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A B S T R A C T   

Conjugated microporous polymers (CMPs) have emerged in recent years as prospective materials for photo-
catalytic hydrogen production. The most common synthesis method for triazine is ionothermal synthesis at high 
temperatures (>350 ◦C), which also requires a large amount of ZnCl2, in which CF3SO3H-catalyzed method was 
invented to synthesize triphenyl triazine at room temperature. Herein, we reported the synthesis and charac-
terization of two triazine-based conjugated micropores polymers photocatalysts at low temperature via poly-
merization of triphenyl triazine (TPT) with TPT and pyrene (Py). The TPT-based CMPs show excellent 
photocatalytic performance and a hydrogen evolution rate of 108.1 and 116.5 µmol h− 1 under visible light for 
Py-TPT-CMP and TPT-TPT-CMP, respectively, but with low photocatalytic stability. In general, organic polymers 
add a small amount of platinum to efficiently produce H2 with high photocatalyst stability. To provide a new 
opportunity to overcome the low stability, a sulfur doping method using readily available sulfur (S8) has been 
proposed which was used here for the first time to achieve a highly photocatalyst stability development without 
the use of noble metals. The as-synthesized polymers after sulfur doped exhibit an enhanced photocatalytic 
stability which can keep the hydrogen production for a long period of time without loss in the photocatalytic 
efficiency. Furthermore, our triazine-based CMP materials have interest apparent quantum yield (AQY) values 
particularly for Py-TPT-CMP and TPT-TPT-CMP which exhibit AQY of 41.9 and 32.38%, respectively at 420 nm, 
these values are compatible with the highest AQY of organic photocatalysts up to date. This study makes a 
significant contribution forward for photocatalysis with polymers because it provides excellent HERs and AQYs 
for the sulfur-doped triazine-based CMPs with high thermal, chemical, and photo stabilities. As well as, this work 
could give researchers in the field a different opinion on the effect of sulfur-doping.   

1. Introduction 

Photocatalytic production of hydrogen from water using solar energy 
has been thoroughly studied, as it allows the efficient development of 
renewable fuels from plentiful resources [1,2]. So far, most photo-
catalysts have been inorganic materials [3–10], but organic photo-
catalysts have attracted increasing attention [11–14]. Where, organic 
photocatalysts have several advantages such as low-cost, easy to pro-
cess, free of toxic metals, easily band gap tunable, structural diversity, 
and functional flexibility [15]. Graphite carbon nitride (g-C3N4), has 
been shown to be promising material for H2 production due to their 

facile synthesis, high physicochemical stability, and attractive electronic 
band structure [16–23]. However, the photocatalytic efficiency of pure 
g-C3N4 is still limited due to several barriers, such as low surface area 
without generating toned pores, harsh synthesis condition such as the 
synthesis is carried out at high temperature > 500 ◦C, and high electron- 
hole recombination rate [24–26]. In recent years, a number of conju-
gated organic photocatalysts have now been reported to exhibit photo-
catalytic hydrogen production from water using visible light, including 
oligomers, linear polymers [14,27], polymer dot [28,29], hydrophilic 
polymers [30,31], porous heptazine based polymers [32,33], metal 
organic frameworks (MOFs) [34,35], and covalent organic frameworks 
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(COFs) [36–39]. Recent studies have revealed that conjugated micro-
porous polymers (CMPs) are promising for efficient photocatalysts for 
hydrogen evolution due to their high surface area, diverse synthetic 
strategies, reasonable carrier mobility, and controllable bandgap, which 
allow their chemical structure and electronic property to be finely 
tailored [40,41]. It was found that triphenyl triazine with nitrogen free 
electron pair is an efficient building block for the construction of CMP 
photocatalysts to improve photocatalytic hydrogen evolution due to the 
hydrophilic nature of nitrogen atoms so can act as the active site for an 
interface redox reaction. However, triazine-based polymers or covalent 
triazine frameworks (CTFs) are similar to g-C3N4 in terms of their high 
nitrogen content and their synthesis which often, includes ionothermal 
method in molten salt mixtures at high temperatures above 350 ◦C, 
which also requires a large amount of ZnCl2 to act as a catalyst and 
reaction medium. CTFs for photocatalytic H2 evolution were prepared at 
400 ◦C [42], and also obtained for water oxidation and proton reduction 
by a microwave synthesis at 200 ◦C [43]. Very recently, Voort and co- 
workers reported synthesized CTF-1 for oxygen reduction and 
hydrogen evolution were prepared at 500 ◦C [44]. Moreover, high re-
action temperatures cause partial carbonization of the structure, 
consume a large amount of energy, and inhibit all but the most stable 
building blocks, thus limiting the range of expansion and compositional 
diversity. To further overcome these limitations, many research groups 
have interested in using an effective low-temperature polycondensation 
reaction to synthesize triazine-based conjugated micropores polymers 
(TPT-based CMPs) photocatalyst at mild conditions, which allows 
various building blocks to be used. Our group developed TPT-based 
CMPs at low temperature, where trifluoromethanesulfonic acid 
(CF3SO3H) catalyzed method was used to synthesize triphenyl triazine 
at room temperature, by which TPT-based CMPs could be obtained and 
their tunable bandgap structures could be achieved. Through this 
method, TPT-based CMPs can be designed from versatile building blocks 
and demonstrated high potential in photocatalytic applications. In order 
to achieve excellent photocatalytic performance, it is important to select 
appropriate building blocks in polymer structures. Therefore, several 
structures have been used in the synthesis of triazine-based CMPs. Some 
building blocks such as pyrene (Py) and triphenyl triazine (TPT) have 
been widely explored in the synthesis of porous polymers due to their 
high surface area, reasonable carrier mobility, and high thermal stabil-
ity. Even though, Py unit has already been reported in the synthesis of 
several porous materials [45–48], it has not yet been used in the syn-
thesis of TPT-based CMPs. Triphenyl triazine block (TPT) was reported 
to synthesize CTFs using the CF3SO3H catalytic method. Cooper and co- 
workers reported synthesized of CTF-2 (TPT-TPT-CMP) as an efficient 
photocatalyst for hydrogen evolution by CF3SO3H catalysis from nitriles 
at 80 ◦C with hydrogen evolution rate (HER) about 6.6 μmol h− 1 using 
triethanolamine (TEOA) and a Pt co-catalyst [26]. Also, Wang and co- 
workers reported synthesized of CTF-2 (TPT-TPT-CMP) photocatalyst 
for hydrogen and oxygen evolution with photocatalytic HER up to 25 
μmol h− 1 using TEOA and a Pt co-catalyst was synthesized using 
CF3SO3H catalysis from nitriles at 100 ◦C [49]. Here, we synthesized the 
TPT using CF3SO3H at room temperature to synthesize TPT-TPT-CMP 
for photocatalytic H2 evolution. Notably, we observed the sacrificial 
electron donor (SED) is highly affected the photocatalytic efficiency of 
TPT-TPT-CMP. TPT-TPT-CMP was presented a low HER of about 10.78 
μmol h− 1 when using the same conditions as above papers. Whereas, we 
can further improve the HER of TPT-TPT-CMP up to116.5 μmol h− 1 by 
introducing the triethylamine (TEA) as SED. However, even though the 
efficiency of the TPT-TPT-CMP can be enhanced by selecting the proper 
SED, its photocatalytic stability was poor. 

To efficiently produce H2 with high photostability of catalyst, 
generally, organic polymers are added a small amount of platinum (Pt) 
and a sacrificial electron donor, which can attract the photogenerated 
electrons, and donates its electrons to the photogenerated holes to 
protect the polymers from degradation, respectively [50,51]. Although 
the incorporation of Pt can efficiently enhance the photocatalytic 

reaction, the development of photocatalysts with high photocatalytic 
efficiency as well as high photocatalytic stability without Pt is still a 
promising design strategy [52]. Because the Pt cocatalysts are too scarce 
and high-cost to be used for large-scale energy production [53], it is 
crucial to seek an alternative to Pt cocatalysts that can match 
enhancement the photostability of a photocatalyst. Generally, chemical 
doping is an effective way to modify the electronic structures and sur-
face properties of semiconductors [54–59]. The element sulfur is known 
as an elusive dopant which can modulate both the optical absorption 
properties and the electronic structure of nitrogen-based organic semi-
conducting photocatalytic materials [54,60,61]. Several papers reported 
the doping of sulfur can enhance the efficiency of photocatalytic 
hydrogen evolution due to the enhanced light absorbance and efficient 
charge transfer [54,56,62,63]. Although, these studies have shown that 
sulfur-doped g-C3N4 or CTFs can effectively improve the photocatalytic 
efficiency of hydrogen evolution. However, in their work, the CTF 
before sulfur-doping already showed good stability, there was no dif-
ference before and after sulfur-doping. Therefore, it cannot tell the effect 
of the sulfur-doping for improve the stability. However, to the best of our 
knowledge, there are no reports on enhancing the photocatalytic sta-
bility of hydrogen evolution for TPT-based CMPs using sulfur doping. 

In this work, for the first time, we demonstrated that actually the 
sulfur-doped TPT-based CMP was decreased the HER efficiency compare 
to the one without sulfur-doping (but still compatible to the other works, 
see Table S7), while the stability of photocatalytic hydrogen evolution 
can be enhanced. Additionally, as it is known for a real application, the 
total amount of H2 produced is more important than the rate of H2 
production. 

2. Experimental section 

2.1. Material 

All chemicals utilized for conducting the experimental work of this 
investigation were analytical grade and used without further purifica-
tion. Pyrene (98%) and Tetrakis(triphenylphosphine)palladium(0) 
(99%) were obtained from Acros, 1,1′-Bis(diphenylphosphino)ferro-
cene]dichloropalladium(II), Bis(pinacolato)diboron 99%, Potassium 
carbonate, Sublimed sulfur, Bromine (99.99%), triethylamine (TEA), 
ascorbic acid, and triethanolamine (TEOA) were purchased from Sigma- 
Aldrich. Trifluoromethanesulfonic Acid (F3CSO3H) and 4-bromobenzo-
nitrile was obtained from Alfa Aesar. Dimethylformamide (DMF), 1,4- 
Dioxane, Nitrobenzene, and Chloroform were purchased from J. T. 
Baker. Methanol was purchased from Kelong Chemistry Reagent Co. Ltd. 
(Chengdu, China). Deionized water was applied in all the experiments. 

2.2. Synthetic procedures 

2.2.1. Synthesis of 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (TPT-3Br) 
Prepared as described in the literature, with minor modifications 

[64,65]. In a 100 mL two neck-bottle under nitrogen atmosphere, a 
solution of 4-bromobenzonitrile (1.5 g, 8.24 mmol) in dry chloroform 
(20 mL) was cooled to 0 ◦C and then trifluoromethanesulfonic acid (4 
mL, 0.045 mmol) was drop wisely added. The reaction mixture was 
stirred for 30 min at 0 ◦C and then warmed to room temperature. After 
stirring for an additional 20 h at room temperature, the reaction solution 
was poured into ice-water (50 mL). The aqueous solution was neutral-
ized by sodium carbonate (Na2CO3). The formed precipitate was 
collected by filtration and dried under vacuum overnight to yield 2,4,6- 
tris(4-bromophenyl)-1,3,5-triazine as a white solid. FT-IR (powder): 
1578, 1518, 1400, 1372, 1173, 1069, 1011, 843, 806, 498 cm− 1. 1H 
NMR (CDCl3, 25 ◦C, 500 MHz): 8.60 (d, J = 8.5 Hz, 6H), 7.70 (d, J = 8.5 
Hz, 6H). 13C NMR (CDCl3, 25 ◦C, 125 MHz): 171.22, 134.91, 132.01, 
130.48, 127.88. 
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2.2.2. Synthesis of Py-TPT-CMP 
A mixture of 1,3,6,8-tetrabromopyrene (100 mg, 0.19 mmol), 2,4,6- 

tris(4-(4,5-dimethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,3,5-triazine 
(177 mg, 0.26 mmol), potassium carbonate (356 mg, 2.6 mmol),tetrakis 
(triphenylphosphine)palladium(0) (30 mg, 0.026 mmol) were put in a 
Pyrex tube (25 mL) and then DMF (10 mL) and H2O (2 mL) were added. 
The reaction mixture was degassed by three freeze–pump–thaw cycles 
and purged with N2 to remove the oxygen from the system. The tube was 
then heated at 150 ◦C for 3 days. After cooling to 25 ◦C, the reaction 
mixture was collected by centrifugation and washed with acetone (3 
times) and THF (3 times) until the solution became colorless and the 
solid product was dried at 100 ◦C for overnight under vacuum to give Py- 
TPT-CMP as green solid, yield (75%). 

2.2.3. Synthesis of TPT-TPT-CMP 
A mixture of 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (150 mg, 0.27 

mmol), 2,4,6-tris(4-(4,5-dimethyl-1,3,2-dioxaborolan-2-yl)phenyl)- 
1,3,5-triazine (189 mg, 0.27 mmol), potassium carbonate (379 mg, 
2.7 mmol),tetrakis(triphenylphosphine)palladium(0) (33 mg, 0.027 
mmol) were put in a Pyrex tube (25 mL) and then DMF (10 mL) and H2O 
(2 mL) were added. The reaction mixture was degassed by three 
freeze–pump–thaw cycles and purged with N2 to remove the oxygen 
from the system. The tube was then heated at 150 ◦C for 3 days. After 
cooling to 25 ◦C, the reaction mixture was collected by centrifugation 
and washed with acetone (3 times) and THF (3 times) until the solution 
became colorless and the solid product was dried at 100 ◦C for overnight 
under vacuum to give TPT-TPT-CMP as gray solid, yield (70%). 

2.2.4. Synthesis of Py-TPT-CMP-Sx 
Py-TPT-CMP (100 mg) was mixed with 10 wt% (10 mg) or 20 wt% 

(20 mg) of sublimed sulfur and then grinded well in an agate. The mixed 
powder was transferred into a quartz crucible and then heated at 300 ◦C 
for 5 h with a ramping rate of 5 ◦C per min under nitrogen atmosphere. 
After cooling to 25 ◦C, the solid product was washed with methanol and 
collected by filtration. The final product was dried at 60 ◦C for overnight 
to yield Py-TPT-CMP-S10 or Py-TPT-CMP-S20. 

2.2.5. Synthesis of TPT-TPT-CMP-Sx 
TPT-TPT-CMP (100 mg) was mixed with 10 wt% (10 mg) or 20 wt% 

(20 mg) of sublimed sulfur and then grinded well in an agate. The mixed 
powder was transferred into a quartz crucible and then heated at 300 ◦C 
for 5 h with a ramping rate of 5 ◦C per min under nitrogen atmosphere. 
After cooling to 25 ◦C, the solid product was washed with methanol and 
collected by filtration. The final product was dried at 60 ◦C for overnight 
to yield TPT-TPT-CMP-S10 or TPT-TPT-CMP-S20. 

2.3. Materials characterizations 

1H and 13C NMR spectroscopy were recorded using an INOVA 500 
instrument with DMSO‑d6 and CDCl3 as solvents and tetramethylsilane 
(TMS) as the external standard. Chemical shifts are provided in parts per 
million (ppm). The energy levels of the HOMOs were measured using a 
photoelectron spectrometer (model AC-2). The energy levels of the 
LUMOs were calculated by subtracting the Eg from the HOMO energy 
levels. The X-ray powder diffraction (XRD) pattern was recorded by 
using an X’ Pert Pro diffractometer equipped with Cu Kα radiation. The 
scanning rate is 4◦ min− 1. The BET surface areas and porosimetry 
measurements of the prepared samples (ca. 20–100 mg) were performed 
using a Micromeritics ASAP 2020 Surface Area and Porosity analyzer. 
Nitrogen isotherms were generated through incremental exposure to 
ultrahigh-purity N2 (up to ca. 1 atm) in a liquid N2 (77 K) bath. The 
thermogravimetric analyses (TGA) was performed using a TA Q-50 
analyzer under a flow of N2. The samples were sealed in a Pt cell and 
heated from 40 to 800 ◦C at a heating rate of 20 ◦C min− 1 under N2 at a 
flow rate of 50 mL min− 1. The BET surface areas and porosimetry 
measurements of the prepared samples (ca. 20–100 mg) were performed 

using a Micromeritics ASAP 2020 Surface Area and Porosity analyzer. 
Nitrogen isotherms were generated through incremental exposure to 
ultrahigh-purity N2 (up to ca. 1 atm) in a liquid N2 (77 K) bath. A Hitachi 
U-3300 spectrophotometer was used to obtain the UV–visible absorption 
spectra. A BRUKE Tensor-27 spectrometer was used for obtaining the 
Fourier transformation infrared (FTIR) spectroscopy, with a resolution 
of 4 cm− 1. The photoluminescence (PL) spectra were recorded using a 
Hitachi F-7000 spectrophotometer, with an excitation wavelength of 
350 nm, at room temperature. Time resolved transient spectra of the 
polymer photocatalysts were measured on a spectrometer (FLS980, 
Edinburgh Instruments) with a gated photomultiplier tube. TEM was 
performed using a JEOL-2100 scanning electron microscope, operated at 
200 kV. FE-SEM was conducted using a JEOL JSM-7610F scanning 
electron microscope. Samples were subjected to Pt sputtering for 100 s 
prior to observation. X-ray photoelectron spectroscopy (XPS) spectra 
were were performed on a British VG Scientific ESCALAB 250 system. 

2.4. Photocatalytic experimental 

The photocatalytic experiments were carried out in a 35 mL Pyrex 
reactor. The reactor was closed using rubber septum’s. In a typical 
photocatalytic reaction, polymers powder (5 mg) was dispersed in 10 
mL of the mixture of water/methanol/triethylamine (TEA) (1/1/1). The 
suspension was purged with argon for 5 min to remove dissolved air. 
After that, the samples were irradiated by a 350 W Xenon lamp equipped 
with a cut-off filter (1000 W/m2, λ: 380–780 nm), and the reaction 
temperature was kept fixed at 25 ◦C using flowing cooling water. The 
formation of hydrogen was confirmed by injecting 0.5 μL of the reactor 
headspace gas in a Shimazhu gas chromatograph (GC2014) operating at 
isothermal conditions using a semi-capillary column equipped with a 
thermal conductivity detector. 

2.5. Quantum efficiency measurements 

In the AQY experiments, the catalyst solution was prepared by 
dispersing polymers powder (5 mg) in 10 mL of the mixture of water/ 
methanol/triethylamine (TEA) (1/1/1). The suspension was illuminated 
with a 300 W Xe lamp with different bandpass filters (420, 460 and 500 
nm). The formation of hydrogen was quantified using a Shimazhu gas 
chromatograph (GC2014) operating at isothermal conditions using a 
semi-capillary column equipped with a thermal conductivity detector. 
The AQY was calculated as follow: 

AQY = [(Number of evolved hydrogen molecules × 2) / Number of 
incident photons] × 100% 

AQY =
Ne

Np
× 100% =

2 × M × NA
Etotal

Ephoton

× 100%  

=
2M × NA

S×P×t
h×c

λ

× 100% =
2 × M × NA × h × c

S × P × t × λ
× 100%  

where M is the amount of H2 molecules (mol), NA is Avogadro constant 
(6.022 × 1023/mol), h is the Planck constant (6.626 × 10-34 J⋅s), c is the 
speed of light (3 × 108 m/s), S is the irradiation area (cm2), P is the 
intensity of irradiation light (W/cm2), t is the photoreaction time (s), λ is 
the wavelength of the monochromatic light (m). 

2.6. Photocatalytic stability test 

The photocatalytic stability test was carried out as a similar pro-
cedure in the photocatalytic experiments section. The polymers powder 
(5 mg) was dispersed in 10 mL of the mixture of water/methanol/trie-
thylamine (TEA) (1/1/1) and was tested over 6 h under visible light 
illumination (λ = 380–780 nm, Xe light source), the solution was then 
evaporated under vacuum at 70◦ C, then repeated for each cycle. 
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3. Results and discussion 

To accomplish this work, we choose two building blocks featuring 
promising properties. The triphenyl triazine monomer as the triazine 
nitrogen atom, with its free electron pair and can act as the active site for 
an interface redox reaction, while the pyrene monomer is a fundamental 
polycyclic aromatic system that can undergo stacking by π–π in-
teractions. Py-TPT-CMP and TPT-TPT-CMP were synthesized through 
Pd-catalyzed Suzuki coupling polymerization from 2,4,6-tris(4-(4,5- 
dimethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,3,5-triazine with 1,3,6,8- 
tetrabromopyrene and 2,4,6-tris(4-bromophenyl)-1,3,5-triazine, 
respectively (Scheme 1). Sulfur-doped CMPs were prepared by a ther-
mal treatment of triazine-based CMPs with three concentrations (10, 20, 
and 30% wt) of sulfur and are denoted as Py-TPT-CMP-Sx and TPT-TPT- 
CMP-Sx (x = 10, 20, and 30) (Scheme 1). All synthetic procedures and 
routes are included in the Supplementary Information (Scheme S4–S7). 
The synthesized polymers are insoluble in common organic solvents due 
to their rigid backbone and the cross-linking networks. Their chemical 
structures were characterized with Fourier transform infrared (FT-IR) 
spectra, solid-state 13C NMR spectra, and X-ray photoelectron spec-
troscopy (XPS). The FTIR spectra for all materials (Fig. 1a, b) show a 
characteristic vibration peak of the triazine ring unit at 815 cm− 1, whilst 
peaks located between 1200 and 1610 cm− 1 originate from the 
stretching vibration modes of C–N and C––N heterocycle [66]. How-
ever, no peaks were ascribed to the bonding of sulfur with other ele-
ments because of the low amount of sulfur [54]. But the peaks located in 
the region from 1200 to 1610 cm− 1 which are assignable to the 
stretching vibration modes of C-N and C––N heterocycles decrease with 
the sulfur doping, and this revealed that the introduced sulfur may 
replace the N atoms in the triazine units [67]. The solid state 13C NMR 
spectra were conducted to explore the chemical environment of the C 
element for polymers and their monomer (Fig. 1c). The 13C NMR spectra 
of the building block TPT-3Bpin featured characteristic peaks at 173 
ppm of C––N. After polycondensations, the solid state 13C NMR spectra 
of Py-TPT-CMP and TPT-TPT-CMP were characterized by the appear-
ance of single main peaks at around 178 ppm for of the triazine core, in 
addition three peaks at 128.56, 136.51, and 145.46 ppm corresponding 
to the resonances of the aromatic carbon. However, for sulfur-doped 
CMPs, no peaks were ascribed to the bonding of sulfur with other ele-
ments (Fig. S5). We further characterize the porosity of the polymers 
using N2 adsorption/desorption experiments at 77 K. The adsorption/ 
desorption curves of the polymers (Figs. 1e and S6) were type I 

isotherms, this indicates that the synthesized polymers possess micro-
porous structures. The apparent Brunauer–Emmett–Teller (BET) surface 
area (Figs. 1d, S6 and Table S1) are 953, 720, 588, 546, 510, and 405 m2 

g− 1, for Py-TPT-CMP, Py-TPT-CMP-S10, Py-TPT-CMP-S20, TPT-TPT- 
CMP, TPT-TPT-CMP-S10, and TPT-TPT-CMP-S20, respectively. Both 
layer structures and high BET surface areas are favorable for improving 
the dispersity of catalysts and their contact with reactants and thereby 
are profitable to the hydrogen production. The pore size distribution 
diagrams of the synthesized polymers have been constructed using the 
non-local density functional theory (NLDFT), the results (Figs. 1e, S6 
and Table S1) show that the pore size of our polymers in the range from 
1.23 to 1.86 nm, suggesting that our synthesized polymers are micro-
pores polymers. X-ray photoelectron spectroscopy (XPS) was conducted 
to further identify the chemical composition of our CMPs. Figs. 2 and S7 
show the high-resolution X-ray photoelectron spectra for all elements, 
where the high-resolution C1s spectra of the Py-TPT-CMP and TPT-TPT- 
CMP show two peaks at 284.4 and 285.8 eV, which are attributed to 
C–C––C and N–C––N, respectively, and an additional strong peak at 
385.1 eV, corresponding to S–C––N, for Py-TPT-CMP-Sx and TPT-TPT- 
CMP-Sx reveals that an sulfur atom is indeed covalently bound to the 
backbone [54]. 

Furthermore, the of N–C––N peaks have been dramatically to the 
low bending energy direction with increasing the sulfur ratio, which 
should be attributed to the replaces of N in the triazine ring to form C–S 
bonds. The high-resolution spectra of N 1 s shows that the binding en-
ergy of the sp2-hybridized aromatic N bonded to carbon atoms of Py- 
TPT-CMP and TPT-TPT-CMP at 399.0 eV. In particular, after sulfur 
doping, the new two peaks have been observed at binding energies of 
398.6 and 399.1 eV, indicating two kinds of N arise from the incorpo-
ration of sulfur into the triazine ring of Py-TPT-CMP-Sx and TPT-TPT- 
CMP-Sx (Figs. 2 and S7). As the ratio of sulfur increased, the intensity 
ratio of N-C-N peaks have been dramatically decreased and the intensity 
ratio of N-C-S peaks have been increased, which should be attributed to 
the S-C bond formation in triazine rings. The high-resolution spectra of 
S2p (Figs. 2 and S7), a signal deriving from sulfur at 264.2 and 266.2 eV 
(2p3/2 and 2p1/2) is clearly found in the sulfur-doped triazine-based 
CMPs, whereas it is not observed in Py-TPT-CMP and TPT-TPT-CMP, 
which is also an evidence for replaces N in triazine ring to form C–S 
bonds [54,68]. Furthermore, it can be clearly seen that, the S2p peaks 
obviously shifted to the low bending energy direction with increasing 
the sulfur ratio, clearly revealing the enhancement of S-C bonds. 

The morphology of triazine-based CMPs were investigated by field- 

Scheme 1. Synthesis of triazine-based CMPs and sulfur-doped triazine-based CMPs.  
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emission scanning electron microscopy (FE-SEM) and transmission 
electron microscopy (TEM). As revealed from the SEM and TEM images 
shown in Fig. 3, triazine-based CMPs appear to have a porosity structure. 
In comparison to pure CMPs, the sulfur-doped CMPs sample (Figs. S8 
and S9) have an aggregated structure with many smaller particles. 
Furthermore, the thermal stability of the synthesized polymers was 
revealed by TGA (Fig. S10). The TGA experiments were performed using 
a constant flow of nitrogen gas at range 100–800 ◦C by heating the 
samples at a rate of 10 ◦C min− 1. Py-TPT-CMP and TPT-TPT-CMP can 
remain stable up to 450 and 513 ◦C, respectively, while Py-TPT-CMP- 
S10, Py-TPT-CMP-S20, TPT-TPT-CMP-S10, and TPT-TPT-CMP-S20 can 
remain stable up to 609, 560, 585, and 575 ◦C, respectively (Table S4). 
This result demonstrates that the sulfur-doped polymers present high 
thermal stability, which is necessary for the photocatalytic process [69]. 

UV–vis diffuse reflectance spectra of the triazine-based CMPs and 
their monomers are shown in Fig. 4a and S11-13. The absorption spectra 
of the polymers and their monomers were measured in dime-
thylformamide (DMF) at room temperature. As shown in Fig. S13, the 
UV visible absorption spectra of three monomers show an absorption 
band in the UV region, indicating that they cannot absorb visible light. 

The TPT-TPT-CMP shows light absorption from UV to visible light with 
an absorption edge of 410 nm, which can be assigned to the intrinsic 
band gap (3.01 eV) as shown in Fig. 4a. After doping with sulfur, the 
visible-light absorption intensities of TPT-TPT-CMP-Sx are significantly 
enhanced, and the red shifts are also observed on the sulfur-doped 
CMPs. The Py-TPT-CMP shows better visible-light absorption than 
TPT-TPT-CMP. Likewise, the absorption commences improve along with 
increase of sulfur doping amount in the Py-TPT-CMP-Sx. The observed 
shift of the absorption for the CMP-Sx materials indicates that the sulfur- 
doped strategy is indeed effective in extending the optical response of 
TPT-TPT-CMP and Py-TPT-CMP in the visible-light region. The optical 
bandgaps estimated from the Tauc plot as shown in Fig. S14 and Table 1. 
The highest occupied molecular orbital (HOMO) energy levels of the 
prepared polymers were determined using a photoelectron spectrometer 
and the lowest unoccupied molecular orbital (LUMO) level can be ob-
tained by subtracting the Eg from HOMO energy level. As shown in 
Fig. 4b, the lowest unoccupied molecular orbital (LUMO) levels of the 
polymers higher than the potential of water reduction ranging from 
− 2.40 to − 3.55 eV are all able to drive the hydrogen evolution reaction 
(Table 1). 

Fig. 1. (a, b) FT-IR spectra, (c) Solid-stated 13C NMR spectra, (d) Nitrogen adsorption (filled symbols)/desorption (empty symbols) isotherms for the polymer 
collected at 77 K, and (e) Pore size distribution curves calculated by NLDFT. 
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To further explore the influence of doping of triazine-based CMPs 
with sulfur on photocatalytic efficiency and stability, we performed a 
series of photocatalytic activity tests of triazine-based CMPs and sulfur- 
doped CMPs. The photocatalytic activities for hydrogen evolution using 
triazine-based CMPs and sulfur-doped CMPs, and their monomers sus-
pended in a solvent mixture consisting of equal volumes of water, 
methanol, and triethylamine (TEA) are evaluated at ambient tempera-
ture under visible-light irradiation, and the hydrogen evolution rate 
(HER) was analyzed using gas chromatography. TEA acts as a sacrifice 
electron donor (SED) and methanol is used to reduce phase segregation 
between TEA and water [70,71]. While methanol is known to also act as 
a SED in some cases [62,72], no activity has been observed in our case. 
All polymers were tested as synthesized and no additional cocatalysts 
were added. Triethanolamine (TEOA), TEA and ascorbic acid have been 

used as a SED. As seen in the Figs. S16 and S17, the HER produced by the 
photochemical reaction is the highest with TEA as SED. The monomer 
units did not show photocatalytic activities under the same conditions as 
shown in Figs. S18 and S19, thus illustrating that polymers are more 
active because of the enhanced optical absorption resulting from the 
extended delocalization. As shown in Figs. 4c, S23 and Table S6, the 
triazine-based CMPs show high photocatalytic performance and a 
hydrogen evolution rate of 108.11 and 116.50 µmol h− 1 under visible- 
light for Py-TPT-CMP and TPT-TPT-CMP, respectively, indicating the 
important role of both the porosity and triazine unit. As shown in 
Fig. 4d, TPT-CMP has a high catalytic efficiency but a low catalytic 
stability. In practical applications, an effective photocatalyst should 
maintain its activity over a long period of time. Recycling experiments 
were therefore conducted (Figs. 4d and S20), in which the sulfur-doped 

Fig. 2. High resolution XPS spectra of the C1s, N1s and S2p peaks for Py-TPT-CMP, Py-TPT-CMP S10, and Py-TPT-CMP S20.  

Fig. 3. (a, b) SEM images of TPT-TPT-CMP, (c, d) SEM images of Py-TPT-CMP, (e, f) TEM images of TPT-TPT-CMP, and (g, h) TEM images of Py-TPT-CMP.  
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CMPs represents a good stability as photocatalyst which can keep the 
HER in more than five cycles, each cycle is 6 h without loss in the 
photocatalytic efficiency. In addition, we performed the stability again 
over than 100 h for Py-TPT-CMP-S10 and TPT-TPT-CMP-S10 as shown in 
Figs. S21 and S22, the polymers showed good stability over 80 h without 
a loss in photocatalytic efficiency. The results indicate that the doping of 
the sulfur atom into triazine ring has a significantly favorable impact on 
photocatalytic stability. However, with further increasing the ratio of 
sulfur, the photocatalytic efficiency has been decreased, this may be due 
to the decrease in the surface area as shown in Figs. 4c, S23 and 
Table S1. It is interesting to note that the photocatalytic performance of 
TPT-TPT-CMP-S10 improves with re-use and its efficacy in achieving 

pristine TPT-TPT-CMP performance (Fig. 4d). The higher stability of 
sulfur-doped triazine-based CMPs compared to that of triazine-based 
CMPs, because when replacing a nitrogen atom in a triazine ring, a 
sulfur atom must lose one electron to avoid the formation of unstable 
radical sites. So, sulfur-doped triazine rings were assumed to have a 
positive charge [73]. Therefore, when the excited electrons were 
captured by sulfur vacancy, the recombination of electrons and holes 
was suppressed. Also, localized charges around the substitution site and 
sulfur vacancy will promote the rapid migration of photogenerated 
carriers to the surface, consequently enhancing photocatalytic stability. 

The generation of photoinduced electron-hole pairs, as well as sep-
aration and migration, is considered to be the basic process of photo-
catalytic reactions. Photoluminescence (PL) was used to measure the 
performance of charge carrier separation, transfer, and trapping. Hence, 
the lower intensity of PL is the higher charge separation [74]. The PL 
emission spectra of the polymers are shown in Fig. 5a. TPT-TPT-CMP 
and Py-TPT-CMP showed an increase in the PL peak intensity, indi-
cating that the recombination of the charge carrier induced by a pho-
tocatalyst is high and this leads to a decrease in photostability of the 
catalyst. TPT-TPT-CMP-Sx and Py-TPT-CMP-Sx compared to TPT-TPT- 
CMP and Py-TPT-CMP, exhibited a dramatic decrease in the PL peak 
intensity, indicating that the recombination of the photoinduced charge 
carrier is quenched greatly after sulfur doping. This is because minor S 
dopants can behave as trapping sites to avoid the recombination of 
charge carries [75,76]. We observe that with increasing S-doping con-
centration, the PL intensity is decreasing, which is consistent with the PL 
study of S-doped nanowires [77,78]. Based on these results, it is hy-
pothesized that the high photocatalytic stability of H2 evolution is the 
consequence of S-doping, which is a significant factor in promoting the 
separation of photogenerated electron-hole pairs. Photocurrent of the 
polymers are studied during the on–off cycles with intermittent expo-
sure of visible-light excitation (Figs. 5b and S24). Clearly, triazine-based 
CMPs show an improvement in photocurrent intensity relative to sulfur- 
doped triazine-based CMPs. This photocurrent result corroborates the 

Fig. 4. (a) UV–vis diffuse absorption spectra 
of the polymers, (b) Electronic band struc-
ture of polymers, where the blue line repre-
sents the redox potential of H+/H2, (c) 
Hydrogen evolution under visible-light irra-
diation (λ: 380–780 nm) using TPT-based 
polymers, (d) Stability and reusability test 
using TPT-based polymers as a photocatalyst 
under visible-light irradiation. (For interpre-
tation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article.)   

Table 1 
Photophysical properties and hydrogen evolution rate of the polymers.  

Polymer HOMO/ 
LUMO 
[eV]a,b) 

Bandgap 
[eV]c) 

HER 
[µmol 
h− 1]d) 

AQY [%]e) 

420 
nm 

460 
nm 

500 
nm 

PY-TPT- 
CMP 

− 5.87/- 
3.54  

2.33  108.11  41.9  41.8  8.66 

PY-TPT- 
CMPS10 

− 5.79/- 
3.59  

2.20  23.97  6.58  4.42  1.57 

PY-TPT- 
CMPS20 

− 5.69/- 
3.67  

2.02  20.66  3.09  2.77  0.93 

TPT-TPT- 
CMP 

− 5.41/- 
2.40  

3.01  116.50  32.38  30.96  6.72 

TPT-TPT- 
CMPS10 

− 5.52/- 
3.11  

2.41  53.76  10.91  7.06  1.52 

TPT-TPT- 
CMPS20 

− 5.58/- 
3.18  

2.40  47.39  10.31  4.38  1.02 

a)HOMO determined by photoelectron spectrometry; b)LUMO derived by 
extracting the EHOMO − Eg; c)Calculated from the absorption onsets; d)Condi-
tions; 10 mg polymer in 20 mL of the mixture of water/methanol/TEA (1/1/1), 
measured by 350 W Xenon light (AM 1.5, λ: 380–780 nm, 1000 W m− 2); e)The 
AQY is measured at 420, 460, and 500 nm. 
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results from the photocatalytic performance. However, when the 
photocurrent carried out for a long time as shown in Fig. S25, the 
photocurrent of TPT-TPT-CMP-S10 persists for a long time (12 h) without 
reducing the current intensity, whereas the TPT-TPT-CMP was shown to 
reduce the current intensity with the time. In order to understand the 
relationship between sulfur doping and charge transfer efficiency in 
TPT-CMP, density-functional-theory (DFT) calculation was performed 
as shown in Figs. S26–29. The results showed that the introduction of 
sulfur could cause the rearrangement of the band structure in TPT-CMP, 
thus improving surface charge transfer efficiency. Figs. S30–S33 shown 
the effect of different amounts of sacrifice electron donor (TEA) on the 
H2 evolution. We did not observe any significant effect on the rate of 
hydrogen evolution as the SED concentration increased. The effect of the 
photocatalyst amount on photocatalytic performance was investigated 
(Figs. S34 and S35). The hydrogen evolution performance is propor-
tional to the mass of the catalysts used in the reaction. Different amounts 
of polymers (1.0, 3.0, and 5.0 mg) were used in 10 mL of the H2O/ 
MeOH/TEA mixed solvent, we observed that as the amount of photo-
catalyst increased, the photocatalytic efficiency increased (Figs. S34 and 
S35). As well as, we studied the effect of increasing the amount of 
photocatalyst using the same concentration of 0.5 mg/ml (2.5 mg/5mL, 
5 mg/10 mL, and 10 mg/20 mL) (Fig. S36). We found that the photo-
catalytic efficiency improved with the rise in photocatalyst amounts, 
reaching 116.5 and 108.1 µmol h− 1 for TPT-TPT-CMP and Py-TPT-CMP, 
respectively, as summarized in Table S5. Where this is so important at 
using in large scale in practical applications. 

The apparent quantum yield (AQY) for the hydrogen evolution was 
measured under the illumination of a 300 W Xe lamp with different 
bandpass filters (420, 460 and 500 nm) (Fig. 5c). Our materials triazine- 
based CMPs exhibited significantly high AQY values, particularly for Py- 
TPT-CMP and TPT-TPT-CMP which exhibit AQY of 41.9 and 32.38, 
respectively at wavelengths = 420 nm as summarized in Table 1. The 
AQY of Py-TPT-CMP and TPT-TPT-CMP are the highest reported values 

for the triazine-based polymers to date (Fig. 6). Therefore, we measured 
the AQY at a different light intensity to confirm the results as shown in 
Fig. S37. This illustrates the importance of the higher surface area, 
which can absorb a large amount of the photons, as far as possible. We 
believe triazine has an enormous role to play in raising AQY, where high 
AQY was reported in several triazine-based polymer works. Jin et al. 
reported triazine with carbazole and benzothiadiazole with AQY =
22.8% [68], Cooper et al. reported triazine with benzonitrile with AQY 
= 15.9% [79], Li et al. reported triazine with thiophene and benzo-
thiadiazole with AQY = 7.3% [80], and Wang et al. reported g-C3N4 
with AQY about 11.97% at 400 nm [81]. Also, sulfur-doped TPT-based 
CMPs exhibit a higher AQY compared with other many organic semi-
conductors. The control experiments revealed that the kinetic curve of 
the photocatalytic process promptly decreased under light-off condi-
tions and increased again under light-on conditions, conforming that our 
system undergoes a photocatalytic reaction (Figs. 5d and S38). As well 
as, the blank experiment by exposing the above H2O/MeOH/TEA mixed 
solvents without the presence of any polymer catalysts to the xenon 
lamp didn’t afford any hydrogen. Moreover, there is no hydrogen pro-
duce when the system was illuminated in the absence of TEA, which 
means here methanol has no activity as SED. 

The FT-IR and XPS spectra of the polymers were recorded before and 
after the photocatalytic reaction (Figs. 7, 8, S39–42), which proves no 
change in the strcture of the prepared photocatalyst. In addition, the 
HRTEM images showed that our materials still have a porous structure 
after the photocatalytic reaction. 

4. Photocatalytic mechanism 

The photocatalytic activities for hydrogen evolution using triazine- 
based CMPs and sulfur-doped CMPs suspended in a solvent mixture 
consisting of equal volumes of water, methanol, and TEA are evaluated 
under visible-light irradiation. The mechanism of the excellent 

Fig. 5. (a) PL spectra of the polymers, (b) Photocurrent responses of TPT-based CMPs under visible light irradiation (LED lamp, λ > 420 nm), (c) Wavelength 
dependence of AQY on H2 evolution of polymers, and (d) Control experiment of TPT-based polymers. 
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photocatalytic activity and stability of our materials after the doped 
sulfur species (S) replaces the lattice nitrogen atoms and forms the C–S 
chemical bonds in the triazine ring has been proposed as shown in Fig. 9. 
When replacing a nitrogen atom in a triazine ring, a sulfur atom must 
lose one electron to avoid the formation of unstable radical sites. So, 
sulfur-doped triazine rings were assumed to have a positive charge. 
Therefore, when the excited electrons were captured by sulfur vacancy, 
the recombination of electrons and holes was suppressed. Also, localized 
charges around the substitution site and sulfur vacancy will promote the 
rapid migration of photogenerated carriers to the surface, consequently 

enhancing photocatalytic stability. In addition, the above characteriza-
tion and the experimental results, indicate that the substitution of lattice 
nitrogen by sulfur atoms can form a narrow band gap of TPT-CMP, and 
then enhance the light absorption in the visible region. As shown in UV 
− vis spectra, the absorption are gradually red-shifted with increasing 
content of sulfur. New doping-induced energy bands form in the top of 
the HOMO as the amount of doped sulfur atoms is adequate as shown in 
Fig. 9, the band gap for TPT-CMP becomes narrower. When the system is 
irradiated with visible light, electrons are excited from the HOMO and 
new HOMO level induced by sulfur doping to the LUMO of TPT-CMP. 

Fig. 6. Comparison of AQY measurements of H2 under 420 nm of conjugated porous polymers with the highest reported AQY for g.C3N4.  

Fig. 7. (a) FT-IR spectra of TPT-based CMPs before and after photocatalytic reaction.  
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The maximum photocatalytic stability was achieved when the doping S 
content was 10%, as this caused maximum separation of the photo-
electric charge carriers, thus preventing charges recombination. As the 
sulfur doping content increases, the position of the newly generated 
bandgap structures increases and then acts as recombination centers for 
the electron-hole pairs, because the distance between the charges to 
recombine becomes shorter than the distance needed for charge sepa-
ration between both electrons and holes, so the photocatalytic perfor-
mance and stability decrease. 

5. Conclusions 

In summary, we reported the synthesis and characterization of two 
triazine-based conjugated micropores polymers photocatalysts at low 
temperature for photocatalytic hydrogen production from water under 
visible light. The triazine-based CMPs show excellent photocatalytic 
performance and a hydrogen evolution rate of 108.1 and 116.5 µmol h− 1 

under visible-light for Py-TPT-CMP and TPT-TPT-CMP, respectively. 
These performances surpass many other reported porous materials. 
Furthermore, our triazine-based CMP materials have interest apparent 
quantum yield (AQY) values particularly for Py-TPT-CMP and TPT-TPT- 
CMP which exhibit AQY of 41.9% and 32.38%, respectively at 420 nm. 
The sulfur-doped CMPs photocatalysts were fabricated for enhancing 
their photocatalytic stability. The result indicates that the sulfur-doped 

CMPs represent excellent stability as photocatalysts which can keep the 
hydrogen production for a long period of time without loss in the pho-
tocatalytic efficiency. 
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