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A covalent triazine framework (CTF) was synthesized via a typical
solution synthesis route and applied as an anode for sodium-ion
batteries (SIBs). The extended conjugate structure of CTF not only
endows structural stability and limited solubility, but also improves
electronic conductivity and offers numerous active sites. Mean-
while, the CTF displays a Na* storage capacity of 82.6 mAh g * after
9000 cycles at 2.0 A g%, indicating a superior long-term cycling
stability. The NazV,(PO,)s//CTF full cell demonstrates a capacity of
57.6 mAh g~ after 1500 cycles at 1.0 A g%,

Sodium-ion batteries (SIBs) have demonstrated irreplaceable
potential in large-scale energy storage and low-speed electric
vehicles due to their abundant reserves (with Na constituting
~2.36% of the Earth’s crust, significantly higher than Li’s
0.0065%), widespread distribution, and cost-effectiveness, ser-
ving as a crucial complement to lithium-ion batteries (LIBs)."
However, the larger radius of Na* (1.02 A) compared to Li"
(0.76 A) results in greater resistance to intercalation/deinterca-
lation and slower diffusion rates within electrode materials,
which may cause structural degradation and subsequent capa-
city decay and cycling stability issues.*”” Furthermore, due to
the limited interlayer spacing of conventional graphite anodes,
Na' with a larger radius is unable to form stable Na" intercala-
tion compounds.>'® Therefore, developing anode materials
with high capacity, rapid ion transport rates, and structural
stability remains a critical requirement for advancing the
industrialization of SIBs.'""?

“School of Chemical Engineering and Light Industry, Guangdong University of
Technology, Guangzhou, 510006, P. R. China. E-mail: xuxijun2022@gdut.edu.cn

b Guangdong Provincial Key Laboratory of Advanced Energy Storage Materials,
School of Materials Science and Engineering, South China University of
Technology, Guangzhou 510641, P. R. China. E-mail: msjliu@scut.edu.cn

¢ School of Intelligent Manufacturing and Future Energy, Gannan Normal
University, Ganzhou 341000, China. E-mail: yuanjujun@gnnu.edu.cn

4 Analytical&Testing Center, Guangdong University of Technology, Guangzhou,
510006, P. R. China

+ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2026

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Facile construction of a covalent triazine
framework as an anode for ultra-long
cycle life sodium-ion batteries

Ying Huang,+® Suping Chen,1® Tao Yang,® Xijun Xu,*® Fangkun Li,° Jujun Yuan,*©
Sihuan Tang,” Yanping Huo

ad and Jun Liu @ P

Current research on anode materials for SIBs primarily
focuses on carbon-based materials, alloy-based materials, tran-
sition metal compounds, and organic materials."*'° While
carbon-based materials (e.g., hard carbon) demonstrate stable
cycling performance, they exhibit low theoretical capacity.®*®
Alloy-based materials (e.g., Bi, Sb) offer higher capacity but
suffer from significant volume expansion (>300%) and poor
cycling stability.">'* Transition metal compounds (e.g., metal
oxides, sulfides) face challenges such as poor conductivity
and structural collapse during cycling.”” Organic materials
have emerged as a research hotspot in recent years due to their
advantages in designable molecular structures, renewable
resources, and high theoretical capacity.’®™® Among these,
covalent organic frameworks (COFs), crystalline porous materi-
als formed by covalent bonding of light elements (C, H, O, N),
possess distinct crystalline structures, high specific surface
areas, tunable pore sizes, and excellent chemical stability.*"2¢
These properties provide a novel platform for addressing
structural stability and ion transport challenges in SIB system.
Among them, covalent triazine frameworks (CTFs) have gar-
nered significant attention in energy storage applications owing
to the triazine ring’s (CsN;) strong electronic conjugation, high
nitrogen content, and excellent chemical stability.”>*” The nitro-
gen atoms within the triazine ring provide abundant active sites
for Na* storage through adsorption-desorption or redox reactions.
Additionally, the robust conjugated structure facilitates rapid
electron transfer, enhancing the material’s conductivity.>”*®

Herein, a covalent triazine-based framework was fabricated
as an anode material for SIBs. The extended conjugate structure
endows CTF with exceptional structure stability and limited
solubility in electrolytes. Consequently, the CTF displays a high
specific capacity of 82.6 mAh g~" after 9000 cycles at 2.0 A g,
indicating a superior long-term cycling stability. Detailed
kinetic analysis indicates that the conjugate structure of CTF
not only improves electronic conductivity but also offers numer-
ous active sites for Na' storage. Meanwhile, the assembled
NazV,(PO,)3//CTF full cell demonstrates a high capacity of
57.6 mAh g~ " after 1500 cycles at 1.0 A g . This work provides
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Fig. 1 (a) A schematic of the solution synthesis of CTF, (b) the XRD pattern
of CTF and the simulated one, and (c) the FTIR spectra of CTF. (d) The TEM
images and (e—g) corresponding EDX signals: (e) comprehensive element
distribution, (f) C and (g) N, respectively.

valuable insights into designing high-performance organic
anode materials for SIBs.

As illustrated in Fig. 1a, the CTF was fabricated by a facile
solution synthesis via trimerization of carbonitrile.>® The crys-
tal structure information of the organic CTF was analyzed by an
X-ray diffraction (XRD) instrument. As depicted in Fig. 1b, the
main XRD peaks of the sample are ascribed to the (100), (110),
(200), (210), and (002) crystal planes of CTF, respectively.***"
Fig. 1c exhibits the Fourier transform infrared (IR) spectra of
the product CTF and the raw material 1,4-benzenedicarbo-
nitrile. Apparently, the intrinsic peak of -CN located at 2231 cm ™"
disappeared after the solution synthesis reaction. Furthermore, the
peaks located at 1406 and 1347 cm ™" can be indexed to the triazine
group, respectively.*>*> The thermogravimetric analysis curve of
CTF under an argon atmosphere (Fig. S1) exhibits two distinct
weight loss stages: a slight weight loss (~ 5%) occurs below 600 °C,
which is mainly attributed to the removal of adsorbed water and
residual solvents, demonstrating good thermal stability. Subse-
quently, a significant weight loss (~30%) occurs from 600 °C to
900 °C, originating from the thermal decomposition of the con-
jugated triazine-based skeleton of CTF. Furthermore, the CTF
possesses a typical mesoporous structure, with a specific surface
area of 1320.0393 m* g ' and a pore size of 3.78 nm (Fig. S2),
which could provides abundant active sites for Na* adsorption and
facilitates Na" diffusion. The scanning electron microscopy (SEM)
images (Fig. S3) reveal the CTF with an irregularly agglomerated
shape. The detailed morphology of CTF was further investigated
via transmission electron microscopy (TEM). As depicted in
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Fig. 1d, the TEM results indicate that CTF has a plate shape with
sizes of several micrometers. Furthermore, the EDX-mapping
results of comprehensive elements, and the C and N element
signals (Fig. 1e-g) indicate their co-existence within the plate-
shaped particles.

To evaluate the Na' storage properties of the CTF anode,
cyclic voltammetry (CV) and galvanostatic discharging/charging
measurements were carried out. In the initial curve, the distinct
cathodic peaks are assigned to the reduction reaction of CTF
with Na*, accompanied by the formation of the solid electrolyte
interface (SEI) layer (Fig. S4).%° The cathodic peaks at 0.87, 0.45
and 0.05 V and the anodic peaks at 0.1, 0.5 and 0.9 V on the
2nd to 5th profiles are attributed to the sodiation and desodia-
tion procedures, respectively.*****” The subsequent CV profiles
were well overlapped without obvious fluctuation, indicating
good reversibility and stability of CTF for SIBs.**?® Fig. 2a
depicts the initial five voltage-capacity curves for CTF at
0.1 mA g, revealing an initial coulombic efficiency (ICE) of
85.9% with a discharge/charge capacity of 193.5/166.3 mAh g~ *
As depicted in Fig. 2b and S5, the CTF anode cycled at 0.1 Ag ™"
over 500 cycles retains a reversible capacity of 123.9 mAh g™*
Fig. 2c exhibits a specific capacity of 156.8, 141.2, 133.9, 129.0,
and 124.9 mAh g~ " as the charging/discharging current density
increases from 0.1 to 2.0 A g~ ', respectively. Fig. 2d displays
stable cycling behaviors from 0.1 to 2.0 A g ' and returns to
136.8 mAh g ' at 0.1 A g, indicating superior rate capability
of the CTF anode. The cycling behavior of CTF under high
current densities of 1.0 and 2.0 A g ' is also measured.
As depicted in Fig. S6, the organic CTF anode cycled at 1.0 Ag "
over 1000 cycles maintains a capacity of 105.9 mAh g '
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Fig. 2 Na* storage performance of CTF anodes: (a) initial five charge—
discharge profiles and (b) cycling performance at 0.1 A g% (c) Charge—
discharge curves and (d) rate capabilities from 0.1 to 2.0 A g™*. (f) Long-term
cycling performance at 2.0 A g™t
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Notably, the CTF anode at 2.0 A ¢~ ' maintained a sustainable
82.6 mAh g~ over 9000 cycles (Fig. 4f and Fig. S7). As exhibited
in Table S1, this CTF exhibits superior cycling stability com-
pared to other reported COF anodes for Na-ion storage.

To evaluate the kinetics of the CTF anode, CV tests were
performed with the scan rate rising from 0.1 to 1.0 mV s~
As displayed in Fig. 2a, the CV profiles depict intrinsic anodic/
cathodic peaks and preserve similar shapes upon different scan
rates. Based on Dunn’s empirical formula of i = av’, the g and b
are empirical parameters; the b-value could be calculated by
linear fitting of log(i) and log(v) at the redox peaks.’>*® As
depicted in Fig. 3b, the b-value of 01, 02, O3, R1, R2, and R3 for
CTF is calculated to be 1.06, 1.10, 1.08, 1.05, 1.10, and 0.91,
respectively.*>*° This data strongly supports that the interfacial
and superficial pseudocapacitive behaviors dominated the
entire cycle process, resulting in excellent rate capability.>**
Furthermore, the galvanostatic intermittent titration (GITT)
during discharging/charging was performed to calculate the
Na' diffusion coefficient of the CTF anode (Fig. 3c). It can be
observed that the diffusion coefficient of Na* within CTF is
~10""" em s~ . This can be ascribed to the unique conjugate
structure of CTF, which enhances the electroconductivity and
endows sufficient pathways for Na' diffusion, thus further
explaining the favourable rate capability.*"**> To further under-
stand the Na* diffusion behavior of the CTF anode, an in situ
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Fig. 3 Kinetic analysis of the CTF anode: (a) CV curves at various scan
rates from 0.1to 1.0 mV s~ (b) Linear fitting plots of log(i) and log(v) at the
redox peaks. (c) GITT profiles and calculated diffusion coefficient of Na™.
(d) In situ EIS images of CTF during discharging and charging. (g) DRT
profiles of CTF at different voltages. (d) In situ EIS spectra, (e) and (f) DRT
and (g) DRT contour plots of the CTF anode during the first cycle.
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electrochemical impedance spectroscopy (EIS) test was also
performed to explore the impedance evolution during initial
cycles (Fig. 3d). Three peak regions appear in the distribution of
relaxation times (DRT) curves of the CTF anode (Fig. 3e and f).
The peaks located at less than 107%® s correspond to the
contact resistance (R;) between the CTF anode and the current
collector. Its intensity decreases slightly during the initial
discharging procedure and then stabilizes.**** The peaks
that emerged between 10 °* and 10™* s are ascribed to the
SEI impedance (Rgg). During the initial discharging, the Rgg;
exhibits irreversible evolution associated with the formation of
the SEL.*>** The peaks positioned between 10> and 10~ s are
the charging transfer impedance (R.) related to the diffusion
process and decrease markedly during discharging, indicating
that sodiation of CTF facilitates Na' diffusion through the
electrode.**** Fig. S8 shows the changes in EIS of CTF under
different numbers of cycles. It can be observed that the R value
increases after the first cycle, which is due to the formation
of the SEI, and eventually reaches a relatively stable value.
To investigate the structure and morphology of the CTF during
cycling, ex situ SEM characterizations of the electrode before/
after cycling and under fully discharged/charged states were
performed. As shown in Fig. S9, the pristine CTF exhibits a
uniform plate-shaped morphology with clear structural integ-
rity. After 30 cycles, the plate-like structure is well-preserved
without obvious pulverization, aggregation, or morphological
collapse. Fig. S10 shows that the plate-shaped morphology of
CTF is well-preserved in both the fully charged and discharged
states. Furthermore, ex situ FTIR was carried out in the full
sodiation/desodiation state (Fig. S11), and the intrinsic peaks of
the triazine group undergo an intensity change, indicating that
it is the active storage site in CTF. These results confirm that
CTF possesses structural stability during electrochemical
cycling.

To comprehensively evaluate the electrochemical perfor-
mance of the CTF anode, the full cells were also assembled.
As illustrated in Fig. 4a, the CTF is coupled with the
NazV,(PO,4); (NVP) cathode and 1 M NaPFg in ethylene glycol
dimethyl ether (DME) as the electrolyte. As shown in Fig. S12,
the commercial NVP cathode presents an irregular sheet-like
structure, which may provide a large electrode-electrolyte con-
tact area, facilitating the penetration of the electrolyte and the
diffusion of Na' ions. Fig. 4b exhibits the charge/discharge
profiles of the NVP//CTF full cell at 0.1 A g~ ', which displays a
distinct voltage plateau matching the voltage plateau of CTF
and NVP. The cycling behavior in Fig. 4c exhibits that the
reversible capacity approximates 93.8 mAh g~ ' over 110 cycles,
indicating favourable cycling stability. Furthermore, the long-
term cycling performance was also carried out at a large current
density of 1.0 A g~ ", As depicted in Fig. 4d, the voltage-capacity
curves of the NVP//CTF full cell undergo a certain degree of
electrode polarization and capacity decay. Fig. 4e depicts
obvious capacity during the initial dozens of cycles, and
remained stable to 1579 cycles and delivered 57.6 mAh g~ .

In summary, a covalent triazine framework with a plate
shape was obtained via a solution synthesis route. As an anode
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Fig. 4 Electrochemical performance of NVP//CTF full cells. (a) The sche-
matic NVP//CTF full cell. (b) The charge—discharge curves at 0.1 A g%,
(c) Cycling performance at 0.1 A g~*. (d) Charge—discharge profiles from
the 1st to 1500th cycles, and (e) corresponding long-term cycling perfor-
mance at 1.0 A gL

for SIBs, this CTF polymer research shows superior rate per-
formance and stable cycling stability. It achieves 82.6 mAh g~*
after 9000 cycles at 2.0 A g™, and retains a specific capacity of
156.8, 141.2, 133.9, 129.0, and 124.9 mAh g~ * as the charging/
discharging current density from 0.1 to 0.2, 0.5, 1.0, and
2.0 A g, respectively. Detailed in situ EIS, CV, and GITT
analysis for SIBs indicate that the interfacial and superficial
pseudocapacitive behaviors occupied the entire cycling process,
thereby resulting in superior rate capability. The superior
Na-ion storage performance can be ascribed to the extended
conjugate structure, which effectively enhances integral elec-
tronic conductivity and ensures rapid Na-ion/electron diffu-
sion. This application of CTF materials for SIBs will open an
avenue for designing COF materials for energy storage devices,
not limited to LIBs, SIBs, and supercapacitors.
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