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Two-dimensional metal-organic framework materials have attracted much attention due to their large
surface area, porous structure and high carrier separation efficiency. Herein, we innovatively proposed a
facile in situ vulcanization method, in which 2D Cd-MOF was used as the precursor and template to
prepare a novel ultrathin CdS@1,4-benzenedicarboxylic (CdS@BDC) nanosheet in Na,S/Na,SOs3 solution.
The obtained CdS@BDC nanosheet has the overall morphology of a 146 nm average thickness
nanosheet skeleton, and is uniformly in situ embedded with CdS nanoparticles with an average size of
6 nm. Due to the two-dimensional skeleton structure, the efficiency of capture, separation and
migration of photogenerated carriers was significantly improved. The hydrogen evolution rate (HER) of
ultrathin CdS@BDC nanosheet photocatalysts is up to 13081 pmol h™! g~% which is 65 times higher
than that of traditional CdS nanoparticles (199 pmol h™* g~3). The excellent photocatalytic performance
of CdS@BDC nanosheets can be attributed to the inherited structural and functional advantages of 2D
Cd-MOF. For example, the efficiency of photo-generated carrier capture, separation and migration is
significantly improved. For another example, the surface of the photocatalyst can adsorb a large amount

Received 15th August 2022, of S~ ions, which not only consumes photogenerated holes as effective hole scavengers, but also

Accepted 24th September 2022 accelerates the interfacial H,-production reaction due to the effective H*-capturing active sites. Thus, a
tentative S~ -mediated mechanism for the enhanced photoinduced-stability of CdS@BDC nanosheets
was also proposed. The present work provides a facile and fascinating strategy for the synthesis of highly

efficient photocatalysts.
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1. Introduction

With the excessive consumption of fossil fuels and the increas-
ingly serious environmental pollution problem in the world, it
is an important research topic to convert the inexhaustible
solar energy into green chemical energy for the development of
alternative energy.'® Since Honda and Fujishima pioneered
photocatalytic water splitting on TiO, electrodes in 1972, solar-
driven splitting of water for hydrogen production has gradually
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become a promising environmental route to achieve renewable
and clean hydrogen energy. To date, extensive efforts have been
focused on semiconductor materials such as g—C3N4,8'9
BivVO,,'”'" Ta;N;,'*'® CNPs@PEI-Co,'* and Cds,”*® which
have been widely used to develop photocatalysts for hydrogen
evolution. CdS has been recognized as one of the most attrac-
tive photocatalytic materials for hydrogen evolution among the
various photocatalysts owing to its superior optical properties
(Eq = 2.4 eV) for efficiently absorbing visible-light, and appro-
priate conduction band level for the proton reduction
reaction.”®?° However, pure CdS still can’t show gratifying
photocatalytic activity due to its rapid photogenerated charge
recombination and serious photocorrosion during the light
irradiation reaction.>*™* In addition, the limited active sites
on the surface of unmodified CdS also restrict its catalytic
activity.>* To address the above shortcomings, the emergence of
2D nanostructures may be an effective way to inhibit the
recombination of electron-hole pairs and provide more reac-
tive sites.>*® More importantly, photogenerated electrons and
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holes only need to overcome a short transmission distance to
the surface of catalyst, and the separation efficiency can be
greatly accelerated in 2D nanomaterials.

Recently, two-dimensional (2D) metal-organic frameworks
(MOFs), a new class of organic-inorganic hybrid materials
constructed by metal ions/clusters and organic ligands have
been vastly investigated in catalysis fields.””*® Compared with
other 2D nanomaterials such as graphene,* transition metal
dichalcogenides (TMDs),*° layered hydroxide®" and black phos-
phorus,®? the unique structural and compositional features of
2D MOFs, such as large surface area, abundant active sites,
highly ordered porous structure and controllable composition,
render them a promising template for creating 2D MOF-derived
composite nanosheets.***> For example, Qiao et al.*® loaded
CdS nanoparticles onto 2D Ni-based MOFs, which tremen-
dously reduced the photocorrosion of CdS and the recombina-
tion of electrons and holes via electron transport from CdS to
2D Ni-based MOFs. Zhang et al.*” reported a facile approach for
the synthesis of CuS/Cu-TCPP composite nanosheets, exhibi-
ting a remarkably increased photocurrent compared to the pure
Cu-TCPP nanosheets. Liu et al.>® synthesized 2D free-standing
N-doped Ni-Niz;S,@carbon nanoplates by pyrolysis treatment
from a precursor of Ni-based MOF nanoplates, which displayed
a low overpotential of 284.7 mV at a current density of
10 mA cm ™2 in alkaline solution. That is to say, metal sulfide
associated with 2D MOF is a prospective strategy because of the
following advantages: (i) the high surface area is capable of
stabilizing the size and hindering the aggregation of nano-
particles; (ii) the ultrathin thickness results in a shorter trans-
mission distance for photogenerated electrons reaching the
surface of the catalyst, as well as reducing the recombination
of electron-hole pairs; (iii) the large exposure of active sites is
favorable for promoting the surface reduction of catalysts.
However, to our knowledge, research on 2D MOFs in photo-
catalysis is still in its infancy. Based on various 2D MOFs, it
remains a meaningful challenge to design and produce a more
efficient system to enhance the photocatalytic performance by
reducing the photocorrosion or producing more active sites of
cadmium sulfide, etc.

Hence, we use 2D Cd-MOF nanosheets (NSs) as the precur-
sor and template, and report a method of the in situ synthesis
of CdS@1,4-benzenedicarboxylic (CAS@BDC) nanosheet (NS)
photocatalysts based on the reaction of cadmium ions in the
Cd-MOF skeleton and sulfur ions in Na,S/Na,SO; solution.
In this study, the Na,S/Na,SO; system can not only be used
as a precursor of sulfur ions for the rapid synthesis of CdsS, but
also can act as a hole sacrificial agent to prevent the photo-
corrosion of CdS in the process of the photocatalytic reaction.
More importantly, the ultrathin skeleton of CdAS@BDC NSs not
only successfully regulated the distribution and size of CdS
nanoparticles, but also continued the advantage of 2D to
promote its catalytic performance. Due to the porous structure
and large surface area of the synthesized CdS@BDC NSs
derived from the 2D Cd-MOF, a large number of S~ ions can
be rapidly enriched to its surface, forming a > -mediated layer
to prevent the photocorrosion. As expected, the synthesized
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CdS@BDC NSs system has excellent stability and reusability,
and its photocatalytic activity is 65 times higher than that of
traditional CdS nanoparticles. It not only provides a facile and
fascinating strategy for the synthesis of highly efficient photo-
catalysts, but also opens up a new insight for the application of
2D MOF-based nanomaterials in photocatalysis.

2. Experimental sections

2.1 Chemicals and materials

Cadmium acetate dehydrate (Cd(CH;COO),-2H,0), N,N-dimethyl-
formamide (DMF) and 1,4-benzenedicarboxylic acid (H,BDC)
were purchased from Shanghai Aladdin Biochemical Technology
Co. Ltd. Sodium sulfide nonahydrate (Na,S-9H,0), sodium sulfite
(Na,S0O3), cadmium chloride (CdCl,-2.5H,0) and trisodium phos-
phate (NazPO,-12H,0) were purchased from Shanghai Chemical
Reagent Co. Ltd. All the reagents were of analytical grade and used
without further purification. Ultrapure water with a resistivity of
18.2 MQ cm was used throughout all the experiments.

2.2 Catalyst preparation

2.2.1 Synthesis of Cd-MOF nanosheets (NSs). Cd-MOF
NSs were prepared via a solvothermal approach. Firstly,
Cd(CH;3;CO00),2H,0 (0.3731 g, 1.4 mmol) was dissolved in
30.0 mL of DMF to form a solution, which was subsequently
added to 33.0 mL of DMF solution including H,BDC (0.1163 g,
0.7 mmol). After strongly stirring at room temperature for 1 h,
the mixed solution was poured into a 100 mL Teflon-lined
autoclave. Then the autoclave was heated at 120 °C for 48 h,
followed by cooling down to room temperature naturally.
Finally, the resulting white precipitates were obtained after
being filtered and washed with deionized water at least three
times and dried under vacuum at 70 °C overnight.

2.2.2  Synthesis of CAS@BDC nanosheets (NSs). CAS@BDC
NSs were prepared by an in situ synthesis method utilizing
Cd-MOF nanosheets as the precursor and template. In detail,
the as-prepared Cd-MOF NSs (5 mg) were rapidly added into
20.0 mL of mixing solution with 0.1 M Na,S/Na,SO;, and then
strongly stirred for 30 min. In this case, the amount of sulfur is
far more than the amount of cadmium from Cd-MOF NSs.
Therefore, after the complete consumption of cadmium for
forming CdS@BDC NSs, there was still a rich Na,S/Na,SO; in
the reaction system, which was directly utilized for the follow-
ing photocatalytic H, production test. In order to describe the
morphology and microstructures of the CdS@BDC NSs, the
above mixed solution was filtered and washed with deionized
water several times and then dried under vacuum at 50 °C
overnight.

For comparison, CdS nanoparticles (NPs) were synthesized
using a modified method.* Briefly, 30.0 mL of 0.1 M Na,S
solution was added into 30.0 mL of 0.1 M CdcCl,-2.5H,0
solution under stirring conditions. After vigorously stirring
for 10 min, the achieved suspension was added dropwise into
2.0 mL of 0.05 M NazPO,-12H,0 with stirring for 20 min.
And then, the mixed solution was transferred into a 100 mL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Teflon-lined autoclave and kept at 180 °C for 12 h. The product
was collected by filtration, washed with absolute ethanol and
deionized water separately, and finally dried under vacuum at
60 °C overnight.

2.3 Characterization

Scanning electron microscopy (SEM) images were acquired
using a Zeiss Supra 40 scanning electron microscope with an
acceleration voltage of 5 kv, combined with energy dispersive
X-ray (EDX) spectroscopy. A JEM-2010-TEM electron microscope
(JEOL, Japan) was used to obtain the elemental mapping, TEM
and HRTEM images. Atomic force microscopy (AFM) images
were recorded using a Dimension Edge instrument. Powder
X-ray diffraction (PXRD) patterns were analyzed on a Philips
X’Pert PRO SUPER X-ray diffractometer equipped with graphite-
monochromated Cu Ka radiation (/ = 1.54056 A). An ESCALab
MKII XPS spectrometer system with Al Ka (1486.6 eV) as the
X-ray source was used to carry out the XPS measurements.
UV-vis spectra were measured using a spectrophotometer
(Hitachi U-4100). The steady-state photoluminescence (PL) spectra
for liquid samples were conducted through HitachF-4500 under
an excitation wavelength of 425 nm. A FS5 fluorescence lifetime
spectrometer (Edinburgh Instruments, UK) was used to obtain the
time-resolved PL decay curves under the excitation of 425 nm and
probed at 475 nm.

2.4 Hydrogen evolution measurements

The photocatalytic H, production experiments were performed
in a 100 mL Pyrex flask connected to a closed gas circulation
and evacuation system under a 300 W Xe lamp (CEL-HFX300,
Beijing China Education Au-light Co., Ltd) equipped with an
optical cut-off filter (1 > 380 nm). In a typical experiment (apart
from CdS@BDC NSs sample), 5 mg of the photocatalyst was
dispersed in 20.0 mL of an aqueous solution including Na,S
(0.1 M) and Na,SO; (0.1 M) as the sacrificial electron donors.
Prior to irradiation, the suspension was stirred for 10 min and
then bubbled with N, for 30 min to completely remove the
dissolved air. Subsequently, the photocatalytic reactor was
irradiated by a Xe lamp with a UV cut off filter (>380 nm) at
a fixed distance (10 cm). Throughout the irradiation process,
the above suspension was continuously stirred and kept at 6 °C
through a flow of cooling water. The evolved H, was measured
via gas chromatography (Shimadzu GC-2014C, N, as a carrier
gas) using a thermal conductivity detector (TCD). For each
evaluation of H, generation, 200 pL of the headspace was
injected into the GC and was quantified by a calibration plot
to the internal hydrogen standard. During the long-time stabi-
lity measurements, the reaction system used N, to remove
the produced hydrogen after every 4 h of irradiation, and the
sacrificial agent remained unchanged.

The quantum efficiency (QE) of H, evolution was measured
under conditions similar to the above photocatalytic reaction,
except that the light source was equipped with a band-pass filter
(420 nm). The photon flux of incident light was determined
using a Ray virtual radiation actinometer (Apogee MQ-500,
silicon ray detector, light spectrum, 389-692 nm; measurement
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range, 0-4000 mol ' m~? s™"). The following equation (1) was
used to calculate the quantum efficiency (QE).*

. I/Z(Hz) X 2

QE(%) = n(photons)

100 (1)
where n(H,) and n(photons) refer to the number of H, gas
generated and the number of incident photons, respectively.

2.5 Photoelectrochemical measurements

The photoelectrochemical measurements were conducted on a
CHI660E electrochemical workstation (Chenhua Instrument,
Shanghai, China) in a conventional three-electrode system
using the prepared FTO as the working electrode, Pt foil as
the counter electrode, and Ag/AgCl (3 M KCl) as a reference
electrode. A 0.1 M Na,S/Na,SO; aqueous solution was employed
as the electrolytes, and a 300 W Xe lamp (Beijing China
Education Au-light Co., Ltd) with a UV-cutoff filter (>380 nm)
served as the solar simulator. Amperometric I-¢t curves were
obtained by applying a bias potential of —0.2 V under chopped
light irradiation with an ON/OFF interval of 25 s. Electro-
chemical impedance spectroscopy (EIS) measurements were
conducted by applying a Zahner IM6 (Zahner Elektrik, Kronach,
Germany) in the dark within a frequency range of 10~ '-10* Hz,
and the amplitude sine wave potential was 10 mV in each case.
Mott-Schottky plots were measured using the same three-
electrode system in 0.2 M Na,SO, aqueous solution. The above
working electrode was prepared by mixing 5 mg photocatalyst
with 5 uL Nafion and 0.4 mL ethanol to make slurry. After-
wards, the slurry (0.2 mL) was then coated onto the pretreated
FTO glass (a 1.0 cm? active area). Finally, the resulting electrode
was dried in air and heated in an oven at 60 °C for 1 h.
To convert the obtained potential (vs. Ag/AgCl) to RHE (NHE
at pH = 0), the following relationship was used:

Eruk = E(ag/agen T 0.059pH + E?Ag/AgCl)’

EQag/agcn) = 0.1967 V.

3. Results and discussion

The controlled fabrication process of CdS@BDC NSs was sche-
matically presented in Fig. 1a. First, uniform ultrathin Cd-MOF
NSs were obtained by a solvothermal reaction of Cd*" ions with
1,4-benzenedicarboxylic acid (H,BDC), as shown in Fig. 1b. The
corresponding AFM image and height profile intuitively exhibits
their average thickness of ca. 1.46 nm (Fig. 1c). Then, the
as-synthesized Cd-MOF NSs were transformed into CdS@BDC
NSs via an in situ sulfidation method in Na,S/Na,SO; solution.
Intriguingly, compared with their Cd-MOF precursors, the overall
morphology of the nanosheet framework remains basically
unchanged as shown in Fig. 1d. Furthermore, the nanosheet
framework was uniformly embedded with in situ CdS nano-
particles, and the average size of the CdS nanoparticles is about
6 nm (Fig. 1le and f). The corresponding lattice spacing value
(Fig. 1g) measured as 0.34 nm corresponded to the (111) facet of

Mater. Adv., 2022, 3, 8579-8587 | 8581


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00866a

Open Access Article. Published on 27 September 2022. Downloaded on 7/13/2025 1:51:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
a)
H,BDC
2 e »
&LES Solvothermal In situ
co - )
% ca synthesis sulfidation
Cd-MOF NSs CdS@BDC NSs
Size /nm
Fig. 1 (a) Schematic illustration of the synthesis process of CdS@BDC NSs. (b) TEM image of Cd-MOF NSs. (c) AFM image of Cd-MOF NSs and the

corresponding height profiles (inset). (d and e) TEM images and particle size distribution (f) of CdS@BDC NSs. (g) HRTEM graph of CdS@BDC NSs. (h—k)
Elemental mapping images of C, O, Cd and S recorded from the same region of the CdS@BDC NSs.

cubic-structured CdS.*' The elemental mapping images (Fig. 1g-k)
clearly depicted the uniform distribution of all elements (C, O, Cd,
S) in their chemical composition, indicating that CdAS@BDC NS is a
homogeneous compound.

The structure and chemical state of the as-synthesized
CdS@BDC NSs were further measured by PXRD and XPS.
As shown in Fig. 2a, all of the diffraction peaks in the pattern
of the Cd-MOF sample agreed well with the simulated XRD
pattern of Cd-MOF ([Cd(BDC)-(DMF)]") with a space group
P1(-)(2) on the basis of the reported crystal structure data.*’
After in situ sulfidation treatment, the cubic-structured CdS
phase was successfully obtained (JCPDS no. 10-0454).*> Mean-
while, the corresponding EDX spectroscopy measurement
revealed that the molar ratio of Cd/S is 1:1.07 in CdS@BDC
NSs (Fig. S1, ESIT). As displayed in Fig. 2b, the XPS survey
spectrum of the CdS@BDC NSs indicated the existence of Cd, S,
as well as C and O from the nanosheet framework. From the
high-resolution XPS spectrum of Cd 3d (Fig. 2b), the binding
energies of Cd 3ds;, (405.1 eV) and Cd 3d;/, (411.9 eV) peaks,
demonstrating the valences of Cd were +2 in CdS@BDC NSs,
while the S 2P core level spectra (Fig. 2¢) consisted of a doublet
located at a binding energy of 161.3 €V and 162.5 eV, ascribing
to the characteristic peaks of S 2p,, and S 2p;, spin-orbit
components of S*7, respectively.’ All these indicated and
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Fig. 2 (a) Powder XRD Profiles for Cd-MOF NSs and CdS@BDC NSs.
(b) XPS survey spectra of the CdS@BDC NSs, the high-resolution XPS
spectra of Cd 3d (c) and S 2p (d) XPS spectra of CdS@BDC NSs.

further confirmed the formation of a homogeneous CdS@BDC
compound. According to the N, adsorption/desorption iso-
therms (Fig. 3a), it is clearly seen that a sharp increase at P/P°
of 0.8-1.0, indicating typical type III isotherms,** and the SBET

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Nitrogen adsorption/desorption isotherms of the CdS@BDC
NSs and CdS NPs (the inset exhibits corresponding pore size distribution
curves). (b) UV-vis diffuse absorption spectra and their calculated band gap
(inset) of the CdS@BDC NSs and CdS NPs.

of CdS@BDC NSs is 13.7 m? g . The UV-vis diffuse reflectance
spectra (DRS UV-vis, Fig. 3b) of CdS@BDC NSs and CdS NPs
(Fig. S2, ESIt) indicate that their comparable absorption edges
are very close, ranging from 300 nm to 650 nm. The corres-
ponding band gap values of CAS@BDC NSs and CdS NPs are
also similar, corresponding to 2.29 eV and 2.21 eV estimated
from the (ahv)® versus photon energy (hv) plot (Fig. 3b, inset).
The Mott-Schottky plots were also measured in 0.2 M Na,SO,
electrolyte with a pH value of 6.8. The positive slope of the
C>-E plot (Fig. S3, ESIt) revealed the n-type semiconductor
property of CdS@BDC NSs and CdS NPs.® The flat-band
potential (Vg,) of CdAS@BDC NSs and CdS NPs were —0.48 V
and —0.41 Vvs. Ag/AgCl (—0.21 V and —0.28 V vs. NHE) through
extrapolating the intercept to the X-axis. For many n-type
semiconductors, it is reported that the bottom of the conduc-
tion band (CB) potential is more negative by 0.1 V than the flat-
band potential.”” Thus, the CBs of the CAS@BDC NSs and CdS
NPs were calculated to be —0.38 V and —0.31 V vs. NHE,
respectively, exhibiting that the CB potential of the CdS@BDC
NSs is more negative than that of CdS NPs, which is helpful for
photocatalytic H, generation.

The photocatalytic hydrogen evolution was conducted under
visible-light irradiation (1 > 380 nm) using S*7/SO;>" as
sacrificial reagents without the use of precious co-catalysts of
Pt. CdS nanoparticles (NPs) (Fig. S2, ESI{) and CdS quantum
dots (QDs) (Fig. S4, ESIt) were also evaluated as photocatalysts
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Fig. 4
photocatalysts.
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for reference. From Fig. 4a, it can be found that CdS NPs and
CdS QDs have a Hy-evolution rate (HER) of 199 umol h™' g™*
and 760 pmol h™* g, respectively. Prominently, the hydrogen
production rate of CAS@BDC NSs is 13081 pmol h™* ¢™*, and
is 65 times and 17 times that of CdS NPs and CdS QDs,
respectively. The excellent hydrogen production performance
shows that CdAS@BDC NS is one of the most promising noble-
metal-free CdS-based photocatalysts (Table S1, ESIt). Photo-
catalytic quantum efficiency QE of the CdS-based photocatalyst
and previously reported CdS-based photocatalyst is listed in
Table S2 (ESIT). Therefore, the QE of CAS@BDC NS (4.61%) is
higher than that of CdS NP (0.63%) and CdS QD (1.37%),
respectively. In addition, the photocatalytic quantum efficiency
of CAS@BDC NS also seems to be higher than that of some
precious metal-free photocatalysts based on CdS (e.g., CdS/g
C3N,, CdS/Cu,S,/g-CsNyand CdS/NiSe,). The corresponding
photostability of the CdAS@BDC NSs was investigated via repeat-
ing the H,-evolution experiments under the same experimental
conditions, as illustrated in Fig. 4b. During four repeated
photocatalytic experiments, no obvious reduction of hydrogen
production was observed, implying its excellent photocatalytic
stability. After four experimental cycles, the TEM image
(Fig. S5a, ESIT) and PXRD patterns (Fig. S5b, ESIT) showed no
significant changes in CdS@BDC NSs.

As we know, the efficiency of photogenerated carrier capture,
separation and migration may play a crucial role in photo-
catalytic water splitting for H, evolution. It can be seen from
Fig. 5a that the peak intensity of photoluminescence (PL) of
CdS@BDC NSs is much weaker than that of CdS NPs, indicating
that the recombination of photoinduced electron-hole (e-h) pairs
in CdS@BDC NSs is more efficiently repressed.*®*° Moreover,
as displayed in the time-resolved PL spectra (Fig. 5b and
Table S3, ESIt), the average photogenerated carrier lifetime of
CdS@BDC NSs is 0.035 ns, which is longer than that of CdS NPs
(0.021 ns), declaring that more photoelectrons can be used
effectively for proton reduction.’®! The transient photocurrent-
time curves (Fig. 5c) also reveal that the photocurrent density
of CAS@BDC NSs has been substantially improved compared
with CdS NPs, suggesting faster charge separation and higher
efficiency of photogenerated electron-hole pairs.*® In addition,
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(a) Comparison of the photocatalytic H,-evolution activities of CdS@BDC NSs, CdS QDs and CdS NPs. (b) Cycling stability for the CdS@BDC NS

Mater. Adv., 2022, 3, 8579-8587 | 8583


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00866a

Open Access Article. Published on 27 September 2022. Downloaded on 7/13/2025 1:51:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a) — CdS NPs
——CdS@BDC NSs
=
S
>
B
[
ko)
=
450 460 470 480 490 500
Wavelength (nm
c) gth (nm)
R ] —— CdS@BDC NSs
50.30 ONOFF  Cds NPs
S I P
= 0.20-
>
@ 0.15
[
£0.10
£005{ | | ||
ool L LT LY
0 50 100 150 200 250 300 350
Irradiation time (sec)
Fig. 5

spectra for the CdS@BDC NSs and CdS NPs.

as shown in Fig. 5d, the Nyquist plot of electrochemical impe-
dance spectroscopy exhibits a smaller radius of CdS@BDC NSs
than that of CdS NPs, corresponding to the lower charge-transport
resistance.>**> Evidently, CdS@BDC NSs have the above-
mentioned excellent photoelectrochemical properties due to
their special 2-dimensional lamellar structure, thus obtaining a
high photocatalytic hydrogen production rate. What’s more,
when another lactic acid solution replaced Na,S/Na,SO;
solution as a hole sacrificing agent, the hydrogen production
performance of CdS@BDC NSs was lower than that of conven-
tionally synthesized CdS NPs (Fig. S6, ESIt). This strongly
indicated that the presence of the Na,S/Na,SO; system also
had a crucial impact on the hydrogen production performance.
According to the FT-IR spectra of CdAS@BDC NSs (Fig. S7, ESIY),
there are the characteristic peaks of S~ at 533 cm™ ' and SO3>~
at 1440 cm™'. Meanwhile, the unwashed CdS NP sample was
taken out of Na,S/Na,SO; solution, and the two absorption
peaks were very weak. Obviously, after separation of the sus-
pensible CdS@BDC NS from sulfur-rich $*7/SO;>~ solution,
the resultant sample shows the highest various absorption
peaks including the adsorbed S*~ and SO;>7, and the selective
adsorption of massive S>~ ions on the CdS@BDC NSs surface.

On the basis of the above results, a tentative photocatalytic
mechanism for the enhanced hydrogen production performance
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over CAS@BDC NSs was proposed in Fig. 6. In this work, a very
important feature is that MOF-derived CdS@BDC NSs can effi-
ciently adsorb a larger amount of $>/SO,>~ compared with the
traditional CdS NPs (Fig. S7, ESIt and Fig. 6A). Then, due to the
two-dimensional skeleton structure on the surface of CdAS@BDC
NSs and a large number of exposed S>~ ions, this supported the
photo-excited electrons and holes to migrate to the spatially
separated reduction center (at the small edge) and oxidation
center (at the large base surface).53 On one hand, it is well known
that S*>7/SO;>~ has been widely used as an excellent sacrificial
reagent for effectively consuming photogenerated holes in the
photocatalytic H, evolution of CdS photocatalysts, in which S*~
ions can be oxidized into solid S° by photogenerated holes at first,
and then converted into S,05>~ ions together with SO;>~ (Fig. 6B).
The depletion of holes will inhibit the recombination of photo-
generated electrons and holes, and as a result, more photo-
electrons can be effectively used for proton reduction. This is
also confirmed by the above photoluminescence spectrum and
time-resolved luminescence decay spectrum analysis results
shown in Fig. 5a and b. On the other hand, massive S*~ adsorbed
on the surface of ultrathin CdS@BDC NSs can also be exposed
as interfacial hydrogen evolution active sites (also known as
electronic co-catalysts), which can enrich H" ions from sacrificial
agent solution and subsequently reduce H' to H, through

© 2022 The Author(s). Published by the Royal Society of Chemistry
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photoelectrons for promoting the hydrogen production reaction
(Fig. 6C).>**® Therefore, numerous S*> /SO;>~ ions adsorbed on
the surface of CAS@BDC NSs can not only act as a hole-scavenger
to promote the rapid capture and consumption of photogenerated
holes, but also serve as an active site for catalytic reaction, and
synergistically enhance the photocatalysis hydrogen production
performance. That is to say, CdS in CdS@BDC NSs is the catalytic
center, while BDC mainly plays an auxiliary role in the framework.
Moreover, BDC with a porous structure assisted CdS to form
an ultra-thin structure similar to complex, which made a large
amount of $>7/SO,> adsorbed on the surface, thus removing a
large amount of photo-generated holes and inhibiting the photo-
corrosion of CdS. When another lactic acid solution replaces
Na,S/Na,SO; solution as the hole sacrificial agent, the hydrogen
production performance of CAS@BDC NSs is lower than that of
the conventionally synthesized CdS NPs (Fig. S6, ESIt). Because
lactic acid molecules can’t be enriched on the surface of CdS in
CdS@BDC NSs due to the steric hindrance and the adsorption
effect, which leads to a sharp decrease in performance, it helps to
verify the structural function of CdS@BDC NSs.

In view of the above research on the synthesis method and
hydrogen production performance of CAS@BDC NSs, it is specu-
lated that this synthesis strategy and the corresponding photo-
catalytic enhancement mechanism are also universal in other 2D
MOF-based nanomaterials. Therefore, we further synthesized
Zn-MOF NSs and the corresponding ZnS@BDC NSs (Fig. S8a-d,
ESIt). As a comparison, traditional ZnS NPs were also synthesized.
As shown in Fig. S9 (ESIt), compared with traditional ZnS NPs
(101 pmol h™" g™ "), ZnS@BDC NSs exhibit a substantial increase in
photocatalytic hydrogen production activity of 2801 pmol h™* g~ *
Hence, our proposed synthesis method and the corresponding
enhancement mechanism of photocatalytic hydrogen evolution can
be used as an effective method to develop new efficient hydrogen
production photocatalysts.

4. Conclusions

In summary, we have successfully prepared ultrathin CdS@BDC
nanosheet photocatalysts via in situ sulfidation treatment from a

© 2022 The Author(s). Published by the Royal Society of Chemistry

ions, and (C) H,-evolution reaction route on the adsorbed $2~ ions as the catalytic active sites.

precursor of 2D Cd-MOF nanosheets. In this case, due to the
porous structure and larger surface area of the synthesized
CdS@BDC NSs derived from the 2D Cd-MOF, a large number of
$*>~ ions can be rapidly enriched to its surface, preventing light
corrosion and acting as an active site of the surface catalytic
reaction. It was proposed that the resultant CdAS@BDC NS
photocatalysts exhibited a perfect hydrogen generation activity
of 13081 pmol h™" g™, which was about 65 times higher than
that of CdS NPs. In addition, a tentative photocatalytic mecha-
nism for the enhanced hydrogen production performance over
CdS@BDC NSs was also proposed. Our work not only provides a
facile and effective method for the synthesis of highly efficient
photocatalysts, but also opens up new insight for the applica-
tion of 2D MOF-based nanomaterials in photocatalysis.
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