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Designing crystalline porous materials with efficient hydrogen evolution is a promising strategy to obtain
green energy. Covalent organic frameworks have been regarded as outstanding photocatalysts for solar-
to-hydrogen conversion. In particular, sp? carbon-conjugated covalent organic frameworks (sp?c-COFs),
via carbon—carbon double bond linkage, have good chemical and physical stability, which has attracted
great attention in recent years. Herein, we design and synthesize two series of benzothiadiazole and its
derivative-based isoreticular sp®c-COFs (HIAM-0001 to HIAM-0006) for photocatalytic hydrogen
generation. The experimental results show that benzothiadiazole-based COFs exhibit much higher
photocatalytic activity compared with its derivative-based ones possessing much broader light-
harvesting ranges. The average hydrogen evolution rates of HIAM-0001 and HIAM-0004 are up to
1410 pmol g7t h™! and 1526 umol g~! h™! under visible-light illumination (A > 420 nm), respectively.
This work presents the relevant background for the study of the structure—property relationship in ben-
zothiadiazole and its derivative-based sp?c-COFs, and also provides a new guidance for the rational
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Introduction

With the increasing global demand for energy and advocating
the concept of sustainable development, there is no doubt that
hydrogen (H,) has been widely regarded as an ideal pollution-
free green energy, which can be generated via photocatalytic
water splitting using solar energy."” Photocatalytic hydrogen
evolution technology is the simplest, mostly low cost and effective
approach to obtain green energy. The most important and challen-
ging task is to find the best photocatalysts with excellent efficiency
and stability. To date, various kinds of materials have been used as
photocatalysts, such as metal-oxide group compounds (i.e. TiO,
and CdS),* polymers (ie. C;N,*), quantum dots,” metal-organic
frameworks (MOFs)® and so on. As one of the novel materials,
covalent organic frameworks (COFs) have also been employed as
catalysts for photocatalytic hydrogen generation.”®

Since the first report in 2005 by Yaghi et al,'® in the last
nearly twenty years, the bonding modes for preparing COFs
have been developed from the initial borate and fragile ester
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design and development of efficient photocatalysts for hydrogen generation.

bond to the imine bond, triazine bond, imide bond and then to
the emerging olefin bond."" COFs have witnessed rapid devel-
opment and considerable applications in fields including but
not limited to catalysis,"””* chemical adsorption, separation and
storage,”"” photoelectric devices,'®'® and environment- and
energy-related areas,”®>* which can be attributed to their high
stability, large specific surface areas, porosity, tunable structures
and compositions. In recent years, COFs have been employed as
catalysts for photocatalytic hydrogen generation.*>® Among these
reported COFs, sp> carbon-conjugation COFs (sp’c-COFs), with a
specific topological arrangement through C—C bonds, have also
been gradually explored for photocatalytic hydrogen generation.”” "

The first 2D sp®c-COF via the Knoevenagel condensation
reaction was reported by Feng et al. in 2016.%> And then, Jiang
and co-authors reported a series of sp”c-COFs with different
topologies, which are different from the traditional COFs,
exhibiting excellent stability under various conditions.**™*
Since then, numbers of sp”c-COFs have been synthesized and
applied in many fields. For example, Qiu et al. have reported
that TFPT-BTAN-AO exhibits a high UO,** adsorption capacity
of 427 mg g ! and an ultra-low detection limit of 6.2 nM for
UO,>" can be achieved.?® Jiang et al. reported that sp®c-COFs
can be used for lighting and sensing with strong fluorescence
in different organic solvents, where the photoluminescence
quantum yields are up to 22%, 20% and 18% for sp®c-COF,
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sp’c-COF-2 and sp’c- COF-3 in water.’” Feng and co-authors
synthesized a two-dimensional CCP-HATN, which can be hybridized
with carbon nanotubes to exhibit a high capacity of 116 mA h g™*
with excellent cycling stability and rate capability, indicative of its
potential application as an excellent organic cathode material for
lithium-ion batteries.>® Wang et al. designed and synthesized a 2D
Por-sp”c-COF with excellent chemical stability in strong acids and
bases, which can be used as a metal-free heterogeneous photo-
catalyst for the visible-light-induced aerobic oxidation of amines
to imines with high reusability and photocatalytic performance.*
Besides these aforementioned applications, Liu et al. synthesized
sp’c- and iminelinked COFs using a three-component synthesis
method, which exhibits higher hydrogen production activity com-
pared with two-component COFs.’

Benzothiadiazole is one of the representative electron-
deficient groups and has been widely used to synthesize frame-
works, such as COFs**™** and metal-organic frameworks (MOFs).*®
For example, benzothiadiazole-based 2D imine-linked COFs were
reported by Liu et al. as efficient heterogeneous photocatalysts for
organic transformation under visible light.*” Chen and co-workers
presented that the substitution groups on the benzothiadiazole
moiety have significant effects on their performances of photo-
catalytic hydrogen generation.””** Although great efforts have
been made to prepare benzothiadiazole-based COFs and explore
their potential applications, nevertheless, there is a lack of
systematic study about the light-harvesting range and the
photocatalytic performance relationship using benzothiadiazole
and its derivative-based COFs, especially for sp”c-COFs.

Our group has reported a series of benzothiadiazole and its
derivative-based MOFs with tunable emission and absorption prop-
erties, which can be used as ideal platforms for energy transfer and
sensing.*®**° However, rare works have been done to construct
sp°c-COFs using benzothiadiazole and its derivatives as the building
units to systematically tune the optical behaviors and explore the
corresponding influence on photocatalytic activity. Bearing the
aforementioned consideration in mind, we envision that benzothia-
diazole and its derivative based sp”c-COFs might be synthesized
with tunable optical properties, which can be used as an ideal
platform to study the structure-property relationship for photoca-
talytic hydrogen generation. Herein, we synthesize six benzothiadia-
zole and its derivative based sp’c-COFs (HIAM-0001 to HIAM-0006,
HIAM = Hoffmann Institute of Advanced Materials) with tunable
light absorption behaviors and explore their application for photo-
catalytic hydrogen generation. Our work revealed that although
HIAM-0004 possesses a much less light-absorption range compared
with HIAM-0003 and HIAM-0006, it shows much higher photocata-
lytic H, evolution, indicating that the light absorption range is not
directly proportional to the photocatalytic activity.

Results and discussion

Synthesis and characterization of benzothiadiazole and its
derivative-based sp”c-COFs

Benzothiadiazole (BT) and its two derivatives, benzoselenadia-
zole (BS) and naphthothiadiazole (NT), with gradually increased
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electron-withdrawing capacity were chosen as the acceptor
groups. Then, the three corresponding compounds, 5',5""'{(benzo-
[c][1,2,5]thiadiazole-4,7-diyl)bis(([1,1":3’,1"-terphenyl]-4,4"-dicarbal-
dehyde)) (BT-TDA), 5',5'""’-(benzo[c|[1,2,5]selenadiazole-4,7-diyl)-
bis(([1,1":3',1"-terphenyl]-4,4"-dicarbaldehyde)) (BS-TDA) and
5',5'"""-(naphtho[2,3-c][1,2,5]thiadiazole-4,9-diyl)bis(([1,1":3',1"-
terphenyl]-4,4”-dicarbaldehyde)) (NT-TDA), were synthesized via
the Suzuki-Miyaura coupling reaction. These three organic
building units were then employed as monomers to react with
2,2'-(1,4-phenylene)diacetonitrile (PDAN) via the Knoevenagel
condensation reaction under solvothermal conditions to obtain
three sp’c-COFs, HIAM-0001 to HIAM-0003 (Fig. 1a). To achieve
a highly crystalline COF sample, we optimized the reaction
parameters including the molar ratio between monomers,
solvent combinations, the amount of the base catalyst and the
reaction temperature (Table S1, ESIt). The optimal condensa-
tion reaction for HIAM-0001 was conducted in anisole/EtOH
(1/1, 1 mL) and tetrabutylammonium hydroxide (TBAH, 25% in
menthol, 60 pL) at 120 °C for three days. HIAM-0002 was
obtained using the same solvent combination as HIAM-0001,
but using 40 pL of TBAH at 150 °C for three days. The synthesis
method for HIAM-0003 to achieve excellent crystallinity was the
same as that for HIAM-0001, except for using different molar
ratios for two monomers. HIAM-0001 is the same as sp*c-COF-
10,35 which possesses a hexagon topology with a 2D layered
packing structure and 1D tetragonal channels as shown in
Fig. 1b and c. Powder X-ray diffraction (PXRD) analyses clearly
elucidated the high crystallinity and the isoreticular nature of
the as-synthesized HIAM-0001, HIAM-0002 and HIAM-0003
(Fig. 1d). Beyond this, synchrotron small-angle X-ray scattering
(SAXS) patterns also proved the good crystallinity of these three
sp®c-COFs (Fig. 1d inset). The Pawley refined pattern can well
reproduce the experimental PXRD pattern with only small
differences (Ry, = 5.58% and R, = 3.66% for HIAM-0001,
Ryp = 6.52% and R, = 4.33% for HIAM-0002, R, = 6.48% and
R, = 3.98% for HIAM-0003) (Fig. S1, ESI{). Fourier transform
infrared (FT-IR) spectra of the obtained COFs were executed as
shown in Fig. S2 (ESIt). The characteristic peaks of aldehyde
C-H stretching in BT-TDA (2725 cm™ ') and C=N stretching in
PDAN (2250 cm™ ") were not detected. The C=O stretching
vibration of BT-TDA at 1690 cm ™" decreased while the C—C
stretching vibration at 1591 cm ™" increased accompanying with
the appearance of a new peak at 2220 cm ™', which was assigned
to the C=N stretching in the vinyl cyano group for HIAM-0001.
The same phenomena were also observed in HIAM-0002 and
HIAM-0003. Furthermore, this result was supported by the *C
solid-state NMR spectroscopic data (Fig. S3, ESIf). The for-
mation of C=C bonds via the Knoevenagel condensation reac-
tion was confirmed by characteristic peaks at 106 ppm, 107 ppm
and 107 ppm for HIAM-0001, HIAM-0002 and HIAM-0003,
respectively, which can be ascribed to the carbon of the cyano
group. Together, these results indicated the successful synthesis
of sp>carbon conjugated HIAM-0001, HIAM-0002 and HIAM-
0003. The morphological features of the as-synthesized COFs were
characterized using scanning electron microscopy (SEM) (Fig. S4,
ESIf). SEM images indicated that HIAM-0001, HIAM-0002 and
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(a) Synthesis scheme for HIAM-0001, HIAM-0002 and HIAM-0003. Crystal structures of multi-layered (b) and one-layered (c) HIAM-0001

adopted from sp?c-COF-10. (d) Experimental and simulated PXRD patterns of HIAM-0001, HIAM-0002, HIAM-0003 and sp?c-COF-10 (inset: SAXS

scattering pattern).

HIAM-0003 present rod-like shapes. The elemental compositions
of COFs were probed by energy dispersive X-ray spectroscopy
(EDS). HIAM-0001 and HIAM-0003 clearly show a homogeneous
distribution of C, N, and S elements, while HIAM-0002 exhibits a
uniform distribution of C, N and Se elements (Fig. S5, ESIT).

To further extend the structures of benzothiadiazole and its
derivative-based spc-COFs, we further synthesized three iso-
reticular expansions of HIAM-0001, HIAM-0002 and HIAM-0003
to obtain HIAM-0004, HIAM-0005 and HIAM-0006 using 2,2'-
([2,2/-bipyridine]-5,5’-diyl)diacetonitrile (BPyDAN) as the sec-
ond building unit (Fig. 2a). As expected, the PXRD patterns of
HIAM-0004 to HIAM-0006 revealed that the three COFs also
disclosed excellent crystallinity and isoreticular nature, where
the characteristic diffraction peak at 2.96° (110) is consistent
with the previously reported sp’c-COF-14.°° Similarly, SXAS
scattering experiments also disclosed excellent crystallinity of
three sp>c-COFs (Fig. 2b inset). The Pawley refinement patterns
were obtained for HIAM-0004, HIAM-0005 and HIAM-0006,
which agreed well with the experimental results (Fig. S6, ESIT).
Taking HIAM-0004 as the model sample as shown in Fig. 2¢ and
d, the crystal topology structure is identical to HIAM-0001. From
the PXRD patterns, HIAM-COFs with an AA-stacking mode can
be observed. FT-IR spectra indicated that no C=N stretching
from BPyDAN (2255 cm ') was recorded in three COFs.
However, new characteristic peaks from the C=N stretching
in the vinyl cyano group appeared at 2215 cm™ ', 2210 cm ™" and
2215 cm ™" for HIAM-0004, HIAM-0005 and HIAM-0006, respec-
tively (Fig. S7, ESIf). Additionally, solid-state '>’C NMR data
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indicated that characteristic peaks appeared at 105 ppm, 105
ppm and 104 ppm (Fig. S8, ESIt). These aforementioned results
demonstrated the successful synthesis of HIAM-0004, HIAM-
0005 and HIAM-0006. SEM images also revealed the rod-like
morphology of these three COFs (Fig. S9, ESIT). EDS confirmed
the uniform distribution of elements in the formed COFs (Fig.
S10, ESI¥).

Besides, the thermal stability of sp’c-COFs was evaluated by
the thermogravimetric analysis (TGA), where HIAM-0001,
HIAM-0002 and HIAM-0003 were stable up to 400 °C, and they
can maintain more than half weight when heated up to 800 °C
(Fig. S11, ESIt). Similar phenomena can also be observed in
HIAM-0004, HIAM-0005 and HIAM-0006 (Fig. S12, ESIY), reveal-
ing that sp®c-COFs have distinct thermal stability. Moreover,
the chemical stability of sp”c-COFs was further investigated.
HIAM-0001 and HIAM-0002 were selected as representative
samples to carry out the robustness of sp’c-COFs. The two
samples remain the long-range order and chemical composi-
tions after soaking in boiling water and aqueous solutions
of hydrochloric acid (12 M and 6 M) and sodium hydroxide
(0.05 M) for 24 hours, as confirmed by PXRD and FT-IR
spectroscopy (Fig. $13, ESIt). These results indicate that sp’c-
COFs possess excellent thermal and chemical stability.

Optical properties of HIAM-0001 to HIAM-0006

The steady-state photoluminescence (PL) spectra were recorded
for these six sp’c-COFs to investigate benzothiadiazole and its
derivative-induced differences in optical behaviors. As depicted

This journal is © The Royal Society of Chemistry 2023
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(a) Synthesis scheme for HIAM-0004, HIAM-0005 and HIAM-0006. (b) Experimental and simulated PXRD patterns of HIAM-0004, HIAM-0005,

HIAM-0006 and sp?c-COF-14 (inset: SAXS scattering pattern). Crystal structures of multi-layered (c) and one-layered (d) HIAM-0004 adopted from sp%c-

COF-14.

in Fig. 3a and d, the maximum emission peaks appear at 565,
565, 630, 560, 566 and 637 nm for HIAM-0001, HIAM-0002, HIAM-
0003, HIAM-0004, HIAM-0005 and HIAM-0006, respectively. The
result indicated that replacing a S atom on BT-TDA of HIAM-0001
or HIAM-0004 with a Se atom to obtain HIAM-0002 and HIAM-
0005 has no significant effect on the emission behaviors. While, a
larger emission red-shift can be observed in constructed MOFs
when replacing the S atom with the Se atom in the organic
linker.*®*° We envision that the S and Se atoms causing emission
differences might be remarkably restricted in 2D COF structures.
However, compared with HIAM-0001 and HIAM-0002, a 65 nm
bathochromic-shift was recorded for HIAM-0003, which can be
ascribed to the much stronger electron-withdrawing capacity of
naphthothiadiazole compared with benzothiadiazole and benzo-
selenadiazole, consistent with that we observed in the MOF.*®
Similar emission behavior was also observed in HIAM-0006. For a
better understanding of fluorescent behavior, corresponding opti-
cal images of sp”c-COFs under 365 nm excitation were obtained as
shown in Fig. S14 and S15 (ESIt), in which the emission colors of
six COFs were well consistent with corresponding maximum
emission wavelengths.

It is well known that benzothiadiazole and its derivatives
have strong electron-withdrawing capacity, and the inherent
electronic absorption features were further explored by solid-
state electronic UV-vis reflectance spectroscopy. As shown in
Fig. 3b and e, HIAM-0003 and HIAM-0006 exhibit much broader
light-absorption ranges compared with the other four COFs, with

This journal is © The Royal Society of Chemistry 2023

absorption edges up to approximately 600 nm. This result
demonstrates that much strong light-harvesting can be achieved
using acceptor groups with strong electron-withdrawing capacity
in donor-acceptor-donor type building units. Moreover, we
found that there was no obvious effect on the light absorption
and emission behavior of sp*c-COFs after replacing phenyl with
bipyridinyl, which indicates that the optical behaviors are gov-
erned by benzothiadiazole and its derivative-based units. Then,
the optical bandgap energies (Eg) of HIAM-0001, HIAM-0002,
HIAM-0003, HIAM-0004, HIAM-0005 and HIAM-0006 were calcu-
lated to be 2.53, 2.49, 2.10, 2.50, 2.46 and 2.10 €V, respectively, based
on Tauc’s plots (Fig. 3c and f). Furthermore, the energy levels of
these sp”c-COFs are obtained according to Mott-Schottky plots (Fig.
S16 and S17, ESIt), where the positive slopes indicated the n-type
semiconductor nature of these spc-COFs. The flat band minimum
positions of HIAM-0001, HIAM-0002, HIAM-0003 HIAM-0004,
HIAM-0005 and HIAM-0006 are —0.93, —0.97, —1.03, —0.91,
—0.95 and —1.00 V vs. the normal hydrogen electrode (NHE, pH
6.8), respectively (Fig. 4a). Given the match energy levels of these
sp’c-COFs and that for water splitting, we believe that these COFs
might be suitable for photocatalytic hydrogen generation.

Performance of photocatalytic hydrogen generation

Encouraged by the aforementioned results, the photocatalytic
hydrogen evolution performances of sp’c-COFs were investi-
gated from water under visible light irradiation (Xe lamp
300 W, 2 > 420 nm) in the presence of H,PtCls as the precursor

J. Mater. Chem. C, 2023, 11,12000-12006 | 12003
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of the co-catalyst. The control experiments indicated the neces-
sity of visible light, sacrificial agents, co-catalysts and COFs for
efficient photocatalytic hydrogen evolution (Fig. S18, ESIt). We
carried out the effect of the photo-deposited Pt content on the
hydrogen production activity using different electron donors
(Fig. S19, ESIt). For example, 10 mg of HIAM-0001 mixed with

12004 | J Mater. Chem. C, 2023, 11,12000-12006

3 wt% Pt in the presence of triethanolamine (TEOA) (25 vol%) as
the sacrificial reagent in water (50 mL), the system exhibited a
hydrogen evolution rate (HER) of 160 pumol ¢~' h™" under
visible-light irradiation (4 > 420 nm). Furthermore, when the
amount of photo-deposited Pt was increased to 12 wt%, the HER
dramatically increased to 1217 umol g~ * h™'. When ascorbic
acid (AA) (0.1 M) was used as the sacrificial reagent, the
hydrogen evolution of HIAM-0001 first increased and then
decreased with the increasing photo-deposited Pt content, where
the highest average HER of 1410 pmol g~ " h™" was achieved using
5 wt% Pt. As shown in Fig. 4b, under the optimized conditions,
different photocatalytic hydrogen generation activities were
observed for these six sp”c-COFs. It should be noted that no
hydrogen was generated using HIAM-0002 and HIAM-0004 as
photocatalysts, which might be ascribed to the fact that
benzoselenadiazole-based COFs will quickly decompose under
the reaction conditions. The higher HER was realized using
benzothiadiazole-based COFs, HIAM-0001 and HIAM-0004,
especially using AA as the electron donor. Although HIAM-
0003 and HIAM-0006 exhibit broader light-harvesting ranges
compared with HIAM-0001 and HIAM-0004, the HERs of HIAM-
0003 and HIAM-0006 are much lower than those of HIAM-0001
and HIAM-0004. HIAM-0004 exhibited the superior HER up to
1526 pmol g~ ' h™! among these six sp’c-COFs. These results
demonstrate that the only extended light-absorption range is
not enough to enhance the HER, which should be evaluated
and optimized with the electronic structures and other physical

This journal is © The Royal Society of Chemistry 2023
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properties of photocatalysts to realize high efficiency for photo-
catalytic hydrogen generation.”"

Beyond this, we recorded transmission electron microscopy
(TEM) and X-ray photoelectron (XPS) spectra to confirm the
formation of Pt NPs in photocatalytic water splitting. The TEM
images indicated that Pt nanoparticles with spherical shapes were
generated in the process of photocatalytic hydrogen generation
(Fig. S20, ESIT). Simultaneously, the XPS data also confirmed the
above result (Fig. S21, ESIt), in which the Pt 4f XPS spectra
revealed the coexistence of Pt° and Pt**, and the proportion of
Pt® was higher than that of P**. On the other hand, the Brunauer-
Emmett-Teller (BET) surface areas of HIAM-001, HIAM-003,
HIAM-004 and HIAM-006 were calculated to be 511, 384, 397
and 482 m? g, respectively, and the pore size distributions were
obtained stemming from the nonlocal density functional theory
(NLDFT) model from the nitrogen isotherm (Fig. S22, ESIt). No
direct correlation can be found between the surface area and the
efficiency of photocatalytic hydrogen generation for these COFs.
To further explore the phenomenon, electrochemical impedance
spectroscopy was performed (Fig. S23, ESIf). The experiments
show that the semicircles of HIAM-0001 and HIAM-0004 are
smaller than those of HIAM-0003 and HIAM-0006, indicating
faster charge separation for the former sp’c-COFs; thus, to some
extent, an enhanced photocatalytic activity was obtained. Addi-
tionally, reactive oxygen species were obtained for HIAM-0004
under irradiation and confirmed by the electron paramagnetic
resonance (EPR) spectra. The distinct EPR signals corresponding
to 'O, and *0,~ were observed after irradiation while no signals
appeared under the dark conditions (Fig. S24, ESIT).

Furthermore, we carried out the long-time performance test
under the optimized photocatalytic conditions using HIAM-0001
as shown in Fig. 4c. Slightly decreased activity was observed with
increased cycles, which can be assigned to the partial loss of COF
samples during the recovery process. The apparent quantum yield
(AQY) was measured to be 0.49% for HIAM-0004 under optimized
conditions, which is comparable to those previously reported for
2D sp’c-COFs.>” The almost identical SEM images, FT-IR spectra
and PXRD patterns of HIAM-0001, HIAM-4003, HIAM-0004 and
HIAM-0006 before and after catalysis demonstrate their excellent
stability under reaction conditions (Fig. S25-5S29, ESIT).

Many works have been done to construct COFs using
benzothiadiazole-based building units, where some of them
have been used as photocatalysts for hydrogen generation,
especially for imine-based COFs. The sp”c-COFs in the present
work exhibit comparable efficiency for photocatalytic hydrogen
evolution with some imine-linked COFs as summarized in Table
S2 (ESIT), which provides a research basis for benzothiadiazole-
based COFs for hydrogen evolution from water.

Conclusions

In conclusion, we have designed and synthesized two series of
benzothiadiazole and its derivative-based isoreticular sp> carbon-
conjugated covalent organic frameworks (sp’c-COFs). The
chemical-physical properties of six sp>c-COFs were systematically

This journal is © The Royal Society of Chemistry 2023
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studied to build the structure-performance relationship for photo-
catalytic hydrogen generation. The results revealed that benzo-
thiadiazole-based COFs exhibit much higher photocatalytic activity
compared with its derivative-based ones. It is important to extend
the light-absorption ranges of photo-catalysts, while it is not the
only factor to determine the photocatalytic efficiency of resultant
COFs. This work not only provides the relevant knowledge for the
study of benzothiadiazole and its derivative-based sp*c-COFs, but
also shed light on the rational designing and constructing COFs
with high performances for photocatalytic hydrogen generation.
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