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ABSTRACT: Developing visible-light-active porous organic polymers with
high photocatalytic efficiency is highly desirable. Here, two triazine-based
conjugated microporous polymers were synthesized. The structures were
controllably adjusted to explore the structure−photocatalytic activity
relationship. T-CMP-1 containing more triazine units exhibited a hydrogen
evolution rate of 3214.3 μmol h−1 g−1, much higher than that of T-CMP-2
(242.1 μmol h−1 g−1). The increasing contents of triazine units bring better
hydrogen evolution efficiency.

■ INTRODUCTION

Hydrogen as a green and sustainable energy has been regarded
as an ideal clean fuel.1 The most promising route for
generating hydrogen is direct photocatalytic water splitting.2,3

In the past few decades, various materials including inorganic
semiconducting materials4−10 and organic polymers3,11−19

have achieved great progress in photocatalytic hydrogen
evolution. However, many of these photocatalysts exhibited
poor photoactivity under visible light, whereas solar energy
mainly lies in the visible and infrared regions.3,20 In recent
years, conjugated organic polymers as photocatalysts have
drawn much attention owing to their tunable structure,
electronic properties, and bandgaps, which enable them to
harvest as much visible light as to realize highly efficient
photocatalytic hydrogen evolution.3,21−23

Conjugated microporous polymers (CMPs) are a class of
organic porous polymers that combine π-conjugated skeletons
and porous structures.24−28 Compared with other non-π-
conjugated porous materials or conventional nonporous 1D
conjugated polymers, CMPs often exhibit exceptional proper-
ties. They allow the complementary utilization of π-conjugated
skeletons and nanoporous characteristics for functional
exploration. Benefiting from their unique conjugated and
porous structures, CMPs have shown great potential for
challenging energy and environmental issues, such as gas
storage and separation,29−32 heterogeneous catalysis,33−35

optoelectronics,36−39 and energy storage.40,41 The large
electron delocalized structure and tunable optoelectronic
properties of CMPs can facilitate charge transport in the
molecular framework, which makes it suitable for photo-
catalytic hydrogen evolution.23,42 The structural diversities and

the adjustabilities of the organic CMP materials provide a
platform to formulate the structure−property relationship.25

Here, we attempted to synthesize triazine-ring-based CMP
materials by one-step polycondensation, which is a simple and
convenient method for preparing CMP materials. By slightly
changing the structure of the monomers, two CMPs with
different contents of triazine units were synthesized success-
fully. The semiconductor properties of the two CMPs were
systemically characterized. Furthermore, photocatalytic water
splitting was also employed to verify the effect of the nitrogen
atom content on photocatalytic performance. It was found that
increasing the triazine units will obviously enhance the
photocatalytic performance. T-CMP-1 exhibits an attractive
photocatalytic hydrogen evolution rate (HER) of 3214.3 μmol
h−1 g−1 under visible-light irradiation, much higher than that of
T-CMP-2, which has fewer triazine units (242.1 μmol h−1 g−1).

■ RESULTS AND DISCUSSION
To controllably adjust the contents of triazine units in CMPs,
building blocks A (2,4,6-tris(4-formylphenyl)-1,3,5-triazine)
and B (1,3,5-tris(4-formylphenyl)-benzene) with a similar
structure were selected as C3 symmetrical monomers. As
illustrated in Scheme 1, the two triazine-based CMPs were
prepared via one-step polycondensation reactions between C
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(1,4-benzenedicarboximidamide) and aromatic aldehydes (A
and B) by using sodium methanol as a catalyst at a relatively
low temperature (120 °C) (For details, see the Supporting
Information). The two CMPs were obtained as yellow solid
powder. Both of the as-prepared solid samples are insoluble in
common organic solvents. Unfortunately, no sign of crystal-
linity was observed according to the PXRD results (Figure S1).
The successful preparation of the CMPs was further

confirmed by FT-IR spectra. For T-CMP-2, the signals at
1590 cm−1 were attributed to the −CN− bonds in triazine,
which suggests the formation of triazine units (Figure S2).
However, for T-CMP-1, the FT-IR signals of the newly formed
triazine ring overlapped with those of the triazine in monomer
A. So, it is difficult to confirm the formation of the triazine
ring. In this case, the solid-state cross-polarization magic-angle
spinning (CP-MAS) 13C NMR spectra were then employed to
clarify the successful conversion. As depicted in Figure 1, no
obvious difference between these two CMPs was observed
from the CP-MAS 13C NMR spectra. The peak at 171 ppm
further confirmed the formation of a triazine structure, while
the peaks at 129 ppm proved the existence of a phenyl ring. All
the results above proved successfully the synthesis of T-CMP-1
and T-CMP-2 via one-step polycondensation reaction.
Thermogravimetric analysis showed that both of these CMPs
displayed good thermal stability with decomposition temper-
atures up to 400 °C (Figure S3).
Nitrogen adsorption−desorption experiments (Figure 2) at

77 K were then performed to evaluate the porosities of the
prepared CMPs. Both of T-CMP-1 and T-CMP-2 showed
typical type IV reversible isotherms, indicating the presence of
micropores and mesopores. The Brunauer−Emmett−Teller
(BET) surface areas of T-CMP-1 and T-CMP-2 were found to
be 152.6 and 213.4 m2 g−1, respectively. According to the pore

size distribution analysis, both of the two CMPs mainly
consisted of narrow micropores (Figure S4).
The morphologies of T-CMP-1 and T-CMP-2 were then

studied by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). It is worth noting that
the SEM images (Figure 3a,b) show that T-CMP-1 and T-
CMP-2 possess different morphologies. T-CMP-1 is composed
of relatively regular rectangular particles, while a uniform cube-

Scheme 1. Synthesis and Structures of T-CMP-1 and T-
CMP-2

Figure 1. 13C CP-MAS NMR spectra of T-CMP-1 and T-CMP-2.
The residual signal of carboximidamide is marked with an asterisk (*).

Figure 2. N2 adsorption−desorption isotherms (77 K) of T-CMP-1
(a) and T-CMP-2 (b).

Figure 3. SEM and TEM images of T-CMP-1 (a,c) and T-CMP-2
(b,d).
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like structure was observed in T-CMP-2. Obvious layered
structures were observed for both of these two CMPs revealed
by HRTEM images (Figure 3c,d).
The triazine-rich structures of T-CMP-1 and T-CMP-2

evoke our interest to further explore their photocatalytic
performance.43−45 The photocatalytic experiments were
performed by suspending the CMP materials in water under
irradiation of a 300 W Xe lamp. Ascorbic acid was selected as
the optimal sacrificial electron donor for both of the CMPs. As
illustrated in Figure 4a, T-CMP-1 displayed a relatively high

photocatalytic activity with a hydrogen evolution rate (HER)
of 3214.3 μmol h−1 g−1 under visible light (λ > 420 nm). Even
under monochromatic-light irradiation, the HER could still
reach 1466.9 (420 nm) and 214.2 μmol h−1 g−1 (450 nm).
Interestingly, for T-CMP-2, the HER is only 242.1 μmol h−1

g−1 under visible light. Lower HERs of 119.6 (420 nm) and
9.56 μmol h−1 g−1 (450 nm) were observed under
monochromatic-light irradiation. According to the results of
photocatalysis, the apparent quantum yields (AQYs) of T-
CMP-1 (5 mg) were measured to be 0.890 and 0.437% at 420
and 450 nm, respectively. Meanwhile, the AQYs of T-CMP-2
were 0.122 and 0.0319% at 420 and 450 nm, respectively.
Benefiting from the metal-free synthesis method (e.g., Pt and
Pd), the enormous differences of the HER and the AQY were
clearly attributed to the structural difference.
To explore the essential reasons for the dramatic difference

in the photocatalytic performance of T-CMP-1 and T-CMP-2,
the solid-state absorption spectra were first measured to study
the photophysical properties of these two CMPs. As shown in
Figure 4b, the absorptions of the two CMPs were found to
cover almost the entire visible-light region extended to 800 nm.
Thus, both of the two CMPs have the potential to harvest
visible light for photocatalytic hydrogen evolution. According
to the absorption spectra, the bandgaps of T-CMP-1 and T-
CMP-2 are calculated to be 2.19 and 2.28 eV, respectively. No
obvious difference was observed in the bandgaps. The cyclic
voltammetry measurements were then performed to evaluate
the energy levels (Figure S5). The lowest unoccupied
molecular orbital (LUMO) and the highest occupied

molecular orbital (HOMO) energy levels of T-CMP-2 were
measured to be −3.69 and − 5.97 eV, respectively. For T-
CMP-1, a similar LUMO energy level of −3.74 eV and a
HOMO energy level of −5.93 eV were obtained. These data
suggest that T-CMP-1 is prone to generating holes under
visible-light irradiation. The photocurrent measurements were
also performed to evaluate the separation efficiency of the
photoinduced electron−hole pairs. As depicted in Figure 4c,
the photocurrent response of the T-CMP-1 electrode was
higher than that of the T-CMP-2 electrode under visible light,
which was consistent with the photocatalytic activity.
Furthermore, electrochemical impedance spectroscopy sug-
gests that T-CMP-1 possessed a better electronic conductivity
than T-CMP-2 (Figure 4d). These results demonstrated that
the performance of photocatalysis can be greatly improved
with the increase of the triazine unit, and the absorption and
utilization of visible light can be improved (Figure 4b). A
photocatalytic stability test of T-CMP-1 was also performed
(Figure S6). No obvious decrease in the photocatalytic
performance was observed after three cycles.

■ CONCLUSIONS

In summary, we have successfully designed and synthesized
two triazine-based CMPs with different contents of triazine
units. The subtle structural variation leads to an enormous
difference in photocatalytic performance. T-CMP-1 exhibited
an HER of 3214.3 μmol h−1 g−1 under visible-light irradiation,
while the HER of T-CMP-2 only reached 242.1 μmol h−1 g−1.
As a result, the photocatalytic performance could be greatly
improved by increasing the content of the triazine units in
CMPs. These results provide a strategy for the design of
conjugated organic porous polymers with high photocatalytic
performance for solar-energy-driven hydrogen evolution.

■ EXPERIMENTAL SECTION

Materials. Unless otherwise stated, all other reagents were
purchased commercially and can be used without further
purification. Organic solvents including ethanol, dichloro-
methane (DCM), petroleum ether, ethyl acetate, acetone, N,N-
dimethylformamide (DMF), tetrahydrofuran, ascorbic acid,
and diluted hydrochloric acid were purchased from Yantai Far
East Fine Chemical Co., Ltd. All aqueous solutions were
prepared with Milli-Q water.

Instruments and Methods. 1H and 13C NMR spectra
were measured on 400 MHz spectrometers (Bruker AVANCE
NEO 400 Ascend) in the indicated solvents at room
temperature. High-resolution solid-state NMR spectra were
recorded on an Agilent NMR spectrometer (60054-ASC)
using a standard CP pulse sequence probe with 4 mm (outside
diameter) zirconia rotors.
TGA was carried out in a nitrogen atmosphere using a TA-

Q20 in the United States. The test condition was that the
temperature was raised from room temperature to 800 °C and
the rate was 10 °C/min. There was no equilibrium delay.
Scanning electron microscope (SEM) images were collected

using a scanning electron microscope (JEOL, JSM-7500F) at
an accelerating voltage of 5.0 kV. Transmission electron
microscopy (TEM) was performed on a JEM-2100 electron
microscope with an accelerating voltage of 200 kV. Solid-state
UV−vis absorbance was measured using a UV spectropho-
tometer (HITACHI, U-3900).

Figure 4. (a) Time course of photocatalytic hydrogen evolution for
T-CMP-1 (blue curve) and T-CMP-2 (orange curve) (>420 nm). (b)
Solid-state absorption spectra of T-CMP-1 and T-CMP-2. (c)
Periodic on/off photocurrent output of T-CMP-1 and T-CMP-2
casted on FTO glass. (d) Electrochemical impedance spectroscopy
Nyquist plots for T-CMP-1 and T-CMP-2.
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Powder X-ray diffraction (PXRD) patterns were obtained on
a PANalytical Empyrean X-ray diffractometer with Cu Kα line-
focused radiation at 40 kV and 40 mA from 2θ = 1.5 up to 20°
with a 0.02° increment by Bragg−Brentano. The powdered
sample was added to the glass and compacted for measure-
ment.
N2 adsorption isotherms were measured up to 1 bar at 77 K

using a Micrometrics ASAP 2460 surface area analyzer. Prior to
measurements, samples (ca. 100 mg) were degassed for over
12 h at 120 °C. Ultrahigh-purity-grade N2 and He were used
throughout the adsorption experiments. Oil-free vacuum
pumps and oil-free pressure regulators were used for
measurements to prevent contamination of the samples during
the degassing process and isotherm measurement.
General Procedures for Photocurrent Measurements.

Photocurrent measurements were performed on a CHI 760E
electrochemical system (Shanghai, China), using indium
fluorine-doped oxide-coated glass slides as the working
electrode, Ag/AgCl as the reference electrode, and a platinum
wire as the counter electrode in a three-electrode system. The
mixed binder solution is made up of 75 μL of a
polytetrafluoroethylene emulsion and ethanol (675 μL). The
solution was mixed with a polymer (10 mg), the polymer was
dispersed by ultrasonication, and the solution (50 μL) was
dropped onto the FTO glass working electrode (active area of
1 cm2). The samples were dried at 50 °C for 30 min. N2 was
used to purify the three-electrode system for 5 min before
measurement. Measurements were made in a Na2SO4 solution
(0.1 M), and the back of the FTO working electrode was
illuminated with a solar simulator (1 sun, ABA-grade).
General Procedures for Photocatalytic Hydrogen Evolu-

tion. The photocatalytic hydrogen generation experiments of
the photocatalysts were performed on a set of photocatalytic
equipment (Beijing Perfect Light Co.). First of all, the as-
synthesized polymer of 5 mg was ultrasonically dispersed in 0.1
M ascorbic acid to form a well-dispersed polymer suspension.
H2PtCl6 (20 μL, 8 wt %) was then added to the reaction
system. After the photocatalytic system was degassed to
remove the dissolved air, the suspension was irradiated with a
300 W Xe lamp under vacuum with stirring. Circulating
cooling water was used to keep the photocatalytic reaction
temperature at 5 °C. A 420 nm filter was used to filter off
ultraviolet light to obtain simulated visible-light irradiation (λ
> 420 nm). The produced hydrogen was measured online by
using a gas chromatograph.
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