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Abstract: A covalent triazine framework (CTF) with embed-
ded polymeric sulfur and a high sulfur content of 62 wt% was
synthesized under catalyst- and solvent-free reaction condi-
tions from 1,4-dicyanobenzene and elemental sulfur. Our
synthetic approach introduces a new way of preparing CTFs
under environmentally benign conditions by the direct utiliza-
tion of elemental sulfur. The homogeneous sulfur distribution
is due to the in situ formation of the framework structure, and
chemical sulfur impregnation within the micropores of CTF
effectively suppresses the dissolution of polysulfides into the
electrolyte. Furthermore, the triazine framework facilitates
electron and ion transport, which leads to a high-performance
lithium–sulfur battery.

Sulfur is one of the most abundant elements, and more than
70 million tons of elemental sulfur are annually produced as
a by-product of the hydrodesulfurization process in the
petroleum refining industry. This mostly involuntary produc-
tion of sulfur, however, creates a significant global supply
surplus. Therefore, the development of highly functional
sulfur-rich polymers that are synthesized by the direct
utilization of elemental sulfur can be a useful direction for
recycling the abundant sulfur to synthesize value-added
products. Rechargeable lithium–sulfur (Li–S) batteries have
received significant attention in recent years as one such
possibility owing to their high theoretical gravimetric capacity
and energy density of 1675 mAh g¢1 and 2567 Wh kg¢1,
respectively.[1] However, despite almost 30 years of develop-
ment, Li–S batteries are still at the research stage because of
insufficient cycle lifetimes, which mainly arise from the fatal
redox shuttling process that is due to the dissolution of the
intermediate lithium polysulfide species into most of the
currently used organic electrolytes during the charge/dis-
charge process.[2] One of the most widely adopted approaches

to address this issue is the physical encapsulation of elemental
sulfur within porous conductive media, such as ordered
mesoporous carbon (CMK-3).[3] The use of these conductive
media also supplements the intrinsically low conductivity of
sulfur by providing fast electron pathways.[3] Other conduc-
tive media, such as hierarchical porous carbon (HPC),[4]

carbon nanotubes,[5] porous carbon fibers,[6] graphene,[7]

conducting polymers,[8] pyrolyzed polyacrylonitrile,[6, 9] and
metal oxides,[10] have also been investigated. Although these
approaches have improved the cycling performance to large
extents, these architectures and polymer coatings still suffer
from a certain possibility of polysulfide dissolution, because
complete encapsulation during repeated charge–discharge
cycles is technically infeasible.[11] In a similar sense, the
negligible binding of sulfur within the matrices also prevents
the complete elimination of polysulfide dissolution. To over-
come this limitation, the impregnation of sulfur through the
formation of strong covalent bonds between carbon and
sulfur has been explored.[9c,12] Recently, Pyun and co-work-
ers[12] developed an innovative strategy of “inverse vulcan-
ization” to prepare polymers with a high sulfur content
directly from elemental sulfur for their use as active cathode
materials in Li–S batteries. More recently, Park et al.[13]

prepared triazine-based 3D-interconnected sulfur-rich poly-
mers, in which the triazine units are linked by sulfur chains.
These approaches are undoubtedly promising examples for
the development of superior sulfur cathodes. However, the
poor conductivity of sulfur-containing polymers still appears
to be a fundamental challenge. More critically, irregular sulfur
domains linked by small organic molecules leave a certain
amount of sulfur unbound to the polymer matrices after
prolonged cycling, because lithiation cleaves S¢S bonds in
sulfur chains. These cleaved bonds may not recover their
original state during the subsequent delithiation and there-
after, giving rise to some isolated sulfur domains, particularly
when the initial sulfur domains are scattered and have
irregular sizes. These unbound sulfur domains are vulnerable
to dissolution into the electrolyte upon formation of soluble
polysulfides, as observed with the aforementioned encapsu-
lated cases. Therefore, it is desirable to develop a framework
structure that features 1) robust sulfur binding, 2) an ordered
pore structure for regular sulfur distribution, 3) large void
spaces for high sulfur loadings, and 4) good electronic/ionic
conductivity.

Covalent triazine frameworks (CTFs) are a class of
microporous polymers with narrow pore-size distributions
and extremely high specific surface areas (up to 3000 m2 g¢1)
along with a moderate conductivity. Antonietti, Thomas, and
co-workers first reported the synthesis of CTFs through
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ionothermal synthesis using molten ZnCl2 as both the solvent
and catalyst for the cyclotrimerization of aromatic nitriles at
relatively high temperatures (400–700 88C).[14] Since their
discovery, CTFs have been exploited in a wide range of
applications, including heterogeneous catalysis, metal-free
CO2 activation, photocatalysis, gas storage, adsorption of
toxic organic compounds, hydrocarbon separation, electro-
chemical double-layer supercapacitors, lithium storage, and
lithium batteries, as electrocatalysts, solid supports for metal
nanoparticles in catalysis, and gas sensors.[15] Recently, the
groups of Dai and Cooper[16] reported the synthesis of CTFs
with biphenyl- and triphenyl-spaced nitriles using trifluoro-
methanesulfonic acid as the catalyst both at room temper-
ature and under microwave-assisted conditions with the aim
of preparing CTFs without any residual inorganic contami-
nation (often mainly metallic ZnCl2). However, the prepara-
tion of CTF-1 with trifluoromethanesulfonic acid as the
catalyst is infeasible, mainly because of the structural rigidity
of the monomer 1,4-dicyanobenzene.[16b]

Herein, we report the sulfur-mediated synthesis of CTF-
1 (S-CTF-1) from 1,4-dicyanobenzene and elemental sulfur
without any catalysts or solvents (Scheme 1). The formation
of CTF proceeds by in situ vulcanization with elemental
sulfur, enabling both the covalent attachment of sulfur and its
homogeneous distribution within the pores. S-CTF-1 was
found to have a high sulfur content of 62 wt% along with
a well-shaped bipyramidal morphology, which was been
achieved without the use of any external templates. We
have also examined the electrochemical performance of S-
CTF-1 as a sulfur cathode material in Li–S batteries. S-CTF-
1 exhibited a robust cycling performance for 300 cycles with
85.8% capacity retention along with the highest initial
Coulombic efficiency (ICE) reported to date: 94.4% at
0.05C (25 mA g¢1).

The synthesis of S-CTF-1 was achieved by the cyclo-
trimerization of 1,4-dicyanobenzene in elemental sulfur at
400 88C to promote efficient ring opening of elemental sulfur
and to activate the cyano groups for the cyclization reaction
(see the Supporting Information for details). We applied

a stepwise heating process, first to 160 88C to dissolve the
elemental sulfur and then to 400 88C to initiate the ring-
opening polymerization of elemental sulfur into a linear
polysulfane, which promotes the trimerization of the nitrile
groups, while the singlet state of sulfur can undergo C¢H
insertion reactions for the simultaneous chemical sulfur
impregnation of CTF-1. It is noteworthy that simultaneous
framework formation and sulfur polymerization/insertion led
to a homogeneous distribution of sulfur within the micro-
pores. This process was accompanied (Scheme 1) by a signifi-
cant color change from pale yellow to black (Scheme 1, inset),
which indicates graphitization of the framework. To inves-
tigate the textural properties of S-CTF-1, we also carried out
Brunauer–Emmett–Teller (BET) analysis. S-CTF-1 was
found to be non-porous, pointing to the fact that the original
pores of CTF-1 were fully occupied by sulfur.

To evaluate the crystallinity of S-CTF-1, it was analyzed
by powder X-ray diffraction (PXRD) analysis (see the
Supporting Information, Figure S1). Whereas S-CTF-1 was
found to be mostly amorphous, some crystalline elemental
sulfur peaks remained in the PXRD spectrum of S-CTF-1,
implying that some elemental sulfur was physically trapped
and crystallized within the framework even after the heat
treatment at 400 88C. Evidently, the XRD pattern of the
trapped sulfur is in good agreement with that of crystalline
sulfur.[17] To further confirm the formation of S-CTF-1,
Fourier transform infrared spectroscopy (FT-IR) analysis
was conducted (Figure S2). The disappearance of the charac-
teristic nitrile stretching band at 2218 cm¢1 verified the
complete cyclization of 1,4-dicyanobenzene to form the
corresponding triazine ring. Moreover, the appearance of
the characteristic absorption bands at 1500–1700 cm¢1 further
confirmed the successful formation of triazine rings.[14] The
C¢S and S¢S stretching bands at 750 and 550–600 cm¢1

indicated the formation of C¢S bonds and polymeric sulfane
within the framework.

Elemental analysis (EA) and X-ray photoelectron spec-
troscopy (XPS) survey spectra reveal that S-CTF-1 mainly
consists of sulfur, carbon, and nitrogen with a small amount of
hydrogen. XPS analysis of S-CTF-1 gave a composition of
62 wt % sulfur, 33 wt % carbon, and 4 wt % nitrogen (Fig-
ure 1a), which is in good agreement with the EA data (see the
Supporting Information). The nature of the chemical bonding
in S-CTF-1 was further investigated by XPS analysis. The XPS
survey analysis, which revealed the presence of only sulfur,
carbon, and nitrogen in S-CTF-1, indicates that S-CTF-1 is of
high purity. The XPS C 1s spectrum could be deconvoluted
(Figure 1b) into three peaks with binding energies of 284.6,
286.2, and 286.8 eV. The lowest-energy contribution of
284.6 eV can be assigned to the carbon atoms of the aryl
rings present in the CTF framework and also to the
adventitious carbon (C¢C) used for calibration.[15d] The
peak at 286.2 eV was associated with C¢S bonding, further
confirming the formation of covalent C¢S bonds within S-
CTF-1.[18] The third peak at 286.8 eV was assigned to the
carbon atoms present in the triazine (N=C¢N) ring. The XPS
N core-level 1s spectrum of S-CTF-1 (Figure 1c) is in perfect
agreement with those previously reported for CTFs, showing
a dominant single peak at around 399 eV, which was assigned

Scheme 1. Synthesis of S-CTF-1 from elemental sulfur and an optical
image of S-CTF-1.
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to the nitrogen atoms within the triazine units (C¢N=C).[15d,19]

The high-resolution S 2p XPS spectrum contained three
major peaks with binding energies of 163.7, 164.8, and
168.4 eV (Figure 1c). The former two peaks can be attributed
to the S 2p3/2 and the S 2p1/2 states of the¢C¢Sn¢C¢chain (n =

5–6),[18, 20] whereas the smallest peak at 168.4 eV corresponds
to C¢S groups,[18b,20] confirming that sulfur was successfully
incorporated into the CTF-1 structure. To further confirm the
formation of CTF-1, the sample was characterized by Raman
spectroscopy, which revealed the presence of D and G bands
at 1450 and 1565 cm¢1 (Figure 1e). A deviation in the D and
G bands of S-CTF-1 was observed compared to that of a CTF-
1 sample that was synthesized using ZnCl2 as the catalyst and
reaction medium (1360 and 1600 cm¢1).[15e] This difference
can be attributed to the presence of elemental/polymeric
sulfur, which could affect the local environment of the
framework. Moreover, S-CTF-1 also exhibited dominant
signals at 464, 234, and 162 cm¢1. While the peak at

464 cm¢1 corresponds to S¢S
stretching, the peaks at 234 and
162 cm¢1 were assigned to C¢S
stretching.[21] The molecular con-
nectivity of S-CTF-1 was also inves-
tigated by solid-state CP/MAS
13C NMR spectroscopy (Figure 1 f).
The CP/MAS 13C NMR spectrum
of S-CTF-1 showed a broad signal
between 120–150 ppm and a small
resonance at 170 ppm. The signal at
170 ppm was assigned to the carbon
atoms in the triazine ring,[15d, 22]

whereas the resonance at 120–
150 ppm corresponds to the aryl
rings bonded to the triazine rings
and sulfur.[21] Thermogravimetric
analysis (TGA) of S-CTF-
1 showed a weight loss that started
at 150 88C, which is due to the
presence of elemental sulfur
within the pores, and continued to
300 88C (Figure S3). The weight loss
consistently indicates the sulfur
content of S-CTF-1 to be approx-
imately 60 wt %.

The morphology of S-CTF-
1 was characterized by field emis-
sion scanning electron microscopy
(FE-SEM) and transmission elec-
tron microscopy (TEM), which
revealed a uniform bipyramidal
shape morphology even though
neither an external template nor
a structure-directing agent had
been used (Figure 2a, b).[17] It is
anticipated that the in situ gener-
ated covalent triazine framework
acts as a structural template for the
accumulation of crystalline sulfur
particles, which enables the forma-

tion of this well-defined superstructure, although further
investigations are needed for an in-depth understanding of
the mechanism. Elemental maps of S-CTF-1 were obtained by
energy-dispersive X-ray (EDAX) analysis (Figure 2c–f) and
indicate the homogeneous distribution of carbon, sulfur, and
nitrogen throughout the sample.

To test the electrochemical properties of S-CTF-1, galva-
nostatic measurements using CR2032 half cells were carried
out. The electrode was fabricated using S-CTF-1 (active
material), PVDF (binder), and super P (conductive agent) in
a mass ratio of 60:10:30 by the doctor-blade method. Li metal
discs were used as counter and reference electrodes. 1m
LiTFSI in tetraethylene glycol dimethyl ether/1,3-dioxolane
(TEGDME/DIOX = 0.33:0.67) was used as the electrolyte,
and 0.2m LiNO3 was added to protect the surface of the Li
metal.[23] The voltage range was set to 1.7–2.7 V vs. Li/Li+ in
all electrochemical tests. The current densities for electro-
chemical characterization were calculated based on the

Figure 1. a–d) XPS survey, C 1s, N 1s, and S 2p spectra of S-CTF-1. e, f) Raman and 13C NMR CP/
MAS spectra of S-CTF-1.
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weight of the whole
active material, and all
potentials hereafter are
with respect to Li/Li+

(in V). The first dis-
charge–charge voltage
profiles of S-CTF-
1 were attained at
0.05C (Figures 3a and
S4). Consistent with
the previously reported
S8 cases,[1b, 3–4,7] the pro-
files exhibited two pla-
teaus; the discharge
curve corresponds to
a two-step reduction
process that includes
the formation of Li
polysulfide species
(Li2Sn, n� 4) at 2.35 V
and lithium sulfide
(Li2S) at 2.1 V as the
final discharge product.
During charging, the
crystalline Li2S is oxi-
dized to Li polysulfide
species at 2.3 V and
then to sulfur at 2.4 V
as the final charge
product. The initial dis-
charge/charge capaci-
ties were 670 mAh g¢1 and 632 mAh g¢1, leading to an excep-
tional ICE of 94.4 %. This ICE value is remarkable, as it is
higher than those of any other organic-based matrix/sulfur

composite and S8-encapsulated cathodes.[3–9] The high ICE
implies that our framework is well-organized with negligible
defects and dangling groups, and the electrode forms a stable
interface with the electrolyte without serious shuttling prob-
lems.[1b, 3] Obviously, this high ICE is very important for the
cell energy density because a smaller excess of cathode
material is required for n/p balancing in the initial cell design.

More importantly, S-CTF-1 showed stable cycling perfor-
mance (Figure 3b): After 50 cycles, 84.3 % capacity retention
and 99.7% Coulombic efficiency were recorded at 0.2C. A
control electrode was prepared by simple mechanical mixing
of sulfur and Ketjen Black (in a mass ratio of 50:50 by thermal
annealing at 150 88C for 12 h, KB-S). However, under the same
measurement conditions, even after only 25 cycles, KB-S
showed only 69.3 % capacity retention and 99.5% Coulombic
efficiency. When tested at 1 C and 2C for prolonged cycling,
S-CTF-1 retained 85.8 % and 81.0%, respectively, of the
initial capacities (482.2 and 406.3 mAh g¢1) after 300 cycles
(Figure 3c). At 1C, the CE rose quickly from 94.4 % in the
first cycle to 98.0, 99.9, 99.9, 100.0, 100.0, and 100.1% in the
2nd, 5th, 10th, 30th, 100th, and 300th cycle, respectively,
corroborating the stability of the solid–electrolyte interface of
the S-CTF-1 electrode. At 2C, the CEs were 94.4, 98.0, 99.6,
99.8, 100.0, 100.0, and 100.1%, respectively, for the same cycle

numbers. This stable cycling performance is due to the robust
sulfur cathode structure in which sulfur is homogeneously
distributed throughout the regular micropores within the

Figure 2. a) TEM and b) SEM images of a single S-CTF-1 particle.
c–f) EDS elemental maps for carbon (d), sulfur (e), nitrogen (f), and
all elements combined (c).

Figure 3. Electrochemical performance of S-CTF-1. a) First discharge and charge curves of S-CTF-1 measured at
0.05C. b) Cycling performance and CEs of S-CTF-1 in comparison with a control sample, KB-S. The tests were
performed at 0.2C. c) Cycling performance of S-CTF-1 measured at 1C and 2C. d) Rate performance of S-CTF-
1 measured at various C rates. The C rates for both discharge and charge were the same in each cycle. The specific
capacities were calculated with respect to the total weight of the active material, and the absolute areal sulfur
loading was 0.50 mgcm¢2.
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triazine-based framework together with the C¢S covalent
links. The effect of robust C¢S bonds was confirmed by ex situ
XPS analysis of the electrodes. The XPS S 2p, N 1s, and Li 1s
profiles of the electrodes after the 1st, 2nd, and 20th cycle
(Figure S5) clearly demonstrate the reversibility of the
discharge and charge processes in each cycle. Importantly,
after discharge in each cycle, a peak shift to higher binding
energies was observed for the S 2p band of S-CTF-1 compared
to the pristine sample, indicating the reversible formation of
Li polysulfides within the framework. More significantly, the
N 1s peak at 405 eV that appears after discharge provides us
with clear evidence for the interaction of the triazine nitrogen
atoms with the lithium ions, thus stabilizing the lithium
polysulfides without their severe dissolution. Moreover, XPS
S 2p analysis after 100 cycles (Figure S6) clearly demonstrates
the robustness of C¢S bonds within the framework structure.
S-CTF-1 also exhibited an excellent rate performance (Figur-
es 3d and S4), as it preserved 90.6, 83.9, 76.1, 68.7, and 59.8%
of the original capacity (670 mAh g¢1) with a C rate increase
from 0.05 C to 0.1, 0.2, 0.5, 1, and 2C, respectively. We
attribute this superior rate capability to the well-defined
sulfur distribution within the micropores of CTF-1 as well as
the conductive nature of the framework.

In conclusion, we have described the catalyst- and solvent-
free synthesis of CTFs in the presence of elemental sulfur for
the first time. In situ formation of the framework structure
and chemical impregnation of sulfur not only led to a homo-
geneous sulfur distribution, but also enabled a high sulfur
content of 62 wt %. S-CTF-1 was shown to be an excellent
cathode material for Li–S batteries with superior ICEs and
cycle lifetimes as it benefits from the formation of well-
confined sulfur species within the micropores, sulfur bonding
with the framework, and the good electron and ion con-
ductivity of the framework. Our results demonstrate the
promising properties of microporous polymers as active
supports for sulfur, which is expected to motivate further
research in this area. In a broader perspective, the direct
utilization of elemental sulfur for the synthesis of covalent
triazine frameworks can enable new high-value applications,
such as advanced electrode materials for energy storage and
conversion.
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