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The fast recombination of photogenerated electron—hole pairs after
charge separation is one of the main factors limiting the achievement of
high efficiency of organic semiconductor photocatalysts. Herein, we
report a conjugated microporous polymer (CMP)/graphene hetero-
system for enhanced photocatalytic hydrogen evolution.
Benzothiadiazole-based CMPs were synthesized on graphene sheets
Via covalent bonds. Owing to the substantially enhanced charge separa-
tion and transfer within the organic semiconductor/conductor hetero-
structure, the heterosystems exhibited increased photocatalytic
hydrogen evolution rates up to 977 pmol g~ h™%, which is approxi-
mately two times as high as that of bulk CMP.

Conjugated polymers are emerging organic heterogeneous
photocatalysts due to their attractive metal-free nature,
chemical stability and diverse structures.'® In recent years,
enormous efforts have been made to promote their photocata-
lytic performance by enhancing their light-harvesting ability,
facilitating the charge separation and transfer efficiency, tun-
ing the morphology, improving the hydrophilicity, etc.”** The
fast recombination of the photogenerated electron-hole pair is
one of the main limiting factors for the photocatalytic applica-
tions of single component semiconductor photocatalysts.
Recent studies revealed several methods to promote the charge
separation and transfer efficiency inside the photocatalyst
material.">™** For example, doping of heteroatoms, variation
of substitution or spatial configuration,>'>'® adjustment of
electron-donor and -acceptor combinations,'”2° and construc-
tion of conjugated polymer/metal heterostructures have been
reported.>'

Among the reported optimization methods, the construction
of heterostructures could substantially enhance the charge
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separation and transfer efficiency of the semiconductor materials.
Upon light irradiation, the excited electron in the conduction band
(CB) of the semiconductor can be spontaneously transferred to the
conductor without a significant energy barrier. The photoexcited
electron-hole pair can then be spatially separated, and their fast
recombination possibly surpassed. As a facile method to facilitate
the charge separation and transfer inside photocatalysts, designing
heterostructure-based photocatalytic systems, especially inorganic
and metal-containing semiconductor/conductor systems, has been
a research focus in recent years. Nevertheless, pure non-metal
heterostructure systems have barely been designed for polymer-
based photocatalysts.

As a potential candidate for non-metal conductor materials,
graphene possesses unique features such as high work function
(4.42 eV),**?° ultrafast theoretical charge carrier mobility
(2 x 10° em® V' s ! at room temperature),””*® high electrical
conductivity (10° S em ')*® and solution-processable nature.
These properties make graphene a promising candidate for
photocatalytic semiconductor/conductor heterostructures. So
far, most of the reported catalytic materials containing gra-
phene were hybrid materials consisting of metal oxides.** >
Conjugated polymer/graphene systems have rarely been stu-
died. Therefore, an investigation in this specific class of photo-
catalytic systems is of necessity.

Here, we report conjugated microporous polymer (CMP)/
graphene heterostructures for visible light-driven photocataly-
tic hydrogen evolution. The photogenerated charge separation
and transfer within CMP/graphene heterostructures are sub-
stantially enhanced by varying the content of graphene. Speci-
fically, the CMP/graphene heterostructure containing 0.5 wt%
graphene exhibits enhanced photocatalytic H, evolution rates
up to 977 umol g * h™*, which was approximately two times as
high as that of bulk CMP. This work provides a simple and
facile method for improving the photocatalytic hydrogen evolu-
tion performance of conjugated polymer photocatalysts.

In order to form covalent bonds between graphene and the
CMPs, 4-bromophenyl-modified graphene (Br-graphene) sheets
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Scheme 1

Ilustration of the facilitated charge transfer across the gra-
phene/polymer heterostructures for enhanced photocatalytic hydrogen
evolution.

were prepared via a radical substitution method according to a
previous report.>®> As shown in Scheme 1, 4,7-dibromo-2,1,3-
benzothiadiazole and 1,3,5-phenyltriboronic acid were poly-
merized directly onto the surface of Br-graphene via a
Suzuki-Miyaura cross-coupling reaction, resulting in a series
of graphene-containing microporous polymers (GMPs). The
mass ratio of Br-graphene was adjusted from 0.1 to 5 wt%.
The resulted CMP/graphene materials were referred to as
GMP-x, in which x is the weight percentage of graphene.
Compared to the bulk CMP, CMP-BT was directly synthesized
from the polymerization of 1,3,5-phenyltriboronic acid and 4,7-
dibromo-2,1,3-benzothiadiazole without graphene.

The obtained materials showed colors ranging from dark
yellow to black with increasing content of graphene (0-5 wt%).
All products were insoluble in the common solvents tested. The
morphologies of CMP-BT and GMP-x were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Differing from the bulk material, CMP-BT
with a fused particle-like structure, all the graphene-containing
GMPs showed a sheet-like morphology, as shown in Fig. 1a
and b, with GMP-0.5 as an example. The elemental mapping
images indicated that nitrogen and sulfur atoms were evenly
distributed on the particles (Fig. 1c and d). No free CMP
particles were found, which suggests the successful synthesis
of CMPs on the graphene surface (Fig. S1-S4, ESIt). The porous
properties of GMPs and CMP-BT were characterized by nitrogen
adsorption/desorption measurements (Fig. S5 and S6, ESIT).
CMP-BT showed a type I sorption isotherm for a typical
microporous character. The Brunauer-Emmett-Teller (BET)
surface area of CMP-BT was calculated to be 237 m* g~ '. With
the incorporation of graphene sheets, GMP-0.1 (277 m”> g™ ')
yielded a slightly higher BET surface area than CMP-BT. The
BET surface areas decreased with increasing graphene content,
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Fig.1 (a) SEM, (b) TEM and (c) HAADF-STEM images of GMP-0.5; the
corresponding elemental mapping images of (d) nitrogen and (e) sulfur.

with GMP-5 showing a rather non-porous character. The phy-
sical properties of the materials are listed in Table 1.

The solid-state '*C cross-polarization magic angle spinning
(CP-MAS) NMR spectra of the materials showed a peak at
155 ppm, which was characteristic of carbon atoms adjacent to
the nitrogen atoms of benzothiadiazole (BT) motifs (Fig. S7-S12,
ESIt). The signals between 128 and 137 nm can be assigned to the
sp>-hybridized carbon atoms of 1,3,5-functionalized phenyl linkers
and BT units. The fused peaks indicated the presence of highly
crosslinked structures in the polymer skeleton. The typical stretch-
ing vibration modes of N-S and C=N on BT units at 1550 and
1350 cm™ " were also observed using a Fourier transform infrared
(FT-IR) spectrometer (Fig. S13, ESIY).

According to the UV-vis diffusion reflectance (DR) spectra,
CMP-BT exhibited the narrowest adsorption range up to
490 nm. Benefitting from the introduction of graphene, GMPs
showed a wider visible light adsorption range which extended
to nearly 700 nm (Fig. 2a). The blue-shifted adsorption max-
imum can be ascribed to the increasing content of graphene.
The reason might be that the addition of graphene might lead
to more phenyl content within the conjugated system via the
C-C coupling reaction during the polymerization process, thereby
shifting the energy of the heterostructures to a higher level. The
same phenomenon could be observed by the emission maxima of
GMPs in the photoluminescence (PL) spectra (Fig. 2b). For GMP-1,
3, and 5, the attenuated photoluminescence emission revealed an
overall stronger luminescence quenching with increasing graphene
content, which suggests that the radiative recombination was
retarded with improved charge separation.

For a deeper investigation of the impact of graphene on the
photophysical properties, the materials were characterized by
time-resolved  photoluminescence (TRPL) spectroscopy
(Fig. 2¢). The double-exponential fitting results were calculated
and are summarized in Table S1 (ESIt). It was found that all

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical properties and photocatalytic hydrogen evolution rates of CMP-BT and the GMPs

Sample Bandgap (opt.)” (eV) HOMO’/LUMO® (V vs. NHE) Sper” (m* g7) Pore volume? (cm® g7) HER® (umol h™' g™
CMP-BT 2.2 1.49/-0.71 237 0.26 497
GMP-0.1 2.0 1.28/—0.72 277 0.38 492
GMP-0.5 2.1 1.4/—-0.70 195 0.39 977
GMP-1 1.7 0.92/—0.78 35 0.27 616
GMP-3 1.8 1.05/—0.75 27.6 0.21 503
GMP-5 1.8 1.03/-0.77 2.0 0.01 380

“ Derived from the adsorption edges. ? Calculated by extracting the lowest unoccupied molecular orbital (LUMO) level from the optical bandgap.
¢ Determined by cyclic voltammetry. ¢ Calculated from the N, sorption isotherms. ¢ The photocatalytic hydrogen evolution was conducted using
20 mg photocatalyst, 100 mL water, 10 mL TEOA and 3 wt% Pt co-catalyst.

GMPs showed shorter average fluorescence lifetimes than CMP-
BT (tavg = 1.73 1s). GMP-0.1, 0.5, and 1 with graphene contents
less than or equal to 1 wt% showed average lifetimes of about
1.50, 1.48 and 1.51 ns, respectively. The lifetime for GMP-5
significantly reduced to 0.60 ns. Moreover, GMP-0.1 and 0.5
exhibited longer 7, lifetimes than CMP-BT (0.59 ns). The 4
proportions of GMP-0.1 and 0.5 increased compared with CMP-
BT, while the 7, proportion decreased. The shorter fluorescence
lifetime and the attenuated PL emission indicated that, with
enhanced electron transport between CMP and graphene
within the heterostructures, a non-radiative charge transfer
pathway might have been activated.>*™¢

Photocurrent measurements revealed the stronger transient
light responses of GMP-0.1 and GMP-0.5 than that of CMP-BT,
indicating an improved photo-induced electronic conductivity
for the GMPs (Fig. 2d). By further increasing the graphene
contents for GMP-1 to GMP-3, the materials showed weaker
photocurrent responses. This could be caused by the rather
dominant conducting character of the heterostructure. On the
basis of the photophysical results, graphene could act as an
electron mediator for improved charge separation and transfer
efficiency in the CMP/graphene heterostructures, thus likely
further improving their photocatalytic performances.
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Fig. 2 (a) UV-Vis DRS spectrum of GMPs and CMP-BT. (b) Steady-state
photoluminescence and (c) time-resolved PL curves excited at 460 nm of
CMP and all GMPs as indicated. (d) Photocurrent response spectra of
GMPs and CMP-BT upon visible light irradiation (2 >420 nm).
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We then tested the photocatalytic activity of the CMP/
graphene heterostructures for visible light-driven hydrogen
evolution (4 >420 nm). The average H, production rates of
the photocatalysts with varying content of graphene are shown
in Fig. 3a. The hydrogen evolution rate (HER) of the GMPs
increased first from 482 to 977 pmol g ' h™", then decreased
with the increasing content of graphene. Among them, CMP-BT
exhibited a HER of 497 pmol g~ " h™', which was comparable
to our previous reported value.'® A similar HER of about
482 pmol g~' h™" was achieved by GMP-0.1, which is likely
because of the negligible influence of a minimum load of
graphene (0.1 wt%) toward the optical and electronic proper-
ties. The highest HER was achieved by GMP-0.5. The HER of
GMP-0.5 (977.1 umol g~ ' h™") was about two times as high as
that of CMP-BT. The results showed that the construction of
CMP/graphene could effectively facilitate the charge transfer
and inhibit the recombination of photoinduced electron and
hole pairs. The photocatalytic hydrogen evolution activity
decreased when the graphene content was further increased
to 1.0 wt%. GMP-5, with the largest graphene content (5 wt%)
among the as-prepared photocatalysts, achieved the lowest
HER (380 pmol g~" h™"). The decreasing activity from GMP-1 to
GMP-5 could be ascribed to the blocked charge transfer via defect
recombination caused by a higher graphene content since defects
were inevitably formed during the chemical processing of graphene.
Hence, it was more likely to occur in systems with excess amounts of
graphene. The decreased photocatalytic efficiency with excessive
graphene in heterostructures was observed by Cui et al. in TiO,/
graphene composites.*' The apparent quantum efficiency (AQE) of
GMP-0.5 as the best performing photocatalyst was calculated under
the irradiation of visible light with selected wavelength (Fig. 3b),
which was consistent with the visible-light adsorption spectrum of
GMP-0.5. The AQE at 420 nm was calculated to be 0.36%. The
repeating experiments showed that the amount of evolved H,
increased linearly in each cycle (Fig. 3c). A slight decay in the
second cycle was likely caused by the consumption of TEOA, and
it was recovered after addition of TEOA as a sacrificial reagent. No
discernible composition change of the photocatalyst was found after
the repeated experiments, as shown in the FT-IR and UV-vis spectra
(Fig. S13 and S14, ESIt), indicating the long-term photo- and
structural stability of the GMPs. Additionally, it is worth noting that
no relationship was found between the residual Pd and photocata-
Iytic activity of the as-prepared photocatalysts according to the ICP-
MS results (Table S2, ESIY).

Mater. Adv,, 2021, 2, 7379-7383 | 7381
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Fig. 3 (a) Photocatalytic H, production rates of CMP-BT and GMPs under

visible light irradiation (1 >420 nm). (b) Recycling test of GMP-0.5.
(c) Apparent quantum efficiencies of photocatalytic H, evolution with
GMP-0.5 as the photocatalyst in relation to irradiation wavelength.

Conclusions

In conclusion, we have designed CMP/graphene heterostruc-
tures as photocatalysts for visible light-driven H, evolution by
direct synthesis of CMPs on graphene sheets via covalent
bonds. By adjusting the graphene content, the charge separa-
tion and transfer ability of the resulted heterostructures could
be modified. The heterostructure with 0.5 wt% graphene
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content showed the highest photocatalytic H, generation effi-
ciency within the series of materials, which is approximately
two times as high as that of bulk CMP. The design strategy of
metal-free heterostructures could offer a flexible and feasibly
way for photocatalytic efficiency enhancement by facilitating
the charge transfer ability.
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