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This work shows that the hydrogen evolution performance of conju-
gated microporous polymer (CMP)-based photocatalysts can be
enhanced through their hollow shape engineering. Using a hollow
microporous organic polymer (H-MOP) as a template, hollow Stille
coupling-based CMP photocatalysts with Pd nanoparticles (H-
MOP@SCMP-Pds) were prepared, showing enhanced hydrogen
evolution rates up to 7100 umol h~* g~ and apparent quantum yields
up to 3.72% (@420 nm).

In 2014, our research group reported a conjugated microporous
photocatalyst with the electronic push-pull structure for visible
light-induced hydrogen evolution.* We introduced TiO, nano-
particles into the photocatalytic system for the facilitated charge
separation. In addition, Pt was employed to reduce over-
potentials in photo-induced redox catalysis. At that time, it was
agreed that the use of the noble metal was a drawback.
Recently, there have been extensive and insightful studies of
scientists on conjugated microporous polymer (CMP)-based
photocatalysts for hydrogen evolution.”> The band-gaps of
CMP-based organic photocatalysts were delicately engineered
through the scanning of aromatic building blocks.** For the
efficient absorption of visible light and photo-induced charge
separation, push-pull chemical structures have been adopted
for CMP-based photocatalytic systems.>” The effects of porous
or nonporous features on photocatalytic performance were
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studied.®® Recently, the photocatalytic composites of organic
polymers with inorganic materials were engineered."**> The
importance of residual or additional noble metals in the CMP-
based photocatalysts has been reported for the enhanced
hydrogen evolution.'*' The recent progresses in the CMP-based
photocatalysts have stimulated us to restudy CMP with noble
metals as the photocatalytic systems for hydrogen evolution.

Our previous work® focused the chemical durability of
organic photocatalysts in CMP/TiO,-Pt. Because photo-induced
electron transfer can result in the organic radical forms of
photosensitizers,'® the irreversible coupling of the organic
radical species can reduce the durability of photocatalytic
systems. The networking of organic photocatalysts can suppress
such irreversible coupling of radical intermediates and enhance
the durability of photocatalytic systems, compared with
molecular systems.'® In another hand, the photocatalytic activ-
ities of the CMP/TiO,-Pt are considerable, displaying
a hydrogen evolution rate (HER) of 1250 pmol h™' g~'. The
promising photocatalytic activity is attributable to the efficient
visible light absorption by the donor-acceptor chemical struc-
ture, facile charge separation, and the reduced overpotentials by
the Pt catalyst. Recently, Wang et al. reviewed the recent prog-
resses in the CMP-based photocatalysts and their catalytic
performance, showing a gradual improvement of HERs from 70
pumol h™' g™ " to 3142 ymol h™" g™ '.2

Since the report of CMP/TiO,-Pt, we have studied further
engineering of CMPs based on Sonogashira coupling to improve
the photocatalytic performance for hydrogen evolution. Unfor-
tunately, we have been frustrated because the photocatalytic
performance of the Sonogashira coupling-based CMP photo-
catalysts did not exceed those of the Knoevenagel condensation-
based CMP/TiO,-Pt of the previous paper.’ Recently, we found
that the self-supporting of Pd nanoparticles can be systemati-
cally controlled during the synthesis of Stille coupling-based
CMP (SCMP) because the zerovalent Pd catalysts were used
without additional bases.” In addition, it has been well re-
ported that the hollow morphology engineering of catalytic
materials can enhance their performance.®> However,
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unfortunately, our numerous trials for the shape-controlled
synthesis of the hollow SCMP by the conventional silica
template method**** were unsuccessful. Instead, we have found
that the Sonogashira coupling-based hollow microporous
organic polymer (H-MOP) can be utilized for the engineering of
other CMPs.”>*® As the Sonogashira coupling-based MOP in this
work is not fully conjugated, due to the existence of sp> carbons
in the main chain skeletons, the term, MOP is used. Finally, we
could develop hollow MOP@SCMP-based photocatalytic
systems with Pd nanoparticles (H-MOP@SCMP-Pds) showing
the HERs up to 7100 umol h™" g~ under visible light irradia-
tion. In this work, we report the engineering of SCMP on the
hollow Sonogashira coupling-based MOP, the concomitant
incorporation of Pd nanoparticles, and the enhanced photo-
catalytic performance for the hydrogen evolution.

Fig. 1 shows a synthetic scheme for H-MOP@SCMP-Pds.
First, the H-MOP was prepared by the Sonogashira coupling of
tetra(4-ethynylphenyl)methane® with 1,4-diiodobenzene in the
presence of silica spheres with sizes of 200-240 nm and by
successive silica etching through treatment of aqueous HF
solution. Recently, Jiang et al. reported the development of
CMP-based photocatalysts bearing dibenzothiophene sulfone
moieties, displaying excellent performance in the visible light-
induced hydrogen evolution.*®>° Considering the recent prog-
resses,”*** H-MOP@SCMP-Pds were prepared in the presence of
the H-MOP template by the (PPh;),Pd-catalyzed Stille coupling
of tris(4-trimethylstannylphenyl)amine with 3,7-dibromodi-
benzothiophene sulfone. With an optimized and fixed amount
of building blocks and H-MOP, we increased the amount of
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Fig. 1 Synthesis of H-MOP@SCMP-Pds and nonhollow SCMP-Pd.
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(PPh;),Pd catalysts from 8 pmol to 32 and 64 pmol. The resul-
tant materials were denoted as H-MOP@SCMP-Pd1, H-
MOP@SCMP-Pd2, and H-MOP®@SCMP-Pd3, respectively. As
a control material, nonhollow SCMP-Pd was prepared without
H-MOP templates by the (PPh;),Pd (32 pmol)-catalyzed Stille
coupling of tris(4-trimethylstannylphenyl)Jamine with 3,7-
dibromodibenzothiophene sulfone.

The morphologies of H-MOP@SCMP-Pds were investigated
by transmission electron microscopy (TEM) (Fig. 2). As shown in
Fig. 2a, the H-MOP has a hollow structure with an average
diameter of 223 nm and a shell thickness of 24 nm. As the
amount of (PPh;),Pd catalyst increased, the diameters of H-
MOP®@SCMP-Pds increased gradually from 233 nm (H-
MOP®@SCMP-Pd1) to 245 (H-MOP@SCMP-Pd2) and 259 nm
(H-MOP@SCMP-Pd3) with an increase of shell thicknesses from
30 nm to 35 and 43 nm, respectively, indicating the incorpora-
tion of ~5, ~10, and ~20 nm thick SCMP-Pds into H-MOP,
respectively (Fig. 2b-d). Whilst the residual Pd species was not
detect-able in the TEM analysis of H-MOP and H-MOP@SCMP-
Pd1, Pd nanoparticles appeared at H-MOP@SCMP-Pd2 and H-
MOP®@SCMP-Pd3 (Fig. 2a-d). The average sizes of Pd nano-
particles in H-MOP@SCMP-Pd2 and H-MOP@SCMP-Pd3 were
measured to be 5.2 and 8.1 nm, respectively. In addition, as the
amount of (PPh;),Pd catalyst increased, the number of Pd
nanoparticles in H-MOP@SCMP-Pd2 and H-MOP@SCMP-Pd3
increased. The nonhollow SCMP-Pd had irregular morphol-
ogies with diameters of 100-250 nm and 2.0-4.5 nm-sized Pd
particles (Fig. 2e).

The chemical composition of H-MOP@SCMP-Pd-2 was
further investigated by energy dispersive X-ray spectroscopy
(EDS). The EDS-based elemental mapping study of H-
MOP@SCMP-Pd2 revealed the existence of Pd and the homo-
geneous distribution of N and S over hollow materials, origi-
nating from triphenylamine and dibenzothiophene sulfone
moieties in the building blocks and supporting the successful
incorporation of SCMP-Pd into the H-MOP template (Fig. 2f).

Fig. 2 TEM images of (a) H-MOP, (b) H-MOP@SCMP-Pd1, (c) H-
MOP@SCMP-Pd2, (d) H-MOP@SCMP-Pd3, and (e) SCMP-Pd (also,
refer to Fig. S11 in the ESI} for additional TEM and SEM images of H-
MOP@SCMP-Pd2). (f) EDS elemental mapping images of H-
MOP@SCMP-Pd2.
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The surface areas (SAs) and microporosity of H-MOP, H-
MOP®@SCMP-Pds, and nonhollow SCMP-Pd were character-
ized by the analysis of N, adsorption-desorption isotherm
curves based on the Brunauer-Emmett-Teller theory and the
nonlocal density functional theory (NLDFT) method (Fig. 3a and
b, S1, and Table S1 in the ESIt). Whilst the SA of H-MOP was
measured to be 610 m> g7, that of H-MOP@SCMP-Pd1 was
reduced to 405 m> g~ ', possibly due to the pore-clogging of
inner H-MOP by the SCMP-Pd and the relatively incomplete
networking of SCMP. The micropore volumes (Vy;.) of H-MOP
and H-MOP@SCMP-Pd1 were measured to be 0.14 and 0.10
em?® g7, respectively. The SA and Vp,;. of H-MOP@SCMP-Pd2
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Fig. 3 (a) N, sorption isotherm curves obtained at 77 K, (b) pore size
distribution diagrams based on the NLDFT method, (c) PXRD patterns,
(d) IR spectra, and (e) solid state *C NMR spectra of H-MOP and H-
MOP@SCMP-Pds, and SCMP-Pd. The asterisks of the IR spectrum of
SCMP-Pd correspond to the S=O vibrations and that of *C NMR
spectrum corresponds to the adjacent carbons to S in dibenzothio-
phene sulfone moieties.
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increased to 507 m* ¢~ ' and 0.11 cm® g™, respectively, due to
the increased amount of SCMP and the enhanced networking of
SCMP by the increased (PPh;),Pd catalyst. In the case of H-
MOP®@SCMP-Pd3, the SA and V,,;. decreased to 482 m? g !
and 0.11 cm® g™, due to the increased amount of Pd nano-
particles. Interestingly, nonhollow SCMP-Pd showed a poor SA
of 115 m?® g~ ! with Vi of 0.02 m* g, possibly due to the
incomplete networking and the clogging of micropores by Pd
nanoparticles.

The Pd species in the H-MOP, H-MOP@SCMP-Pds, and
SCMP-Pd were investigated by powder X-ray diffraction (PXRD)
studies and X-ray photoelectron spectroscopy (XPS) (Fig. 3¢ and
S2 in the ESIt). Whilst the PXRD patterns of H-MOP and H-
MOP@SCMP-Pd1 were amorphous, due to the minor amount
of Pd, that of H-MOP@SCMP-Pd2 showed a broad diffraction
peak at 26 of 39.4°, corresponding to the (111) crystalline plane
of metallic Pd (JCPDS# 05-0681) (Fig. 3¢).*" In the PXRD pattern
of H-MOP®@SCMP-Pd3, the intensities of Pd diffraction peaks
increased at 26 of 39.4°, 45.9°, and 67.2°, corresponding to the
(111), (200), and (220) crystalline planes of metallic Pd,
respectively. In comparison, the nonhollow SCMP-Pd showed
a very broad Pd diffraction peak at 26 of ~39.5°, due to the
relatively smaller sizes of Pd particles.

In the XPS spectrum of H-MOP, the 3d orbital peaks of Pd(2+)
state appeared at 337.0 and 342.4 eV (Fig. S2 in the ESI}).*
Whilst the Pd 3d orbital peaks were not distinguishable in the
XPS spectrum of H-MOP@SCMP-Pd1, those of H-MOP@SCMP-
Pd2, H-MOP@SCMP-Pd3, and SCMP-Pd showed the 3d orbital
peaks of zerovalent Pd state at 336.1 and 341.4 eV.** According
to the inductively coupled plasma (ICP) analysis, the contents of
Pd in H-MOP, H-MOP@SCMP-Pd1, H-MOP@SCMP-Pd2, H-
MOP@SCMP-Pd3, and SCMP-Pd were analyzed to be 0.92, 1.2,
6.4, 11, and 5.8 wt%, respectively. The combustion elemental
analysis indicated that the contents of triphenylamines in the
H-MOP@SCMP-Pd1, H-MOP@SCMP-Pd2, H-MOP@SCMP-Pd3,
and SCMP-Pd are 1.54, 1.24, 0.95, and 1.23 mmol g ', respec-
tively. In addition, the contents of dibenzothiophene sulfone
moieties in H-MOP@SCMP-Pd1, H-MOP@SCMP-Pd2, H-
MOP@SCMP-Pd3, and SCMP-Pd were analyzed to be 1.28,
1.11, 0.81, and 1.33 mmol g~ ', respectively. The comparable
contents of triphenylamines and dibenzothiophene sulfones in
the H-MOP@SCMP-Pd2 and SCMP-Pd indicate the relatively
incomplete networking and the significant existence of
coupling groups in nonhollow SCMP-Pd.

The chemical structures of H-MOP, H-MOP®@SCMP-Pds, and
SCMP-Pd were further characterized by infrared absorption (IR)
and solid state >C nuclear magnetic resonance (NMR) spec-
troscopy (Fig. 3d and e). In the IR spectra, aromatic C=C and
C-H vibration peaks of H-MOP and H-MOP@SCMP-Pds
appeared at 1503 and 826 cm™ ', respectively** (Fig. 3d). As the
amount of SCMP increased, the intensities of new aromatic
C=C vibration peaks increased at 1465 and 1597 cm™' with
decrease of the vibration peak of H-MOP at 1503 cm *. In
addition, new vibration peaks appeared at 1161 and 1307 cm ™"
in the IR spectra of H-MOP@SCMP-Pds, corresponding to the
O=S=0 group of the dibenzothiophene sulfone moieties.**

This journal is © The Royal Society of Chemistry 2021
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The C NMR spectrum of H-MOP showed aromatic *C
peaks at 122, 130, 136, and 146 ppm (Fig. 3e). In addition, the
3C peaks of the internal alkyne and benzyl carbon appeared at
90 and 64 ppm, respectively, matching well with those reported
in the literature.** As the amount of SCMP in H-MOP@SCMP-
Pds increased, the intensities of internal alkyne '*C peaks at
90 ppm decreased gradually. In addition, the aromatic '*C
peaks of H-MOP@SCMP-Pds changed significantly, compared
with those of H-MOP. Especially, new peaks appeared at
138 ppm, corresponding to the adjacent carbons to S in
dibenzothiophene sulfone moieties. The *C NMR and IR
spectra indicate that the SCMP was successfully incorporated in
H-MOP@SCMP-Pds.

The optical properties of H-MOP, H-MOP@SCMP-Pds, and
SCMP-Pd were investigated by the reflectance and emission
spectroscopy (Fig. 4). As the amounts of Pd nanoparticles in the
H-MOP@SCMP-Pds and SCMP-Pd increased, their colors
changed gradually from greenish yellow to dark green (Fig. 4a-
e). Compared with H-MOP, the H-MOP@SCMP-Pds and SCMP-
Pd showed new absorption bands at 375-500 nm, correspond-
ing to the feature of SCMP (Fig. 4f). In addition, H-MOP@SCMP-
Pd2, H-MOP@SCMP-Pd3, and SCMP-Pd showed broad absorp-
tion over 500-800 nm, due to the Pd nanoparticles. As the
amount of Pd in the H-MOP@SCMP-Pds increased, the absor-
bance at 375-500 nm decreased with the increase of absorbance
at 500-800 nm (Fig. 4f). In emission spectra, whilst the H-MOP
was not emissive, the H-MOP@SCMP-Pds and SCMP-Pd showed
emission at 546-548 nm (Fig. 4g). As the amounts of Pd species
increased, the emission intensities at 546-548 nm decreased in
the order of H-MOP@SCMP-Pd1 (1) > SCMP-Pd (0.63) > H-
MOP®@SCMP-Pd2 (0.37) > H-MOP@SCMP-Pd3 (0.31). The
emission quantum yields of H-MOP@SCMP-Pd1, SCMP-Pd, H-
MOP@SCMP-Pd2, and H-MOP@SCMP-Pd3 were measured to
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Fig. 4 Photographs of (@) H-MOP, (b) H-MOP@SCMP-Pd1, (c) H-
MOP@SCMP-Pd2, (d) H-MOP@SCMP-Pd3, and (e) SCMP-Pd. (f) UV/vis
absorption (powder) and (g) emission spectra (agueous suspensions,
0.13 mg mL™%, Aex = 420 nm) of H-MOP, H-MOP@SCMP-Pds, and
SCMP-Pd.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry A

be 3.1, 2.8, 1.8, and 0.9%, respectively.*® The average emission
life times (tag) of H-MOP@SCMP-Pd1, SCMP-Pd, H-
MOP@SCMP-Pd2, and H-MOP@SCMP-Pd3 were measured to
be 9.4, 8.6, 7.3, and 7.0 ns, respectively (Fig. S3 in the ESI{). In
a mixture of water and 10% triethanolamine (TEOA), the 7,
values of H-MOP@SCMP-Pd1, SCMP-Pd, H-MOP@SCMP-Pd2,
and H-MOP@SCMP-Pd3 decreased to 2.9, 2.5, 2.3, and 2.0 ns,
respectively. The emission quenching of H-MOP@SCMP-Pds
and SCMP-Pd by Pd nanoparticles and a mixture of water and
TEOA indicates the photo-induced electron transfer from SCMP
to Pd nanoparticles and an aqueous medium.

Considering the photophysical properties and good dis-
persity in water (Fig. S4 in the ESIT), we studied the catalytic
performance of H-MOP@SCMP-Pds (0.13 mg mL™') for the
visible light (a 300 W Xe lamp, <400 nm cut off, 530 mW cm ™ >)-
induced hydrogen evolution (Fig. 5a and b and refer to the ESIT
for details).

Whilst the control material, H-MOP showed a nearly no HER,
H-MOP@CMP-Pd1 showed a HER of 1400 pmol h™" g~ " for 5 h
(Fig. 5a). In the case of H-MOP@CMP-Pd2, a HER dramatically
increased to 7100 pmol h™" g™ (14 pmol h™" m™?), due to the
existence of Pd nanoparticles and enhanced porosity. At the 1
sun light intensity, the HER of the H-MOP@CMP-Pd2 was
measured to be 5700 umol h™" g~ * (Fig. S5 in the ESIf). In the
photocatalytic system of H-MOP@CMP-Pd3, a HER was reduced
to 4800 pmol h™" g™, due to the reduced visible light absorp-
tion at 400-500 nm. Thus, among H-MOP@SCMP-Pds, the H-
MOP®@SCMP-Pd2 with TEOA as an electron sacrificer was
identified as an optimized system (Fig. S5 in the ESI}). In the
control tests, the H-MOP@SCMP that was prepared by the Pd
etching of H-MOP@SCMP-Pd2 showed very poor HER perfor-
mance, indicating the catalytic role of Pd nanoparticles (Fig. S5
in the ESIf). In comparison, the nonhollow SCMP-Pd showed
a HER of 3200 umol h™' g™, due to the elongated diffusion
pathway of the electron sacrificer into the materials. The H,
evolution by H-MOP@SCMP-Pd2 was saturated at the concen-
tration of 2.5 mg mL ", due to the inefficient light absorption by
self-blocking effect (Fig. S6 in the ESIt). The HER performance
of H-MOP@SCMP-Pd2 is superior or comparable to the recent
CMP-based photocatalysts with Pd species (Table S2 in the ESIT
and also, refer to a recent review paper?).'”*>?83%37-43 The excel-
lent HER performance of H-MOP@SCMP-Pd2 is attributable to
the hollow morphology effect (the generation of more catalysts
using the same amount of materials),*® the harmonized amount
of SCMP and Pd nanoparticles, the high surface area, and thin
shell-induced short diffusion pathways'*® of redox substrates.
While the H-MOP platform induced the hollow morphology
engineering of H-MOP@SCMP-Pd2, at the same time, it facili-
tated the networking process in the formation of SCMP mate-
rials (Table S1 in the ESIt). It is also noteworthy that the near IR
absorption by metallic nanoparticles can contribute to the
photocatalytic hydrogen evolution.****

According to the computational simulation on model
systems (refer to the ESIt for details), the HOMO and LUMO
energy levels of SCMP were calculated to be —5.05 and —1.97 eV,
respectively, indicating the facile photo-induced electron
transfer to the protons (Fig. S7-S10 in the ESIt). The electron
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Fig. 5 (a) Hydrogen evolution performance (average values of five
sets) of H-MOP, H-MOP@SCMP-Pds, and SCMP-Pd (a 300 W Xe lamp
with an <400 nm optical filter and light intensity of 530 mW cm™2, 10 v/
v% TEOA as an electron sacrificer, 0.13 mg mL™* photocatalyst, 21 & 1
°C), a TGA curve of H-MOP@SCMP-Pd2 (inset), and (b) recyclability
tests of hydrogen evolution by H-MOP@SCMP-Pd2 (hydrogen was
evacuated after every 5 h). (c) IR and (d) XPS spectra of H-
MOP@SCMP-Pd2 before and after five successive reactions.

densities of the simulated HOMO and LUMO of SCMP were
mainly distributed at triphenylamine and dibenzothiophene
sulfone moieties, respectively, indicating that the photo-
induced charge transfer occurs from the electron-rich triphe-
nylamines to the electron-deficient dibenzothiophene sulfone
moieties (Fig. S8 in the ESI{).

The thermogravimetric analysis (TGA) indicated that the H-
MOP®@SCMP-Pd2 was stable up to 303 °C (inset of Fig. 5a).
Considering the stability, we conducted the recyclability tests,
showing that the H-MOP@SCMP-Pd2 maintained HERs in the
range of 7000-7100 umol h™* g~ in the five successive cycles
(Fig. 5b). The microscopic studies, IR, and XPS analysis of the H-
MOP®@SCMP-Pd2 recovered after 5 recycle reactions showed the
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complete retention of the original morphologies and chemical
structures (Fig. 5¢ and d and S11 in the ESIY).

The apparent quantum yield (AQY), a percent of the number
of reacted electrons per the number of incident photons, is
a valuable parameter for the further understanding of photo-
catalytic systems.***® The AQYs of H-MOP@SCMP-Pd2 were
measured by using monochromatic light sources with wave-
lengths of 400, 420, and 500 nm (Fig. 6). The light intensities
were measured to be 5.9, 5.9, and 10.7 mW cm > at the wave-
lengths of 400, 420, and 500 nm, respectively. As the concen-
trations of H-MOP@SCMP-Pd2 increased from 0.13 mg mL ™' to
0.63, 1.3 and 2.5 mg mL ™', the absolute amount of the gener-
ated H, increased with an increase of the AQYs (@420 nm) from
0.89% to 1.76, 3.34, and 3.72%, respectively (Fig. S12 in the
ESIT). The best 3.72% AQY (@420 nm) of H-MOP@SCMP-PA2 is
comparable or superior to those in the literature (Table S2 in the
ESI{).>1133%4  Whilst H-MOP@SCMP-Pd2 (2.5 mg mL )
showed a significant AQY of 2.56% at 400 nm, the AQY sharply
dropped to 0.46% at 500 nm, matching with the absorption
feature of H-MOP@SCMP-Pd2 (Fig. 4f and 6).

In conclusion, H-MOP@SCMP-Pds with a hollow structure
and Pd nanoparticles were engineered by template synthesis. H-
MOP could be used as a template in the hollow shape engi-
neering of the SCMP. At the same time, the concomitant
formation of Pd nanoparticles could be induced in the synthesis
of SCMP. The resultant H-MOP@SCMP-Pds showed promising
HER activities up to 7100 pmol h™* g~ * and AQYs up to 3.72%.
The HER activities of H-MOP@SCMP-Pds were dependent on
the harmonized amount of SCMP and Pd nanoparticles. The
optimized H-MOP@SCMP-Pd2 maintained the HER activities in
the range of 7000-7100 pmol h™" ¢™" in the five successive
cycles. The enhanced HER performance of H-MOP@SCMP-Pd2
is attributable to the hollow structure, efficient visible light
absorption, and the catalytic role of Pd nanoparticles. Based on
the shape engineering methodology presented in this work, we
believe that more various CMP-based photocatalysts can be
engineered for hydrogen evolution from aqueous media and
overall water splitting.*>*>->*

4.0 4 I 0.13 mgimL
3.5 0.63 mg/mL
3.0 - 1.3 mg/mL
£ 251 - 2.5 mg/mL
> 204
o 2.0
<

400 420 500
Wavelength / nm

Fig. 6 Apparent quantum yields of H-MOP@SCMP-Pd2 (light inten-
sities of 5.9, 5.9, and 10.7 mW cm™2 at 400, 420, and 500 nm,
respectively, 10 v/v% TEOA as an electron sacrificer, 21 + 1 °C).
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