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Organic materials with adjustable structures and wide sources are expected to become potential
candidates for commercial cathodes of lithium-ion batteries (LIBs). However, most organic materials
have unstable structures, poor conductivity, and are easily soluble in electrolytes, resulting in
unsatisfactory lithium storage performance. Covalent—organic frameworks have attracted extensive
attention due to their stable frame structures, adjustable pore structures and functionalized official
groups. Herein, a fluorinated covalent triazine framework (FCTF) is synthesized by a simple ion-thermal

R 4 10th March 2022 method. Compared with the fluorine-free covalent triazine frameworks (CTFs), the introduction of
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Accepted 30th March 2022 fluorine improves the lithium storage performance of CTF. When used as a cathode for lithium ion
batteries, FCTF can retain a reversible capacity of 125.6 mA h g~ after 200 cycles at a current density of

DOI-10.1039/d2ra01582] 100 mA g%, Besides, it also delivers 106.3 mA h g™t after 400 cycles at a current density of 200 mA g~*
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1. Introduction

Energy consumption in modern society is increasing. Due to the
increasing depletion of fossil fuels and concerns about global
warming, the use of renewable energies is crucial.»” Benefitting
from the hard work of many researchers, a variety of energy
storage systems have emerged, such as alkaline zinc-manga-
nese batteries, lithium ion batteries (LIBs), sodium ion
batteries, potassium ion batteries, lithium-sulfur batteries, and
fuel cells.>® LIBs were commercialized in the early 1990s,
mainly using graphite as the anode material and using layered
oxides as commonly cathode materials.” Currently, the theo-
retical capacities of commercial graphite anode and cathode
materials are only 372 mA h g~ ' and 150-200 mA h g,
respectively, which are far from what are expected for next-
generation LIBs.® The development of electrode materials for
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with 0.03% decrease per cycle (from 40 to 400 cycles).

LIBs with high energy and power density has become a key
research issue, particularly for high-performance cathode
materials. A series of inorganic electrode material (such as
metal lithium oxides) are used as advanced cathode electrode
materials for LIBs. Most of these works focus on developing the
doping of different metals to improve theoretical capacity and
cycling stability. However, the types of inorganic molecules for
these studies are limited, and there are serious concerns about
possible environmental pollution and limited resources, espe-
cially for metal-containing electrodes.

Organic electrodes consist of natural chemical elements (such
as G, H, O, N, S), providing an alternative method for developing
greener and more sustainable energy storage equipment.®*
Organic electrodes have the advantages of designability and
flexibility. So far, various organic electrode materials (including
organic sulfur compounds, organic radical compounds, organic
carbonyl compounds, conductive polymers) have been exten-
sively studied."™ Covalent-organic frameworks (COFs) are
usually two-dimensional (2D) porous materials composed of light
elements (C, N, B, etc.). COFs have tunable structures with
different functional groups and a variety of covalent bone
components.'*** Since Yaghi et al. first designed and synthesized
2D COF-1 via the dehydration condensation of 1,4-benzenedi-
boronic acid with excellent crystal shapes in 2005,"* COFs have
been widely explored in gas storage/separation, catalysis, and
photoelectric conversion mainly due to their porosity and struc-
tural diversity."”*" In addition, though still rarely investigated for
LIBs, COFs are regarded as promising organic electrode candi-
dates since the dissolution problem of the organic electrodes in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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organic electrolytes can be greatly hindered in the COF network
due to their strong and extended framework. Among them,
covalent triazine frameworks (CTFs) are porous organic materials
with stable structure, mainly constructed by the trimerization of
nitrile to generate a triazine ring.***®* CTFs have a great deal of
unique characteristics, such as high chemical stability and
rich N, which have amazing heteroatomic effects and great
application value. The stable structure of CTFs leads to a long
service life and good economic benefits.

Considering practicality, the high stability of the material is
important to maintain its economic value and material prop-
erties.”* Therefore, the stable CTF structure may be helpful for
many large-scale applications of energy storage. Herein, we
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report a simple synthetic strategy to prepare a fluorinated
covalent triazine framework (FCTF) as a cathode material for
LIBs. FCTF undergoes a unique faradaic reaction when dis-
charging and charging as it can be present in a n/p-doped
condition. Due to the unique reaction system, FCTF can
exhibit good capacity at high voltage and experience a little
capacity decrease.

2. Experimental section

Tetrafluoroterephthalonitrile, 1,4-terephthalonitrile, poly(-
vinylidene difluoride) (PVDF, 99%) and acetylene black (AB,
>99%) were purchased from J&K scientific. A LiPF, electrolyte

ZnCl,, 400°C

N

trimerization

tetrafluoroterephthalonitrile

eC ON F

c-axis view

Fig. 1

7 stacked columns

(a) The synthesis of FCTF. (b and c¢) A FCTF unit cell. (d) Framework structure showing the quadrilateral pores along the c-axis of FCTF. (e)

Uniform columnar m-stack of FCTF. (f) SEM image of FCTF and the corresponding elemental mapping images of carbon (red), nitrogen (green)

and fluorine (blue).
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(1 M in a mixed ethylene carbonate/diethyl carbonate solution,
1:1, w/w) was brought from Guotai Huarong Chemical New
Material Co., Ltd. The other reagents and chemicals were all
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
All the chemicals were utilized in their received status without
further purification.

2.1 Synthesis of FCTF and CTF

FCTF and CTF were synthesized by self-polymerization under
the catalysis of ZnCl,.” In a typical experiment, ZnCl, and tet-
rafluoroterephthalonitrile (CgF4N,) (5 : 1 in molar) were trans-
ferred into a quartz ampoule after mixing under an inert
atmosphere. Then, the ampoule was evacuated and sealed
before heated for 40 h (400 °C). The powder was acquired and
then stirred in diluted HCI for one day. After washing with water
and tetrahydrofuran, the powder was dried at 120 °C for 10 h in
vacuum to obtain FCTF. CTF was synthesized in the same way
except 1,4-terephthalonitrile (CgH,4N,) was used.

2.2 Fabrication of FCTF and CTF electrodes

Both FCTF and CTF electrodes were obtained by distributing
their powder blends with acetylene black, and poly(vinylidene
fluoride) binder (8:1:1, w/w) in a NMP (1-methyl-2-
pyrrolidinone) solution, respectively. After that, the acquired
slurry was coated on an aluminum foil and dried at 80 °C for
more than 8 h in a vacuum oven.
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2.3 Material characterization

TEM and SEM characterizations were conducted by JEM-2010F
and JSM-6700F, respectively, to survey the morphologies of the
materials. Structural information of the as-synthesized products
was investigated on a Fourier transform infrared spectrometer
(Nicolet 380 FTIR spectrometer), XRD (Cu Ko radiation, Rigaku D/
max-2550 V), TGA (NETZSCH STA 409 PG/PC in N,), and Raman
spectroscopy (Renishaw in plus, excitation wavelength: 785 nm,
spot size: ~1.2 pm, excitation power: 3 mw).

2.4 Electrochemical measurements

A lithium foil was sliced into disks (12 mm in diameter) and used
as the counter electrode. A 1 M LiPFg solution in the mixed solvent
of EC (ethylene carbonate) and DEC (dimethyl carbonate) (1: 1,
w/w) was chosen as the electrolyte. The mass loading of
the electrode was 1.3 mg cm™> with an electrolyte volume of
30 uL mg ™" in every cell. A polyethylene membrane was used as
the separator. The capacities are based on the total mass of the
FCTF or CTF as well as current densities. Cyclic stability was tested
on a LAND-CT2001 system in the voltage range of 1.5-4.5 V. Cyclic
voltammetry (CV) was performed on a CHI760E electrochemical
workstation. All the electrochemical tests were conducted at 25 °C.

2.5 Computational methods

All calculations were executed based on the density functional
theory (DFT) within the Generalized Gradient Approximation
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(a) FTIR spectra of CTF, FCTF and their monomers. (b) Raman spectrum of CTF and FCTF. (c) XRD pattern of CTF and FCTF.
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and Perdew-Burke-Ernzerhof (GGA-PBE) method as imple-
mented in the Vienna Ab initio Simulation Package (VASP).2*?
An energy cutoff of 500 eV was applied for the plane-wave
expansion of electronic wave functions. The structures were
fully relaxed until the convergence criteria of the forces on each
atom and energy were less than 0.02 eV A~' and 107° eV,
respectively. The Brillouin zone was sampled with 3 x 3 x 1 and
5 x 5 x 1 Monkhorst-Pack mesh k-point grid for structural
optimizations and electronic structure calculations, respec-
tively. To account for the weak van der Waals (vdW) interaction
between the FCTF interlayers, the vdW-D2 scheme was
employed to describe the FCTF systems.>®

3. Results and discussion

The preparation process of CTF and FCTF are schematically
illustrated in Fig. 1a and S1.} Under the catalysis of ZnCl,, CTF
and FCTF were successfully synthesized by the self-
polymerization of CgH,N, and CgF4N,, respectively. The
morphological features of the synthesized materials were
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As displayed in Fig. S2
and S3,f CTF displays a bulky, rough and opaque two-
dimensional morphology with a lateral size of 2-3 pm. Similar
to CTF, the FCTF was synthesized by the same method and has
the analogous morphology. The optimized structure of the
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single-layer FCTF is displayed in Fig. 1b and c. Our calculated
optimized lattice constant is a = b = 14.65 A, which is in good
agreement with the experimentally reported value of 14.58 A.
The FCTF holds a hexagonal planar structure along the c-axis
view (Fig. 1d). The multi-layered structure of FCTF, consisting of
a parallel-stacked structure held by 7—m interactions, is shown
in Fig. 1e. Fig. 1f shows the element mapping of FCTF and it can
be observed that carbon, nitrogen and fluorine are evenly
distributed.

The chemical structural information of the material was
further obtained via FTIR spectroscopy, Raman spectroscopy,
XRD, XPS, and TGA measurements. As displayed in Fig. 2a,
a peak at 2250 cm™ ' on the FTIR spectra of the two monomers
(CgH4N, and CgF4N,) can be attributed to the intense carbon-
itrile groups.? Interestingly, the peak at 2250 cm ™' disappeared
and two peaks located at 1580 cm ' and 1310 cm ' can be
attributed to the vibration of triazine rings on the spectra of CTF
and FCTF, which confirmed the successful occurrence of the
trimerization reaction.**** From the Raman analysis (Fig. 2b),
two strong signals at 1350 and 1570 cm ™" are assigned to the D
peak and G peak, respectively. The D/G peak intensity ratio (Ip/
I) of CTF is 0.81, which is slightly smaller than that of FCTF
(0.83), indicating that FCTF has higher defects. It can be seen
from the XRD test that both CTF and FCTF have broad peaks
around 25°, which indicates their amorphous structure
(Fig. 2¢).*** The reason for the amorphous structure may be the
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Fig. 3 XPS spectra of FCTF: (a) survey, (b) N 1s, (c) C 1s and (d) F 1s.
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excessive ZnCl, added during the synthesis process, which will
hinder the periodic nucleation in the vertical direction, thereby
greatly reducing the crystallinity and forming an amorphous
structure.’® It is worth noting that it has been proven that the
amorphous CTF material is advantageous for electrolyte
immersion and improving energy storage, while the crystalline
CTF material can only retain weak specific capacity.>®> Moreover,
the XPS spectrum of FCTF shows signals at 688.4, 399.5, and
287.6 eV, which are assigned to F 1s, N 1s and C 1s, respectively
(Fig. 3a). As indicated, the N 1s spectrum can be divided into
three peaks at 398.7 €V (Nirjazine), 399-8 €V (Neyano), and 400.9 eV
(Ngraphitic) (Fig. 3b). The C 1s spectrum (Fig. 3c) illustrates the
deconvolution peaks of C-F (289.0, and 287.6 eV), C=N (286.1
eV), C-C (285.1 eV), and C=C (284.2 eV). Besides, the F 1s
spectrum shows two peaks at 687.5 (semi-ionic C-F) and
688.2 eV (covalent C-F) (Fig. 3d). From the TGA analysis
(Fig. S47), a weight loss of less than 8% was observed during the
temperature change from room temperature to 600 °C, indi-
cating that both CTF and FCTF have high thermal stability.

Fig. 4

Energy (eV)

1
[

View Article Online

Paper

The FCTF and CTF layers are connected by weak interaction
forces, which may have many stacking modes. Here, the two
most likely stacking modes (AA stacking, AA and AB stacking,
AB) were considered (Fig. S5t). The AA is modelled by stacking
one CTF layer over another and keeping a certain distance
between them along the z-direction. The AB is achieved by off-
setting one layer of the CTF relative to the other in the basal
plane.** The top and side views of the AA-stacked bilayer FCTF
are shown in Fig. 4a. To determine the energetically more stable
stacking mode between AA and AB, we calculated the binding
energy (Ep) by the following equation for evaluation.

E, = E(bilayer FCTF) — 2E(monolayer FCTF), (1)

where E(bilayer FCTF) and E(monolayer FCTF) are the total
energies of the bilayer and monolayer FCTF, respectively.

The formation of the double layer FCTF and CTF is ener-
getically more favorable when Ej, is negative. The calculated Ej,
of bilayer FCTF and CTF for AA are 0.54 eV and 0.11 eV,
respectively, which are lower than the E;, of AB. Therefore, the
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(a) Top and side views of the AA-stacked bilayer FCTF. (b) The band structure and density of states plot of the bilayer FCTF. The view of the

charge density plot of the (c) CBM and (d) VBM states of the bilayer FCTF.
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AA sequence is energetically more beneficial than AB. In addi-
tion to this, we found that the binding energy of bilayer FCTF is
more negative than that of bilayer CTF (Fig. S61). Next, we have
inquired into the electronic properties of the AA double layer
FCTF. The balance interlayer distance of the double layer FCTF
is calculated to be 3.60 A, which is consistent with the experi-
mentally reported value of 3.56 A.*> To investigate the electronic
property of double layer FCTF, the electronic band structure
and DOS of bilayer FCTF are calculated. The high-level SCAN
meta-GGA functional is used to access the band gap because the
GGA-PBE function usually underestimates the band gap. The
bilayer FCTF is a direct band gap semiconductor at the I' point
with a band gap of 1.68 eV (Fig. 4b), which is lower than the
bilayer CTF (Fig. S7t). The reduction in the band gap is mainly
attributed to the fluoride ion charge transfer. To illustrate the
flat-band nature of the CBM and VBM of bilayer FCTF, we have
examined the band-decomposed charge density of those states
marked in Fig. 4c and d, respectively. From the charge density
plot, it is seen that the wave functions corresponding to the
VBM and CBM states are highly localized. The localized nature
of wave functions gives rise to the flat-band nature of the VBM
and CBM states.*® The bilayer CTF system also has similar
calculation results (Fig. S87).

Discharging/charging and CV measurements were per-
formed when CTF and FCTF were utilized as cathodes for LIBs.
The 1 reversible specific capacity of CTF is 119 mA h g™, and
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the curves of 20, 40 and 60 cycles are very close (Fig. 5a). Similar
curve shape and almost identical reversible capacity entail
excellent reversible electrochemical behaviors for the CTF
electrode. The 1% reversible specific capacity of FCTF is
129 mA h g~ ' and it retains 136 mA h g ' after 60 cycles
(Fig. 5b). Moreover, the CV curve of the FCTF can be divided into
two parts (Fig. 5¢). In the voltage from 1.5 V to 3 V, it is mainly
the n-doping mechanism, which can be attributed to the
reversible electrochemical reaction of the redox reaction
between the triazine rings and Li".?** In the part from 3 V to
4.5 V, when LiPF; is used as the electrolyte, a p-doping reaction
kicked in where only the triazine rings are oxidized and
combined with the anion (PFs ) to maintain charge balance.*
This bipolar redox-active energy storage system indicates that
FCTF played the roles of a p-dopable polymer and n-dopable
polymer simultaneously. The electrochemical performance of
FCTF is much better than that of CTF materials, as displayed in
Fig. 5d. The reversible capacity of 125.6 mA h g~" after 200
cycles at a current density 100 mA g~ " can be obtained when
FCTF is employed as a cathode for LIBs. The excellent lithium
storage performance of FCTF may be attributed to its unique
pore structure, which facilitates the rapid transport of lithium
ions, thereby enhancing the electrochemical performance.*’
In addition, the negative charge of the fluorine atoms in the
FCTF can promote Li accessibility and enhance the dynamic
behavior of electrodes, thereby increasing the electrochemical
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performance during the discharge and charge processes. Under
the same test conditions, the CTF only delivers a capacity of
107.5 mA h g~ ' after 200 cycles. This shows that the introduc-
tion of F enhances the electrochemical activity of CTF materials.
It can be seen that the capacity slowly increased during the first
several cycles of the FCTF electrode, which may be attributed to
the better wetting of the electrolyte and the activation process of
the material. In addition, FCTF also delivers 106.3 mA h g~*
after 400 cycles at a current density of 200 mA g~* with 0.03%
decrease per cycle (from 40 to 400 cycles). The rate capabilities
of the FCTF and CTF electrode were further explored at varied
current densities (Fig. S91). At the currents of 0.05 and 2 A g7,
the reversible capacities of FCTF are 164.9 and 36.7 mA h g/,
respectively, which are larger than those values (135.1 and
32.8 mA h g™ ") of CTF.

To explore the ion kinetics of FCTF, the quantitative capac-
itance and diffusion effects of the electrodes were further
examined by CV measurements at different scan rates. Fig. 6a
shows the CV curves of the scan rate increasing from 0.1 to
0.5 mV s~ . The relationship between the current (i) and the
scan rate (v) can be described by the equation i = av?, where
a and b are parameters. A value of b that is close to 1 indicates
that the electrode is dominated by capacitive contribution, and
a value close to 0.5 is dominated by ion diffusion control.***°
The plots of log(i) versus log(v) for peak is presented in Fig. 6b.
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The b-values determined by the slope of the peak is 0.64. The
results demonstrate that both ion diffusion-controlled process
and capacitive behavior happen within the FCTC electrode in
the charging and discharging process. They endow the elec-
trode materials with high capacity and fast charge transfer,
respectively.*® Moreover, the current response can be divided
into diffusion-controlled and capacitive contributions: i = kv +
k"2, Through careful calculations (Fig. 6¢ and d), it is found
that the ion diffusion-controlled process is generally higher
than the capacitive controlled, which is favorable for the high
reversible capacity of the FCTF.

4. Conclusion

In summary, a bipolar fluorinated covalent triazine framework
was synthesized by the self-polymerization of tetra-
fluoroterephthalonitrile. When utilized as the cathode materials
for L1Bs, FCTF acted as a p/n dopable polymer cathode simulta-
neously. Compared with CTF, the lithium organic battery system
based on FCTF has better electrochemical performance
(125.6 mAh g " after 200 cycles at 100 mA g " and 106.3mAhg "
after 400 cycles at 200 mA g~ with only a 0.03% decrease per
cycle). This indicates that the triazine frameworks have great
potential as cathode electrodes, thereby cutting back the use of
transition metals which are harmful to the environment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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