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ABSTRACT Nowadays, conjugated polymers have garnered numerous attention as a new
class of organic photocatalysts due to their tunable electronic properties, low cost, excellent
stability and sufficient light-absorption performance. In particular, pyrene-benzothiadiazole-
based conjugated polymer (PBBP) has been considered to be a new type of conjugated

polymers for photocatalytic H, evolution. However, the poor charge separation seriously /5
limits its practical application in H, evolution. In this work, a PBBP-based polymer/CdS 4

2D/2D organic/inorganic S-scheme heterojunction photocatalyst with a strong internal elec- p

tric field is, for the first time, prepared for efficient photocatalytic hydrogen evolution. The I : d ! { Eyg
pyrene-benzothiadiazole-based conjugated polymers (PBBP) are synthesized by the Su- Evs AL

zuki-Miyaura reactions. Then, the hybrid heterojunction photocatalysts are fabricated by
coupling CdS with it through the ultrasonic mixing method. As a result, the highest H,-pro-
duction rate of 15.83 mmol h't g is achieved on 20% PBBP/CdS composite under visible-
light irradiation, nearly 2.7 times higher than that of pure CdS. The apparent quantum efficiency (AQE) of 20% PBBP/CdS composite could
reach 8.66% at A = 420 nm. The enhanced activity could be attributed to the construction of S-scheme heterojunction, which accelerates the
recombination of carriers with weaker redox ability and maintains the strong reducibility of electrons in CdS. This work provides a protocol for
pyrene-benzothiadiazole-based conjugated polymers to prepare S-scheme heterojunction photocatalysts based on organic/inorganic coupling.
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n INTRODUCTION

Photocatalytic hydrogen evolution from water has attracted great
interest because it provides a promising and sustainable techno-
logy to solve environmental problems and energy crises.® Now-
adays, conjugated polymers such as g-CsN4,** poly(p-phen-
ylene),¥ triazine-based frameworks,'S! and polybenzothiadia-
zoles*®171 have been successfully used in the photocatalytic ap-
plication. Different from inorganic semiconductors, organic photo-
catalysts have a delocalized Tr-system, which benefits from in-
creasing the visible light absorption.[*8% However, most conju-
gated polymer semiconductors still exhibit poor separation of pho-
togenerated electron-hole pairs due to their weak built-in fields
and amorphous feature with a mass of surface defects.?°21 To
this end, it is still a big challenge for further improving the photo-
catalytic activity of conjugated polymers.

PBBP-based semiconductor,?!! a new type of conjugated poly-
mers, was successfully used in photocatalytic hydrogen evolution.
Pyrene and its derivatives have been widely studied as compo-
nents of optical probes, sensing systems, and other optoelec-
tronic devices.?223 Inspired from the achievements in optoelec-
tronic applications, pyrene-benzothiadiazole-based conjugated
polymer is suitable for constructing efficient photocatalysis. So far,
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most reported pyrene derivatives have been focused on substitut-
ing positions 1,3,6,8. Substituting positions 2,7 have been rela-
tively rarely investigated.?* In fact, the effects of substituents at
positions 2,7 on photophysical properties are different from those
at positions 1,3,6,8, which result in differences in the energy and
intensity of the lowest energy transition.?¥! Therefore, it can pre-
dict that constructing 2,7-substituted pyrene-benzothiadiazole-
based conjugated polymer will bring efficient charge transfer and
photocatalytic applications with good photophysical properties.

On the other hand, conjugated polymers have shown good syn-
ergy with inorganic semiconductors.?>3% For instance, covalent
organic frameworks (COFs) combined with CdS have great po-
tential for constructing heterojunction photocatalysts due to their
strong interfacial interaction.[f-3 S-scheme heterojunction has
recently received much attention because of the efficient separa-
tion of photogenerated electron-hole pairs and strong redox abili-
ty.[3443 S-scheme charge transport is related to band bending and
internal electric field (IEF). The n-type properties and suitable
band levels of CdS and PBBP meet the demand for forming an S-
scheme PBBP/CdS heterojunction. However, to the best of our
knowledge, no studies on photocatalytic H, evolution over 2D lay-
ered PBBP/CdS heterojunctions have been reported.

Herein, for the first time, we have designed a PBBP/CdS orga-
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nic/inorganic S-scheme semiconductor heterojunction photocata-
lyst by sonicated methods. PBBP is synthesized via the Suzuki-
Miyaura reactions, which shows an appropriate band gap for pho-
tocatalytic H, evolution. The PBBP/CdS composite shows much
better photocatalytic performance and stability than PBBP and
CdS. Moreover, ESR and UPS measurement analysis verifies the
S-scheme charge transfer pathway and establishes the build-in
electric field between CdS and PBBP. The 2D structure enhances
the interactions between PBBP and CdS as well as offers suffi-
cient carrier transport channels. Accordingly, the probability of
carrier recombination is greatly reduced. This work provides a fea-
sible way for improving the charge separation on PBBP based
conjugated polymer.

n RESULTS AND DISCUSSION

Structure and Property Study. Figure 1(b) exhibits the zeta po-
tentials of pure CdS and PBBP, with the latter showing a negative
zeta potential of -3.37 mV, and the former exhibiting a positive
zeta potential of 5.97 mV. The opposite zeta potentials result in
strong electrostatic attraction between PBBP and CdS. The XRD
patterns of CdS, PBBP, and PBBP/CdS are depiected in Figure
1(c). Pure PBBP shows a diffraction peak at 23.6°. The other
humped peak suggested that PBBP is an amorphous conjugated
polymer.2Y Pure CdS shows six district diffraction peaks at 24.95°
(100), 26.78° (002), 28.35° (101), 43.88° (110), 48.19° (103), and
52.22° (112), which are indexed as six crystal planes of CdS
(PDF#41-1049).*4 The PBBP/CdS composite shows the same
district diffraction peaks in Figure 1(c), indicating successful con-
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Figure 1. (a) Synthetic route to the pyrene-benzothiadiazole-based conju-
gated polymer; (b) Zeta potentials of pure CdS and PBBP; (c) XRD pat-
terns of CdS, PBBP, and PBBP/CdS; (d) The FT-IR spectra of PBBP and
PBBP/CdS; (e) 3C NMR spectra of the PBBP.
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struction of PBBP/CdS. Notably, the diffraction peak at 23.6° dis-
appears in the patterns of PBBP/CdS composite, probably
caused by the low content of PBBP and high dispersibility on CdS.
In the FT-IR spectroscopy (Figure 1(d)) and *C NMR spectra of
PBBP (Figure 1(e)), the chemical bond and characteristic struc-
ture of PBBP could be further confirmed. The 3C NMR spectra of
PBBP display the peaks that could be assigned to the phenyl C at
127.35 ppm, while that at 152.77 ppm could be assigned to C=N.
As shown in Figure 1(d), the peaks at 1440 and 1603 cm™ could
be ascribed to the C=N and N-S bonds.?! As for the PBBP/CdS
composite, the peaks at 1117 and 1003 cm™ can be attributed to
the vibration of Cd-S bonds." However, the two extremes of N-
S and C=N bonds could not be observed for PBBP/CdS compo-
site. Therefore, the existence of PBBP should be further analyzed
by TEM and HRTEM.

TEM and HRTEM images were measured to comprehend the
microstructures and morphologies of the PBBP/CdS composite.
From Figure 2(a) and 2(b), CdS and PBBP exhibit a typical 2D
nanosheet structure. The TEM image of PBBP/CdS composite is
shown in Figure 2(c), indicating that CdS nanosheets are uni-
formly distributed on the surface of PBBP. The HRTEM of CdS
and PBBP are shown in Figure S1. Besides, the HRTEM image
of PBBP/CdS (Figure 2(d)) shows that the PBBP is loaded on the
surface of CdS successfully. The continuous lattice fringes of 0.38

Figure 2. (a) TEM image of CdS; (b) TEM image of PBBP; (c) TEM image
of 20% PBBP/CdS; (d) HRTEM image of 20% PBBP/CdS and (e-i) ele-
mental mapping of 20% PBBP/CdS and (j) EDX spectrum of 20%
PBBP/CdS.
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Figure 3. XPS spectra of (a) carbon, (b) nitrogen, (c) cadmium and (d)
sulphur.

nm correspond to the (101) plane of CdS."?848l Charge transfer is
more advantageous due to the close contact between PBBP and
CdS. The elemental mapping (Figure 2(e-i)) and EDX spectrum
(Figure 2(j)) of 20% PBBP/CdS composite demonstrate the sig-
nals of elements corresponding to Cd, C, N and S, which also
confirm the uniform distribution of PBBP on CdS.

XPS was used to further confirm the surface properties of
PBBP, CdS and PBBP/CdS composite. Figure 3 displays the
XPS spectra of the as-prepared photocatalysts. The XPS survey
and XPS spectra of PBBP/CdS are depicted in Figure S2. As
displayed in Figure 3(a), the C 1s XPS spectra for PBBP can be
divided into two peaks at 284.8 and 286.4 eV, attributed to the
aromatic sp? carbon and the C=N bond, respectively. Two obvi-
ous peaks at 399.5 and 400.5 eV could be observed in the N 1s
spectrum (Figure 3(b)) due to the existence of C=N and N-S,
respectively.#748 For pure CdS, two peaks of Cd 3d are located
at 404.3 (Cd 3dsi2) and 411.1 eV (Cd 3ds/2) (Figure 3(c)). In S 2p
XPS spectra (Figure 3(d)), two peaks at 161.3 and 162.6 eV
correspond to S 2ps2 and S 2py, of S2-.1#91 In the XPS spectrum
of PBBP/CdS, signals of C 1s and N 1s are the same as those
of pure PBBP. After forming a heterojunction between PBBP and
CdS, the binding energies of PBBP/CdS in Figure 3(c) and 3(d)
both positively shift by 0.1 eV. Conversely, the binding energies
of PBBP/CdS in Figure 3(a) and 3(b) are 0.2 eV negatively
shifted compared to PBBP. Such shifts indicate electron transfer
from PBBP to CdS due to their different work functions under
dark conditions.

Optical Properties and Activities Study. The optical absorption
properties of the samples were measured by the UV vis DRS.
Both PBBP and CdS exhibit the absorption edge at around 590
and 550 nm in Figure 4(a).[?Y The introduction of PBBP enhances
the light absorption range for CdS in the visible light area. There-
fore, the PBPP/CdS composite has presented a shift of adsorp-
tion edge. The photocatalytic hydrogen evolution activity of the
as-fabricated photocatalysts was measured in 80 mL lactic acid

Chin. J. Struct. Chem. 2022, 41, 2206031-2206038
DOI: 10.14102/j.cnki.0254-5861.2022-0096

© 2022 fjirsm, CAS, Fuzhou

ARTICLE

() ()~

—cas = 16
e PBBP/CdS —
p—— S 14

=

400 500 600 700 800 900 1000
‘Wavelength (nm)

PBBP/CAS

Intensity (a.u.)

8

6

4 PBBP/Pt
Trace

2

0

!

H, production rate (

Samples

(@

w
Fy
H

PC20

-
=

PC10

=

PC2s

5
b3

=

cas

Noa oo o

e w o »

H, production rate (mmol h'gh \2«
= ot

H, production rate (mmol h” g™)

Samples Samples

~
o

Amount of H, Evolution (mmol/h/g) =’

= UV-vis absorption intensity
® Apparent quantum efficiency

Intensity (a.u.)

NI )
AQE%

0 2 4

L 400 500 600 700 800

Timse (h) Wavelength (nm)

Figure 4. (a) UV-vis diffuse reflection spectra of PBBP, CdS, and
PBBP/CdS; (b) The hydrogen evolution of PBBP, CdS, and PBBP/CdS; (c)
Comparison of the Hz evolution rates of PBBP/CdS photocatalysts with
different ratios; (d) Comparison of the Hz evolution rates of PBBP/CdS
photocatalysts with different mass; (e) Long-term recycled tests of hydro-
gen evolution for CdS and PBBP/CdS; (f) Apparent quantum efficiency for
PBBP/CdS.

under visible-light irradiation. It could be observed that the H, gen-
eration rate of CdS is 5.87 mmol h'* g from Figure 4(b). In con-
trast, pure PBBP exhibits poor photocatalytic H,-evolution perfor-
mance. Fortunately, the PBBP/CdS composite reaches a notice-
able enhancement in photocatalytic H> evolution activity (Figure
4(c) and Figure 4(d)). The photocatalytic H, production rate of 20%
PBBP/CdS gets to 15.83 mmol h'! g, which is nearly 2.7 times
that of CdS. The enhancement confirms that the formation of S-
scheme heterojuction can effectively enhance the photocatalytic
performance.[21.50-52

Long-term cycling tests further investigated the photocatalytic
stability of 20% PBBP/CdS under visible-light irradiation. PBBP/
CdS composite maintained a high H; evolution rate of 14.93 mmol
ht g? after four reaction cycles. The PBBP/CdS composite kept
90% performance retention, however, it is only 37% for CdS (Fig-
ure 4(e)). The photocorrosion of CdS may have caused the de-
creased photocatalytic performance. The apparent quantum effi-
ciencies of PBBP/CdS at 420, 435, 450, 475, 500, 520 and 550
nm are 8.66%, 8.39%, 7.08%, 4.02%, 3.00%, 1.83% and 0.13%,
respectively (Figure 4(f)). These results indicate that forming S-
scheme heterojunction is advantageous to enhance the photo-
catalytic H evolution.
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Figure 5. (a) Transient photocurrent response for PBBP, CdS, and 20%
PBBP/CdS; (b) Nyquist plots of EIS; (c) PL spectra; (d) Fluorescence life-
time spectrum of CdS, PBBP and PBBP/CdS composite.

Electronic Properties and Study of Mechanism. To further
confirm the effective separation of photogenerated electron-hole
pairs and accelerated charge transfer in the S-scheme hetero-
junction, the transient photocurrent-time (i-t) curves were mea-
sured (Figure 5(a)). As expected, the 20% PBBP/CdS exhibited a
stronger transient photocurrent density than PBBP and CdS,
which confirms that loading PBBP on CdS could show a notable
improvement in the separation of photoexcited electrons and
holes.?l EIS Nyquist plots (Figure 5(b)) were used to analysize
the interfacial charge transfer of the samples. It could be observed
that the conductivity of the 20% PBBP/CdS composite is better
than those of PBBP and CdS. The smaller radius in the plots, the
lower electrical resistance for the samples during the charge trans-
fer process.?>535%4 Due to the tight interface in 2D/2D PBBP/CdS S-
scheme heterojunction, the electrons could effectively transfer be-
tween PBBP and CdS. In addition, the overpotential of the 20%
PBBP/CdS composite photocatalyst for H, evolution was lower than
those of PBBP and CdS in the polarization curve (Figure S3). It is
noteworthy that the hydrogen-evolution kinetics has been success-
fully promoted in the system. In a word, constructing the PBBP/CdS
S-scheme heterojunction could promote both separation and utili-
zation of photogenerated charges. 5>

Photoluminescence (PL, Figure 5(c)) and time resolved photo-
luminescence (TRPL, Figure 5(d)) were measured to ensure the
effective separation of photogenerated electron-hole pairs in
PBPP/CdS composite. As shown in Figure 5(c), PBBP displays a
strong emission peak compared with CdS and PBBP/CdS com-
posite photocatalyst. The PL intensity of PBPP/CdS was lower
than those of PBBP and CdS, revealing effective separation of
photogenerated electron-hole pairs in the PBBP/CdS S-scheme
heterojunction.[*%:57581 The result of the photoluminescence spec-
trum is in accord with the discussion mentioned above.

The fitting results of TRPL are shown in Figure 5(d). The short
and long lifetime (11 and 12) of pure CdS, PBBP, and 20%
PBBP/CdS was respectively estimated to be 1.27, 0.67, 0.93 ns
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Figure 6. (a) and (b) The Mott-Schottky plot of PBBP and CdS; (c) Ku-
belka-Munk function vs. the energy of incident light plots; (d) UPS spec-
trum of CdS and PBBP.

contributed by the radiative pathways and 7.13, 5.67, 4.50 ns
reflecting the nonradiative process. Apparently, 71 and 12 replace
interfacial transfer and recombination of photoexcited eletrons be-
tween PBBP and CdS,?55%¢% respectively. Notably, the 11 of 20%
PBBP/CdS falls between those of PBBP and CdS, respectively,
indicating the favorable interfacial electron transfer, while 12 of 20%
PBBP/CdS is shorter than those of neat CdS and PBBP, showing
excellent interfacial charge recombination. The average fluore-
scence lifetime (Tave) Of pure CdS, PBBP, and 20% PBBP/CdS was
calculated as 5.42, 3.11, and 1.29 ns, respectively. The 20%
PBBP/CdS exhibits the shortest decay time, which not only reflects
the better charge separation ability for constructing S-scheme he-
terojunctions, but also indicates that the photo-induced electrons
from PBBP will recombine with the holes of CdS. The result is con-
sistent with the above results and photocatalytic performance. Cou-
pling PBBP with CdS to form the 2D/2D S-scheme heterojunction
can also decrease the average fluorescence lifetime and inhibit the
recombination of photogenerated carriers in PBBP or CdS.[6.62

The flat-band potentials (Eq) of PBBP and CdS were evaluated
by the Mott Schottky curves at three different frequencies. It can
be observed that both PBBP and CdS are n-type semiconductors
due to the trend of the curves of C2-E plots in Figure 6(a) and 6(b).
The Es, of CdS and PBBP are -1.19 and -0.84 eV versus Ag/AgCl,
respectively. For n-type semiconductors, the flat band potential is
usually about 0.1-0.2 eV more positive than the conduction onel?¢,
Thermodynamically, the enhancement of proton reduction ability
is related to the increase of negative conduction band, which is
favorable for the generation of H,.

The Kubelka-Munk function equation can calculate the direct
bandgap of CdS and PBBP (ahv = A(hv - Eg)*?).?81 Figure 6(c)
shows the bandgaps of PBBP and CdS are 2.10 and 2.20 eV by
the Kubelka-Munk function equation, which is consistent with the
values reported in the previous report.?3 Moreover, the UPS
data could calculate the work function (®) and Eyg of CdS/PBBP.
The UPS spectra of PBBP and CdS are shown in Figure 6(d). The
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Figure 7. (a) and (b) The valence-band XPS profile of CdS and PBBP; (c)
ESR spectra under visible light irradiation; (d) Band structures of PBBP
and CdS. (e) The schematic illustration of interfacial electron transfer, Et
equilibrium, and migration of photogenerated carriers in PBBP/CdS S-
scheme heterojunction under illumination.

®s of PBBP and CdS are 5.01 and 3.98 eV, respectively.® There-
fore, the Evg of PBBP and CdS are 5.99 and 5.78 eV, respectively.
It is well known that Ecg and Eyg need unit conversions (Erne =
Enve + 0.0591*pH (pH = 7)). For this reason, the values of Evg
and Ecg for PBBP were calculated to be 1.96 and -0.14 eV (vs.
RHE). Using the same calculation for CdS, the results can be ob-
tained for Evg as 1.75 eV and Ecg as -0.45 eV. It can be confirmed
that a built-in electric field is established between PBBP and CdS.
We used UPS to determine the @s of PBBP and CdS, as well as
to confirm the formation of S-scheme heterojunction.

In addition, the valence band X-ray photoelectron spectroscopy
(VB-XPS) and ESR were measured. As Figure 7(a) and 7(b) re-
vealed, the VB positions of CdS and PBBP are located at 1.15
and 1.37 eV (vs. NHE), respectively. Therefore, the VB and CB
positions of PBBP can be calculated as 1.84 and -0.26 eV (vs.
RHE), respectively. Using the same calculation for CdS, the re-
sults can be obtained for VB as 1.62 eV and CB as -0.58 eV (vs.
RHE). ESR has further verified the formation of S-scheme hetero-
junctions between CdS and PBBP, DMPO was used as the cap-
ture agent for «O?. As shown in Figure S4, no ESR signals can be
seen in the dark for all samples. As displayed in Figure 7(c), the
characteristic peaks of DMPO-+O% can be monitored for pure CdS,
PBBP, and PBBP/CdS under visible light irradiation, suggesting
the generation of *O? in the reaction system.® The result indi-
cates that photogenerated electrons are accumulated on the CB
of CdS under visible light irradiation. The electrons on the CB of
PBBP recombine with the holes on the VB of CdS, which verifies
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the successful formation of S-scheme heterojunction.[38:66-68l
Combing the bandgap and Mott-Schottky results, the Eyg poten-
tials are 1.87 eV for PBBP and 1.62 eV for CdS. More clearly, the
estimated Ecg and Eyg for the photocatalysts are displayed in Fig-
ure 7(d), and the schematic illustration of band structures from the
results of UPS and VB-XPS are shown in Figure S5 and S6.

The above experimental results showed that both PBBP and
CdS have matched energy band structures, which is advanta-
geous for the successful formation of S-scheme heterojunction.
Photogenerated electrons on the surface of PBBP will transfer to
the VB of CdS nanosheets and then recombine with the holes un-
der visible light irradiation. As illustrated in Figure 7(e), PBBP dis-
plays more positive band positions and Fermi level than CdS. Af-
ter loading PBBP on the surface of CdS, the free electrons in CdS
will readily transfer to PBBP across the interface until Fermi levels
reach equilibrium. For PBBP, the electrons are accumulated on
the interface. Thus, the electron density in CdS decreases. As a
result, the bands of PBBP and CdS will bend downward and up-
ward, respectivly. Therefore, a built-in electric field is established.
Under irradiation, the electrons in CdS and PBBP are photoex-
cited from VB to CB, respectively. Then the photogenerated elec-
trons in PBBP consume the holes in CdS, which leaves photogen-
erated holes in VB of PBBP as well as electrons in CB of CdS,
respectively. The path of charge transfer follows the step-scheme
route. 2569

n CONCLUSIONS

In summary, a pyrene-benzothiadiazole-based conjugated poly-
mers organic/inorganic S-scheme heterojunction photocatalyst is
prepared by mixing CdS with PBBP through the ultrasonic mixing
method. The S-scheme heterojunction and the establishment of
built-in electric field between CdS and PBBP are systematically
investigated by ESR and UPS. Compared with CdS, the PBBP/
CdS composite exhibits better optical properties, higher H, evolu-
tion and more efficient capability of electron-holes separation. The
maximum photocatalytic H, evolution rate of 20% PBBP/CdS
reaches 15.83 mmol h™g* without any cocatalyst, nearly 2.7 times
higher than CdS. The apparent quantum efficiency of the 20%
PBBP/CdS achieves 8.66% at 420 nm. Experiment results indi-
cate that PBBP/CAS S-scheme heterojunction can effectively
separate photogenerated electron-hole pairs, accelerate carriers
transfer and improve redox ability. This work highlights the great
importance of pyrene-benzothiadiazole-based conjugated poly-
mer in constructing organic/inorganic S-scheme heterojunction
photocatalyst for improving photocatalytic performance.

n EXPERIMENTAL SECTIONS

All the chemicals were analytically pure, purchased from Shang-
hai Macklin and Aladdin Reagent Co. Ltd. The pyrene-benzothia-
diazole-based conjugated polymer preparation process is shown
in Figure 1(a). The details of characterizations, photocatalytic hy-
drogen evolution and electrochemical measurements are given in
the ESI.

Preparation of CdS. Firstly, 0.617 g of cadmium nitrate
(Cd(NOs),) and 0.4567 g thiourea (CH4N.S) were dissolved in 60
mL of EDA. Then, the solution was heated at 100 °C for 8 h. After
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cooling to room temperature, the obtained yellow products were
washed by ethanol and ultra pure water repeatedly.

Preparation of PBBP. 57.14 mg of 4,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole, 100 mg of 2,7-
dibromopyrene and 17.14 mg of Pd(PPhs)4(0) were mixed with
1,4-dioxane (DMF) and K>CO3 (2.0 M, 2.4 mL) in the polymeriza-
tion. Then the mixture was stirred at 100 °C for 72 h under Ar
atmosphere?ll. After cooling to room temperature, the mixture
was washed with ultra-pure water, methanol, and tetrahydrofuran
to remove oligomers and Pd residues.

Synthesis of the PBBP/CdS Composite Photocatalysts. 20
mg CdS and 4 mg PBBP were added into 30 mL of ethanol, then
the mixture was sonicated and stirred for 1 h, respectively. Sub-
sequently, the ethanol was evaporated at 60 °C to gain the target
product. By varying the amount of PBBP to be 1, 2, and 5 mg, the
samples of CPx were obtained (x = 5, 10, or 25, where X is the
theoretical weight percentage of PBBP concerning CdS).
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