial role in handy
vehicles.1−3 Nonetheless, several environmental chal-

lenges, including heavy metal pollution, water pollution, and
soil pollution, pose concerns with respect to the extensive
utilization of LIBs.4−6 These challenges can promote the
exploration of newly environmentally friendly and sustainable
materials. Accordingly, developing and fabricating high-
performance, sustainable, and green electrode materials are
extraordinarily crucial for the application of LIBs.
Organic compounds exhibit abundant attractive properties,

including their abundance, low density, flexibility, inexpensive-
ness, sustainability, and highest occupied molecular orbital
(HOMO) or lowest unoccupied molecular orbital (LUMO)
energetics, and thus are easily engineered at the molecular
level.7−10 In particular, heteroatom-containing aromatic
compounds, with a lone pair of electrons, exhibit superior
redox activity and can be utilized as electroactive organic
electrodes to meet the growing demand for energy storage and
conversion.11−14 So far, plentiful organic compounds have
been explored as the high-activity LIB electrodes, such as
organic carbonyl (CO) compounds,15−17 imine (CN)
compounds,18−20 polymers, and organic radical species.21−25

In particular, a new organic compound containing an azo (N
N) group has been explored and successfully applied for
lithium- and sodium-ion batteries.26−28 Despite their promise,
the extensive application of these organic compounds in LIBs

is still limited by their intrinsic drawbacks. For instance, these
organic compounds possess restricted active sites, limiting the
improvement of their electrochemical kinetics. Moreover, the
solubility of organic compounds in the electrolyte and inferior
crystallinity give rise to poor cycling stability and a rapid
decline in capacity, as well. Taking these features into
consideration, researchers have spent a tremendous amount
of effort to improve the cycling stability and electrochemical
kinetics of organic compound-based LIBs. Three strategies can
be identified: (1) covalently attaching the electroactive organic
molecule to a conductive backbone, (2) polymerizing the
redox-active compounds to reduce the dissolution, and (3)
forming a salt with organic carboxylic acid compounds. These
approaches have proven to exhibit positive effects on
alleviating the dissolution of organic compounds into electro-
lytes. However, a high conductive carbon content of >50 wt %
should be introduced into the electrode to build the electronic
conductive networks for the electrochemical reaction of
organic compounds, thus leading to unsatisfied energy density.
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Accordingly, designing and constructing excellent chemical and
physical stability, high crystallinity, and affluent and multi-
farious sites to reversibly react with Li+ are essential and
challenging for fast charge−discharge and outstanding cycling
stability.29,30

Covalent organic frameworks (COFs) possess a prominent
structural skeleton with high porosity, high crystallinity, ease of
chemical modification, and excellent stability under various
harsh conditions; thus, they have attracted an extensive
amount of attention in recent years.31−33 Among them, a
two-dimensional (2D) COF has been used in important
applications in energy storage and conversion.34−36 Lu et al.
reported the β-ketoenamine- and anthraquinone-linked 2D
COF had rich carbonyl (CO) groups to react with Na ion
and showed high capacity acting as the anode material in
sodium-ion batteries (SIBs).37 Feng et al. reported a 2D
polyarylimide-based COF as the anode material in LIBs that
presented strong rate capability and cycle stability.38 Moreover,
El-Kaderi reported porous azo-linked (NN) polymers
exhibited electrochemical redox activity.26 This preeminent
research implies that a COF can act as an ideal electrode
material for LIBs or SIBs. While few advances of complex
composites with other materials of COFs in LIBs have been
achieved,37,38 the deficiency in LIBs should attract attention,
with features such as limited active centers, low capacities, and
short cycles.
Herein, a dual redox-active site of CO and NN

chemically modified COF (Tp-Azo-COF) is proposed and
successfully applied in LIBs. The strong π−π interactions
among the 2D COF layers remarkably improve the electronic

conductivity and reduce the COF’s solubility in electrolytes.
Additionally, the introduction of CO and NN dual redox-
active sites enhances the electrochemical activity and capacity
significantly. Benefiting from the enhanced electronic con-
ductivity, reduced level of electrode material dissolution, and
improved electrochemical activity, the LIBs assembled with
Tp-Azo-COF electrodes display superior capacity output and
predominant cycling stability, with values of 305.97 mAh g−1

and roughly 100% capacity retention, respectively, after 3000
charge−discharge cycles at a current density of 1000 mA g−1.
This work will open a new window for the rational design of
high-performance organic compound-based LIBs.
Tp-Azo-COF is effortlessly made by condensing 4,4′-

azodianiline (Azo) and 1,3,5-triformylphloroglucinol (Tp)
using 1,4-dioxane as the solvent according to previous reports
(Scheme S1).39,40 The crystalline structure of Tp-Azo-COF
was studied by powder X-ray diffraction (PXRD). Figure 1A
exhibits the experimental PXRD pattern of Tp-Azo-COF, and
the pattern matches well with the simulated pattern of the AA
structure. Furthermore, experimental PXRD exhibits a sharp
diffraction peak at 2θ of ∼3.2°, which is attributed to the (100)
facet. At the same time, peaks at ∼5.41° and 27.2° can be
ascribed to the (110) and (001) planes, respectively, of Tp-
Azo-COF, and the (001) plane is generated from π−π stacking
between the Tp-Azo-COF layers.39,40 These peaks confirm the
high crystallinity of the as-prepared Tp-Azo-COF. The
porosity of Tp-Azo-COF is determined by the N2 sorption−
desorption measurements at 77 K, displaying a regular IV-type
N2 adsorption isotherm (Figure S1). The pore distribution is
analyzed and calculated on the basis of the nonlocal density

Figure 1. (a) PXRD patterns of experimental and simulated eclipsed patterns of Tp-Azo-COF. (b) Schematic representation of the
preparation Tp-Azo-COF. (c−e) TEM images at various magnifications.
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functional theory. As illustrated in Figure S2, Tp-Azo-COF
displays a sharp and small cavity diameter of ∼2.6 nm,
resulting in a large specific surface area of 632 m2 g−1. The
surface area is smaller than that reported previously,39 which
might be caused by the purification process. In this regard, we
can conclude that the as-prepared Tp-Azo-COF is a crystalline
2D material with a high porosity and a large specific surface
area, which is beneficial for capturing and transferring Li ion
during the charge−discharge process.38,41

The microstructure of Tp-Azo-COF was examined by
transmission electron microscopy (TEM), and the results are
shown in Figure 1c−e. Tp-Azo-COF exhibits a flowerlike
structure with aggregation of a good deal of petals.39 More
importantly, the well-ordered crystalline structure of Tp-Azo-
COF is also proven by the high-resolution TEM image (Figure
1e). It is easy to see the interplanar distance of 0.331 nm from
the d spacing distribution, which strongly agrees with the
theoretical value of 0.330 nm (Figure 1b). Moreover, scanning
electron microscopy (SEM) further confirms this flowerlike
morphology, and EDS mapping demonstrates that the C, N,
and O elements are uniformly dispersed (Figure S3). Fourier
transform infrared (FT-IR) spectrometry is implemented to
assess the unique CO chemical group of the β-ketoenamine.
An obvious peak at 1618 cm−1 is observed,42−44 implying the
successful formation of β-ketoenamine between Tp and Azo
(Figure S4). Raman spectroscopy, as the results show, is
applied to characterize the breathing vibration of the NN
group. As depicted in Figure S5, the characteristic NN peak
of Tp-Azo-COF can be distinctly found at 1450 cm−1, which
indicates that the result strongly agrees with the structure of
synthetic Tp-Azo-COF.45 Thermogravimetric analysis (TGA)
is carried out to study the thermal stability of Tp-Azo-COF
(Figure S6); an obvious weight loss occurs after 300 °C,
implying its high thermal stability.46

The electrochemical behavior of Tp-Azo-COF is explored in
the working voltage window of 0.01−3.0 V within CR2016
coin cells, where Li foil is chosen as the counter/reference
electrode and the active material loading in the anode is ∼3.15
mg cm−2. Cyclic voltammetry (CV) with scan a rate of 0.05
mV s−1 is carried out to evaluate the electrochemical reaction
kinetics. As presented in Figure 2a, during the negative scan in
the first cycle, the CV curve displays three cathodic peaks at
1.31, 0.68, and 0.02 V (vs Li+/Li), corresponding to a
multistep Li intercalation process followed by the electro-
chemical reduction of Tp-Azo-COF. The low potential value
for Li intercalation might stem from the fact that various
materials are used as the counter electrode.37,38 The weak peak
at 1.31 V (vs Li+/Li) can be ascribed to the reduction reaction
of surface-active materials, which is caused by the SEI. The
apparent reduction peak centered at 0.68 V gradually slows,
revealing the occupation of Li at the CO and NN
positions and formation of strong ionic bonds such as Li−O−
and Li−N− bonds. The cathodic peak, which appeared at 0.02
V (vs Li+/Li), corresponds to the loading of Li in the cavity of
Tp-Azo-COF. Subsequently, during the positive scan, the
anodic peak located at 0.25 V is observed, corresponding to the
reversible oxidization of active groups in Tp-Azo-COF. In the
following cycles, the CV curves almost overlap, suggesting the
highly reversible reaction and excellent cycling stability of Tp-
Azo-COF-based LIBs.
To investigate the efficiency of the prepared electrodes in

reversible Li+ storage, the galvanostatic Li+-ion intercalation/
deintercalation research is implemented with potentials of
0.01−3.0 V (vs Li+/Li) at a current density of 100 mA g−1. The
galvanostatic discharge−charge profiles of the first, second,
10th, 50th, and 100th cycles are shown in Figure 2b. In the first
discharge profile, a wide and stable discharging plateau that
started from 0.68 V with a high capacity of 802.2 mAh g−1 can
be observed. In the second cycle, reversible capacities of

Figure 2. (a) CV curves of Tp-Azo-COF at 0.1 mV s−1. (b) Galvanostatic charge−discharge curves of the Tp-Azo-COF anode material at 0.3
C. (c) Rate capability performance at different current densities of 0.1−2.4 A g−1. (d) Long-term cycling stability of Tp-Azo-COF at 1000
mA g−1.
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>623.0 mAh g−1 are achieved and a discharge capacity plateau
at ∼0.02 V is presented, which strongly agrees with the
previous CV curves. The capacity loss of ∼179.8 mAh g−1 from
the first cycle to the second cycle can be ascribed to the
contribution of SEI formation. The discrepancy in capacity
between theoretical analysis and experimental measurement is
attributed to the inaccessible reactive sites of NN and CO
units on the host framework, because the reactive sites can be
reduced by the electrostatic repulsion interactions between the
near N atom of azo bonds and the O atom of CO.38 In
addition, Tp-Azo-COF is a two-dimensional material and can
form a stacking structure between adjacent COF layers, which
might conceal the reactive sites.37,38,41 Subsequently, negligible
changes can been observed in the charge−discharge curves of
the subsequent cycles, demonstrating the occurrence of stable
and reversible electrochemical reaction. Even after long-term
cycling of >100 cycles, a high specific capacity of ∼513.8 mAh
g−1 is still maintained at 100 mA g−1 (Figure 2b), proving its
outstanding cycling stability and high capacity output.
Rate capability, as the crucial parameter for quantifying the

performance of batteries, has been widely adopted to evaluate
capacity retention with elevated current densities. The rate
performance of the LIBs assembled with Tp-Azo-COF
electrodes is estimated under various current densities from
0.1 to 2.4 A g−1, and the results are shown in Figure 2c. The
electrode material Tp-Azo-COF generates a discharge specific
capacity of 623.0 mAh g−1 under a current intensity of 0.1 A
g−1 for the first few cycles. Despite the addition of high current
densities, no appearance of relaxation between the cycles can
be observed and the Tp-Azo-COF electrode material still

displays satisfied specific capacities: 494.49, 387.19, 292.71,
145.75, 108.6, and 90.76 mAh g−1 for 0.2, 0.4, 0.8, 1.6, 2.0, and
2.4 A g−1, respectively. After the current density is returned to
0.1 A g−1, the Tp-Azo-COF electrode recovered a reversible
capacity of 529.5 mAh g−1, suggesting the highly structural
stability under high current densities. The long-term cycling
performance of Tp-Azo-COF is further investigated at a
current density of 1 A g−1 (Figure 2d). After 3000 cycles, a
high capacity of >305.97 mAh g−1 and almost 100% capacity
retention and a high Coulombic efficiency of around 100% can
be observed, demonstrating the Tp-Azo-COF anode material
shows prominent ultrastability and sufficient reactive site
utilization.38 Generally, the electrochemical performance of the
Tp-Azo-COF material in terms of capacity output, cycling
stability, and rate performance is superior to those of other
recently reported organic compounds in LIBs (Table S1).
To deeply understand the buried evolution process of the

Tp-Azo-COF anode material during cycling, the cells after
cycling are disassembled and the Tp-Azo-COF anodes are
investigated by diverse characterization techniques. In situ FT-
IR (Figure S7), as the available analytic technique, is
introduced to understand the discharging process. As shown
in Figure 3a, FT-IR spectroscopy of the pristine material
reveals the characteristic absorbed peak at wavenumbers of
1618 and 1578 cm−1, which are ascribed to the CO and
NN groups,42,44 respectively. With the discharging depth
increasing, the intensity of the FT-IR absorbance of the formed
electrode increases gradually, implying that the active sites of
CO and NN units are occupied and form strong ionic
bonds such as Li−O− and Li−N− bonds during Li-ion

Figure 3. (a) In situ FT-IR spectral changes of the as-made electrode sample at different discharge states. (b) Contour and response surface
analysis corresponding to the discharge process. (c) Raman spectroscopy to study the redox mechanism of Tp-Azo-COF. (d) Contour and
response surface analysis corresponding to the discharge−charge process.
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insertion.26−28,38,42 Interestingly, the intensity change of the
FT-IR absorbance is the inverse of the intensity change of FT-
IR transmittance, and the peak of FT-IR absorbance is upward.
When samples are discharged to 0.01 V, the absorbed peaks at
wavenumbers of 1618 and 1578 cm−1 have changed obviously,
and the intensities of the absorbed peaks continuously increase
with the decrease in discharge potential, implying the
consumption of the active sites. When the anode material is
charged to 3.0 V, the characteristic CO and NN groups
appear. This process can be clearly reflected by the contour
and response surface analysis corresponding to the discharge
process (Figure 3b). Therefore, with the consumption of C
O and NN active units, the changes in peak absorbance are
from upward to downward. Moreover, in the charged process,
the peak can appear, revealing the excellent high reversibility of
the Tp-Azo-COF anode material. The changes of other peaks
might be generated from the organic or inorganic matrix in the
interface layer between the activity part and the electrolyte.27

The reversible Li+ insertion/extraction process is further
confirmed by the Raman spectra. As shown in panels c and d of
Figure 3, when the Tp-Azo-COF electrode is discharged to
0.01 V, the characteristic peak of the NN group located at
1452 cm−1 almost disappears, which can be assigned to the
consumption of NN by Li+ insertion.26 In the subsequent
charging process, we found that the NN bond emerges
again, further proving the high reversibility of the Tp-Azo-COF
anode material in LIBs. Additionally, the PXRD patterns of
Tp-Azo-COF after cycling tests show a similar profile (Figure
S8), which can further certify the integrity of the framework. In
particular, the PXRD patterns of as-made electrode material

Tp-Azo-COF do not have the characteristic peak at 3.2° (100
facet) by comparison with a fresh sample of Tp-Azo-COF. It is
not caused by the change in the framework of Tp-Azo-COF
but by the hiding of the Tp-Azo-COF anode material by other
organic or inorganic electrode materials. Therefore, the
characteristic peak of Tp-Azo-COF has not emerged in the
PXRD patterns. More importantly, the assembled LIBs deliver
an outstanding electrochemical performance, indicating the
excellent structural stability of Tp-Azo-COF, which is in
agreement with other reports.37,39 Accordingly, the aforemen-
tioned analysis can demonstrate the structural stability of N
N- and CO-linked COFs with enhanced reversibility for the
LIBs.
To further understand the fast rate capability, we used the

CV technique to study the electrochemical reaction kinetics of
Tp-Azo-COF. As illustrated in Figure 4a, the current response
(i) versus the scan rate (v, 0.1−1.0 mV s−1) is evaluated. There
are continuous changes in peak current density, which should
be assigned to the transformation of the diffusion-controlled
mechanism to a surface-controlled mechanism and the possible
change (partial amorphorization) of the crystal structure of the
electrode during repetitive cycling. The linear fit of the peak
current intensities for CV curves at different scan rates versus
the scan rate or the square root of the sweep rate is analyzed in
Figure 4b. The slope values for the cathodic peak and anodic
peak are calculated to be 0.7 and 0.67, respectively. The slope
values are close to 0.5, which implies that the reaction kinetics
of Tp-Azo-COF is determined by Li-ion diffusion.47,48 The
order and extended framework of Tp-Azo-COF show
abundant NN and CO units that contribute to fast Li-

Figure 4. (a) CV curves of Tp-Azo-COF collected under different scan rates from 0.1 to 10 mV s−1. (b) Plots of log current vs log scan rate to
determine the slope values of different peaks. (c and d) Separation of capacitive and diffusion currents at 0.1 and 5 mV s−1, respectively.
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ion diffusion. Panels c and d of Figure 4 show pseudocapacitive
and diffusion-controlled charge storage contributions, and the
proportion of the capacitive contribution is increased
apparently with the enhancement of the scan rate in the Tp-
Azo-COF electrode, revealing Li-ion storage in Tp-Azo-COF is
a kinetically fast pseudocapacitive procedure, which is
beneficial for the high rate performance of Li-ion batteries.30

Additionally, Figure S9 shows the electrochemical impedance
performance of fresh and recycled electrodes (100 cycles). An
obvious change in the charge-transfer resistance from 42.3 Ω
for the fresh electrode to 24.1 Ω for the recycled electrode can
be found, indicating the rapid and stable reaction kinetics of
the anode, which is also in line with other reports.49,50

According to analysis presented above, the electrochemical
reaction mechanism of Tp-Azo-COF and Li ion is deduced as
shown in Figure S10. We propose that Tp-Azo-COF
undergoes CO and NN bond reduction during the Li+

insertion/extraction procedure. Because the O atom is more
electronegative than the N atom, the Li+ insertion reaction will
occur at the CO sites, and each CO unit of the β-

ketoenamine receives one Li+ and forms the lithium alcoholate
species.37 In other words, one unit of Tp-Azo-COF can receive
18 Li+ ions (denoted Tp-Azo-COF+18Li). In addition, one
azo group can receive two more Li+ ions and forms the N−Li
species (total of 12 Li+ ions).26,27 With this in mind, one unit
of Tp-Azo-COF can receive 30 Li+ ions during the discharging
process (denoted as Tp-Azo-COF+30Li). In the subsequent
charging procedure, a reversible reaction occurs and the
lithium alcoholate and N−Li species return to CO and N
N groups followed by extraction of Li+ from the active sites.
To better understand the redox mechanism of the Tp-Azo-

COF electrode, with multiple lithiation processes, density
functional theory (DFT) is used to simulate the lithiation/
delithiation processes. The total energy is implemented to
explain the intensity of activity18 and calculated to be −2.99 ×
10−4 eV for Tp-Azo-COF, −3.06 × 10−4 eV for Tp-Azo-COF
+18Li, and −3.08 × 10−4 eV for Tp-Azo-COF+30Li in the
process of lithiation (Figure 5a). Consequently, the total
energy difference between fresh Tp-Azo-COF and Tp-Azo-
COF+18Li is calculated to be −0.07 × 10−4 eV; this process

Figure 5. (a) Proposed lithiation pathway for the Tp-Azo-COF electrode. The left axis shows the redox potential vs Li+/Li, and the right axis
shows the total energy and ionization potential of various lithiated Tp-Azo-COF structures. (b) Structural evolution during the lithiation/
delithiation procedure. The binding sites between Li and the CO and NN groups are indicated by blue and red spheres, respectively.
(c−f) Schematics of the optimized structures of Tp-Azo-COF, Tp-Azo-COF+18Li, Tp-Azo-COF+12Li, and Tp-Azo-COF+30Li, respectively,
at different stages of Li.
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can be assigned to the CO group in Tp-Azo-COF that reacts
with 18 Li atoms. Via a similar analysis, the total energy
difference between Tp-Azo-COF+18Li and Tp-Azo-COF
+30Li is calculated to be −0.02 × 10−4 eV, and this process
is attributed to the NN group in Tp-Azo-COF+18Li that
reacts with 12 additional Li+ ions. The total energy difference
between fresh Tp-Azo-COF and Tp-Azo-COF+18Li is lower
than that between Tp-Azo-COF and Tp-Azo-COF+30Li,
implying lithiation of the CO group is easier than that of
the NN group in the discharging procedure (Figure 5a). In
the charging process, the ionization potentials for the
deionization of Tp-Azo-COF+30Li, Tp-Azo-COF+12Li, and
Tp-Azo-COF are 4.5, 5.9, and 8.36 eV, respectively (Figure
5a). The ionization potential of Tp-Azo-COF+30Li is the
lowest, suggesting Tp-Azo-COF-30Li can lose the 18 Li+ ions
and yield Tp-Azo-COF+12Li, and Tp-Azo-COF+12Li con-
tinuously loses the 12 Li+ ions to yield the original Tp-Azo-
COF. This order in the charging process coincides well with
the discharging process, illustrating the Li+ preferentially
interacts with CO. Figure 5b can further certify this

discharge−charge procedure. The optimized structures for
Tp-Azo-COF, Tp-Azo-COF+18Li, Tp-Azo-COF+12Li, and
Tp-Azo-COF+30Li are shown in panels c−f, respectively, of
Figure 5. The various energies such as the electronic energy,
core−core repulsion, total energy, ionization potential, and
heat of formation for each optimized structure are calculated
and listed in Table S2. The electronic energies for Tp-Azo-
COF, Tp-Azo-COF+18Li, Tp-Azo-COF+12Li, and Tp-Azo-
COF+30Li are −4.32 × 10−5, −4.61 × 10−5, −4.37 × 10−5,
and −4.7 × 10−5 eV, respectively. The electronic energy for
Tp-Azo-COF+18Li is much lower than those of Tp-Azo-COF
and Tp-Azo-COF+12Li, which suggests that CO in Tp-Azo-
COF primarily interacts with 18 Li ions. This conclusion is in
agreement with the ionization potential. More importantly, the
surface electrostatic potentials of Tp-Azo-COF, Tp-Azo-COF
+18Li, Tp-Azo-COF+12Li, and Tp-Azo-COF+30Li (Figure
S11) can further certify the difference in electronegativity. It is
clearly observed that the section of CO is stronger than the
section of NN, meaning the Li+ more easily binds with C

Figure 6. (a) Comparison of XPS spectra of N 1s for a fresh Tp-Azo-COF sample, discharged to 0.5 and 0.01 V and charged to 0.5 and 3.0 V.
(b) Comparison of XPS spectra of O 1s for a fresh Tp-Azo-COF sample, discharged to 0.5 and 0.01 V and charged to 0.5 and 3.0 V.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://dx.doi.org/10.1021/acsenergylett.0c00069
ACS Energy Lett. 2020, 5, 1022−1031

1028

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00069/suppl_file/nz0c00069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00069/suppl_file/nz0c00069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c00069/suppl_file/nz0c00069_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00069?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00069?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00069?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00069?fig=fig6&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c00069?ref=pdf


O than with NN, which is in good agreement with the total
energy, ionization potential, and electronic energy.
XPS is applied to analyze the electrochemical reaction of Li+

with the NN and CO groups. For the pristine Tp-Azo-
COF material, the XPS survey (Figure S12) displays the C, N,
and O elements, and high-resolution XPS (HRXPS) of C 1s
for Tp-Azo-COF shows the CC, C−N, and CO chemical
bonds (Figure S13). In addition, HRXPS of O 1s (Figure S14)
for Tp-Azo-COF presents the CO and HRXPS of N 1s
(Figure S14) exhibits the NN and C−N bonds. These
results are quite consistent with the chemical structure of Tp-
Azo-COF. When the electrode is discharged to 0.01 V, the
peak was shifted to the lower binding energy of 403.4 eV and
the intensity is reduced, which can be attributed to the
consumption of NN and the formation of the Li−N−N−Li
bond after lithium insertion. When Tp-Azo-COF is charged to
3 V, the intensity of the NN bond can return to the fresh
state,26−28 which confirms the reversibility of the (de)lithiation
processes of an azo-modified COF (Figure 6a). In addition, a
similar process can be seen in the XPS spectra of O 1s during
the discharge−charge process (Figure 6b). When the Tp-Azo-
COF electrode is discharged to 0.5 V, a new peak appears at a
binding energy of ∼534 eV, which is assigned to the Li−O
species, and the intensity increases with a discharge potential at
0.01 V.51,52 It is interesting to notice that the intensity of the
peak decreases under the charge procedure, suggesting the
excellent reversibility of the Tp-Azo-COF electrode.
In summary, Tp-Azo-COF with dual active sites of CO

and NN was, for the first time, proposed as a novel anode
material and successfully applied in Li-ion batteries. Tp-Azo-
COF possesses abundant redox-active CO and NN
centers, a large surface area, and a porous structure, which is
beneficial for high capacity output and fast Li storage. It is
noticeable that both azo and robust carbonyl units play
important roles in enhancing the structural stability of Tp-Azo-
COF during the discharging/charging process, making it a
reliable and productive anode material for Li storage. The
prepared LIBs deliver an excellent specific capability of 305.97
mAh g−1 at a current density of 1000 mA g−1 after 3000 cycles.
The mechanism has been closely studied by DFT calculations
and in (ex) situ FT-IR, Raman, and XPS characterization,
revealing NN and CO bonds acted as effective electro-
chemically active sites during the electrochemical cycling
process. The crucial finding of various active centers with the
covalent organic framework in our study presents potential
benefits for fast Li storage and can be easily continued for
other organic electrode schemes with durable cycling stability
and reversibility.
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