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Fabrication of heterostructured Pd-porphyrin
MOFs/ZnlIn,S; composites to boost photocatalytic
hydrogen evolution under visible light irradiationt
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The purposeful and sensible fabrication of novel binary-shelled photocatalysts is highly attractive for
photocatalytic hydrogen evolution. In this work, ZnIn,S,4 (ZIS) nanosheets were induced to grow on a
framework of Pd-porphyrin MOFs (Pd-PMOFs) to construct novel binary-shelled nanotubes (Pd-
PMOFs@ZIS) via a multistep solvothermal process. On account of the abundant active sites, well-matched
band gaps, strong visible light harvesting capability and outstanding charge migration efficiency, the
assembled Pd-PMOFs@ZIS heterostructures exhibited prominently enhanced photocatalytic hydrogen
generation activity. Concretely, the hydrogen evolution rate of the optimized sample was up to
8200.25 umol gt h™* under visible light irradiation, which was approximately 24.07 and 13.73 times larger
than those of individual ZIS and Pd-PMOFs, respectively. More importantly, density functional theory
(DFT) calculations demonstrated that the fabrication of the heterojunctions established electron transport
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consumed at the interfaces between Pd-PMOFs and ZIS. Specifically, the transfer pathway of electrons is
from Pd-PMOFs to ZIS. Our work provides a convenient and advanced prototype for synthesizing binary
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1. Introduction

Porphyrins are highly conjugated m-electron heterocyclic
macromolecules, such as cytochromes and chlorophylls,
widely found in natural animals and plants.® By virtue of
larger specific surface areas, abundant pore channels, wide
visible light absorption, and flexible structures, porphyrins
have been applied in various fields, covering biomimetic
chemistry, catalysis, and biological detection.’” Porphyrins as
functional molecules are usually used in homogeneous
systems, which goes against sustainable recycling. Therefore,
great efforts have been devoted to the development and design
of porphyrin based complexes for applications in hetero-
geneous systems in the past few decades.®”® Among them, por-
phyrin based metal organic frameworks (PMOFs) have received
substantial attention.’®** As an important subclass of MOFs,
PMOFs are novel porous crystalline materials arranged in a
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heterojunction photocatalysts with superior charge separation and transfer efficiency.

periodic pattern and composed of porphyrin molecules as
structural units and metal ions or metal clusters.">'* Due to
the large number of active sites between metal clusters and
organic ligands, many new multifunctional porphyrin com-
pounds can be synthesized by tuning the metal centers,
organic ligands, and reaction conditions.">'® Such abundant
and adjustable structures play an active role in expanding the
application of  PMOF materials, especially in
photocatalysis.’”'® At present, the research efforts in photoca-
talysis are primarily focused on the selective conversion of
various organics, the degradation of pollutants in water, and
oxygen or hydrogen production from water splitting."*>" It is
worth emphasizing that in response to the energy crisis, a
wide variety of photocatalysts have been developed for efficient
photocatalytic hydrogen production, including TiO,,**
g-C3N,,>* Zr-MOFs,®* and ZnIn,S,.>> Among them, ZnIn,S;
(Z1S) as a ternary sulfide with a layered structure and stable
chemical properties is a promising visible-light responsive
photocatalyst.>® However, the photocatalytic activity of single-
component catalysts is still impeded or restricted by the rapid
recombination of photo-induced electrons and holes.
Therefore, it is of great significance to develop photocatalysts
with multicomponent composites for the enhancement of the
mobility of carriers. For instance, Zhang et al. reported that
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MoS, quantum dots/ZnIn,S, photocatalysts with a two-dimen-
sional (2D) atomic-level heterostructure exhibited improved
electron transfer capability.”” Wang et al. synthesized ZnIn,S,/
In,0; hierarchical tubular heterostructures. This design accel-
erates the separation and transfer of photogenerated charges,
and exposes abundant active sites for surface catalysis.>® Some
researchers have also developed the combination of ZnIn,S,
and metal organic framework (MOF) materials. Jin et al. fabri-
cated PCN-224@ZnIn,S, composites with a novel hierarchical
structure via a facile solvothermal method.”® The optimized
ZnIn,S,@PCN-224 displayed a hydrogen production rate of
0.284 mmol h™'. Liu et al. developed a series of heterostruc-
tured  ZnIn,S;@NH,-MIL-125(Ti) nanocomposites  with
different NH,-MIL-125(Ti) contents as carriers.’® The results
manifested that the optimal content of NH,-MIL-125(Ti) was
about 40 wt% and its photocatalytic hydrogen evolution rate
was 2204.2 pmol h™ g™, which was 6.5 times higher than that
of pure ZnlIn,S,. Therefore, the construction of ZnIn,S, based
composites can produce a lot of unique high-speed charge
transfer nanochannels at heterogeneous interfaces, thus con-
tributing to the transfer efficiency of electron hole pairs and
achieving outstanding photocatalytic activity.>® However, thus
far, no report is available on the construction of Pd-porphyrin
MOFs@ZnIn,S, nanosheet photocatalysts.

In this present work, a series of hierarchical Pd-porphyrin
MOFs@ZnIn,S, (Pd-PMOFs@ZIS) composites were firstly
designed and fabricated through in situ growth of unique ZIS
nanosheets on the surface of rod-like Pd-porphyrin MOFs via a
simple one-step solvothermal method. Usually, iz situ encapsu-
lation is favorable for the formation of contact interfaces and
the enhancement of stability for the prepared composite
materials.’> The resultant Pd-PMOFs@ZIS photocatalyst
exhibited a significant hydrogen generating activity in com-
parison with pure ZnIn,S, nanosheets under simulated sun-
light irradiation. This work aims to suggest that the increased
electron-hole separation efficiency and improved visible-light
absorption for the Pd-PMOFs@ZIS photocatalyst can facilitate
photocatalytic splitting of water.

2. Experimental section
2.1. Materials

Zinc chloride (ZnCl,, 99%), indium chloride (InCl;-xH,O,
99%), thioacetamide (C,HsNS, 99%), N,N-dimethylacrylamide
(DMF, 99%) palladium nitrate and (Pd(NO3),, 97%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. All chemi-
cals were used without further purification unless otherwise
stated.

2.2. Synthesis of Pd modified porphyrin MOFs (Pd-PMOFs)

The tetrakis(4-carboxyphenyl)porphyrin (TCPP) was prepared
according to previous work. The Pd modified porphyrin MOFs
(Pd-PMOFs) were synthesized according to a solvothermal
method. Typically, 15 mg of Pd(NO,),-2H,0, 35 mg of TCPP,
and 20 mL of DMF were all added into a 30 mL beaker. The
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homogeneous mixed solution was formed by sonication. The
mixture was then transferred to a 50 mL Teflon-lined autoclave
and incubated at 120 °C for 4 h. After cooling down to room
temperature, the single crystal materials of Pd-PMOFs were col-
lected by natural sedimentation and washed with acetone and
ethanol several times.

2.3. Synthesis of Pd-PMOFs@ZnIn,S, composites

The encapsulation of ZnIn,S, nanosheets on the surface of the
Pd-PMOFs was achieved by a one-step solvothermal method.
In an optimized preparation procedure, 0.33 g of ZnCl,, 1.11 g
of InCl;-xH,0, 2.50 g of C,HsNS and 0.1 g Pd-PMOFs were dis-
persed into 50 mL of deionized water and stirred for 20 min.
Then, the entire solution was transferred into a 100 mL auto-
clave and kept at 160 °C for 5 h. Finally, the powder was
obtained by filtration and washed several times with deionized
water, and then dried at 60 °C. By controlling the mass ratio of
Pd-PMOFs to ZnIn,S, (1:15,1:10 and 1:5), a series of compo-
sites were prepared and labeled as Pd-PMOFs/ZIS-1, Pd-
PMOFs/Z1S-2 and Pd-PMOFs/ZIS-3. Furthermore, to form a
contrast, pure ZnIn,S, was synthesized through the above
steps without Pd-PMOFs. The detailed synthetic pathway is
shown in Fig. 1.

2.4. Characterization

The actual crystal phases of powders were characterized on
X-ray diffractometry (PANalytical, Netherlands). The micro-
structure and elemental distribution of the samples were
observed using an SU8020 Scanning Electron Microscope
(SEM, Hitachi, Japan) and a transmission electron microscope
(TEM, JEM1400FLASH). The fluorescence emission spectral
data were collected using HITACHI F7000. The elemental
species of the samples were detected by using X-ray
Photoelectron Spectroscopy (XPS, Thermo, USA). The photo-
current and impedance data of the samples were obtained on
an electrochemical workstation (KM1-CS1006) with a glassy
carbon electrode as the working electrode and a calomel elec-
trode as the reference electrode. The UV-vis spectroscopy data
of the solid powders were acquired from the UV-Vis spectro-
photometer (Agilent UV-2450). The actual Pd content in Pd-
PMOFs@ZIS-2 evaluated by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis.

2.5. Photocatalytic hydrogen evolution experiments

Photocatalytic H, evolution experiments were accomplished in
a Perfectlight labsolar 6A photoreactor. A 300 W Xe lamp was
used as simulated solar light (1 2 420 nm). The corresponding
focusing intensity is 180 mW cm 2. Typically, 50 mg of sample
was added into 100 mL of aqueous solution containing 10 mL
of triethanolamine. The generated hydrogen gas was detected
using a gas chromatograph (GC9790II-PLF-01) with a TCD
detector and argon as the carrier gas.

This journal is © the Partner Organisations 2023
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Fig. 1 Schematic representation of the synthetic procedure of Pd-PMOFs/ZIIn,S, composites.

3. Results and discussion

X-ray diffraction analysis (XRD) was performed to explore the
crystallization status of the prepared pure ZIS, Pd-PMOFs and
Pd-PMOFs@ZIS composites. As exhibited in Fig. 1a, the pure
ZIS presented visible characteristic peaks at 26 = 21.2°, 27.7°,
and 47.3°, which were assigned to (006), (102) and (110) lattice
planes for ZIS with a hexagonal phase, respectively (JCPDS No.
65-2023).>* There are five main diffraction peaks at about 28 =
6.3°, 10.1°, 10.9°, 17.7° and 21.0° for pristine Pd-PMOFs.
When sufficient ZIS nanosheets were loaded onto the surface
of the Pd-PMOFs, it was clearly observed that the characteristic
diffraction peaks of both Pd-PMOFs and ZIS appeared at the
Pd-PMOFs@ZIS-1 sample, declaring the successful construc-
tion of such composites. Additionally, the intensity of the peak
located at 21.0° increased with the increasing content of Pd-
PMOFs in the Pd-PMOFs@ZIS-2 sample, confirming that this
peak corresponds to Pd-PMOFs. In particular, the Pd-
PMOFs@ZIS-3 composites displayed the apparent diffraction
peaks of Pd-PMOFs, which was probably due to the relatively
low loading of ZIS.

XPS spectra were used to identify the elemental compo-
sition and chemical states of the prepared pure ZIS, Pd-PMOFs
and Pd-PMOFs@ZIS composites. As shown in Fig. 2b, the
characteristic peaks of zinc, indium, and sulfur elements are
easily observed in the pure ZIS sample.** Meanwhile, the Pd-
PMOFs possessed the main characteristic peaks of carbon,
nitrogen, oxygen and palladium. Significantly, the Pd-
PMOFs@ZIS photocatalysts displayed all the characteristic

This journal is © the Partner Organisations 2023

peaks of pure ZIS and Pd-PMOFs, covering C 1s, O 1s, N 1s, Pd
3d, S 2p, In 3d and Zn 2p. As presented in Fig. 2c, the peaks
located at 288.5 eV and 284.8 eV are allocated to the O-C=0
and C-C groups of C 1s from Pd-PMOFs and Pd-PMOFs@ZIS
composites. The N 1s spectrum in pure TCPP exhibits two
peaks at 397.2 and 399.5 eV, which are assigned to C=N-C
and C-NH-C bonds, respectively.’® Since Pd*" coordinates
with four N atoms on the porphyrin ring, only one peak at
398.2 eV can be intuitively identified in the Pd-PMOF sample,
as illustrated in Fig. S1.t For Pd-PMOFs@ZIS composites, in
addition to the observed N-Pd peak at 398.5 eV, there are
obviously two peaks at 400.0 eV and 401.4 eV, which may be
assigned to the C-NH, peak of free TAA (Fig. 2d). Furthermore,
the C-OH bonds of O1s from Pd-PMOFs@ZIS composites evi-
dently disappeared compared to those of the Pd-PMOFs
(Fig. 2e), which may be attributed to the high affinity between
the active groups -OH and metal ions, thus inducing the depo-
sition of ZIS on the surface of Pd-PMOFS. Meanwhile, with the
content of pristine Pd-PMOFs increasing, the binding energies
of C=0O for these composites shifted to a higher position
toward 531.83, 531.75 and 531.56 €V, respectively, demonstrat-
ing a close interfacial connection between Pd-PMOFs and
Z1S.>° From the high-resolution spectrum illustrated in Fig. 2
(g-1), the specific XPS peaks located at 161.49 eV (S 2ps,,) and
162.63 €V (S 2p,),) for S, 444.74 eV (In 3ds;,) and 452.29 eV
(In 3ds),) for In**, and 1021.74 eV (Zn 2ps),) and 1044.88 eV
(Zn 2p,5) for Zn®" can be visually distinguished in pure
Znin,S,.>” Meanwhile, the characteristic peaks located at
337.70 €V (Pd 3ds),) and 342.91 eV (Pd3d;),) for Pd** are also

Inorg. Chem. Front,, 2023,10, 4471-4483 | 4473
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Fig. 2 (a) XRD patterns of the prepared ZnlS, Pd-PMOFs and Pd-PMOFs@ZIS composites. (b) XPS survey spectra for all samples, containing (c) C 1s,

(d) N 1s, (e) O 1s, (f) Pd 3d, (9) S 2p, (h) In 3d and (i) Zn 2p.

clearly observed in pure Pd-PMOFs (Fig. 2f). Compared to
those in pure ZIS and Pd-PMOFs, such peaks for Pd-
PMOFs@ZIS composites shift to the lower binding energy
region, indicating that the electrons are transferred from Pd-
PMOFs to ZIS and enriched around their interface.*® This also
demonstrates that the formation of heterostructures can
modulate the intrinsic electronic structures of pure Pd-PMOFs
and Z1S.*’

The detailed morphologies and microstructures of the
resultant pure ZIS, Pd-PMOFs and Pd-PMOFs@ZIS composites
were examined using SEM and TEM images. As seen in Fig. 3
(a and f), the pure ZIS displayed a flower-like aggregated mor-
phology consisting of uniform nanosheets. The prepared Pd-
PMOFs showed a regular rectangular structure with an approxi-
mate length of 12 pm and a width of about 4 pm (Fig. 3b).
Compared with pure ZIS and Pd-PMOFs, the fabricated Pd-
PMOFs@ZIS composites demonstrated a distinct hierarchical
structure. Specifically, when loaded with excessive ZIS, as pre-
sented in Fig. 3c, it can be clearly observed that the abundant
flower-like microspheres formed by the aggregation of ZIS
nanosheets were closely wrapped around the Pd-PMOF surface
in the Pd-PMOFs@ZIS-1 sample, evidencing that the in situ
growth not only preserved the morphology of ZIS nanosheets,
but also contributed to the formation of compact
heterostructures.>**° With the increase of the carrier content,
the aggregated flower-like microsphere morphology of ZIS basi-

4474 | Inorg. Chem. Front., 2023, 10, 4471-4483

cally disappeared and 2D ZIS nanosheets were homogeneously
coated on the surface of Pd-PMOFs for the Pd-
PMOFs@ZIS-2 heterostructure, as shown in Fig. 3d. Such a
two-dimensional lamellar structure for ZIS was also more
evident in the Pd-PMOFs@ZIS-3 sample (Fig. 3e). Meanwhile,
these TEM images visually demonstrated how the nanosheets
of ZIS were tightly attached to the surface of Pd-PMOFs, as pro-
nounced in Fig. 3(f-h). It is noteworthy that this core-shell
structure became progressively lighter in color and thinner in
thickness as the content of the carrier increased, which is basi-
cally consistent with the above SEM results. In addition, the
interplanar distance of the lattice fringes for the ZIS
nanosheets anchored on the shell layer of Pd-PMOFs was
measured by high-resolution TEM (HRTEM) to be about
0.32 nm, corresponding to the (102) crystal plane of the hexag-
onal structure.’’ Energy dispersive X-ray spectroscopy (EDS)
was employed to determine the corresponding elemental com-
position in the Pd-PMOFs@ZIS-3 photocatalyst. From the
mapping images in Fig. 3(k-s), it can be visualized that the
elements containing C, N, O, Pd, S, In and Zn are portrayed in
their distinctive colors. All the discerned elements were evenly
distributed over the fixed region, exhibiting that the ZIS
nanosheets were uniformly located on the skeleton of Pd-
PMOFs. Consequently, the observations from the analyses
including XRD, XPS, EDS and HRTEM all validated the suc-
cessful construction of PA-PMOFs@ZIS heterostructures.

This journal is © the Partner Organisations 2023
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Fig. 3 FESEM and TEM images of samples: (a and f) ZIS, (b) Pd-PMOFs, (c and g) Pd-PMOFs@ZIS-1, (d, h and i) Pd-PMOFs@ZIS-2, and (e and j) Pd-
PMOFs@ZIS-3. (k—r) Elemental mappings and (s) EDX spectrum of Pd-PMOFs@ZIS-2.

Fig. 4a shows the UV-Vis diffuse reflectance spectra (DRS)
of the as-fabricated photocatalysts. As observed, the pure ZIS
solid powder had a broad absorption edge at around 530 nm,
while Pd-PMOFs possessed a light absorption edge at about
650 nm. After loading Pd-PMOFs, the absorption edge of Pd-
PMOFs@ZIS composites exhibited a significant red shift in
comparison with pure ZIS. In particular, the light absorption
intensity of this Pd-PMOFs@ZIS-2 sample was also substan-
tially higher than that of the single-component photocatalyst
in the region of 420-800 nm, indicating that the combination
of ZIS and Pd-PMOFs optimized the band gap and visible light
absorption capacity, which was beneficial for further pro-
motion of the photocatalytic hydrogen production activity.*>
According to Kubelka-Munk function and the Tauc plot,** the
band gap energies (E,) of selected pure ZIS, Pd-PMOFs and Pd-
PMOFs@?ZIS-2 samples were calculated to be 2.14, 1.72 and

This journal is © the Partner Organisations 2023

1.68 eV, respectively. Moreover, the flat-band potential (Egg)
values of the representative photocatalysts were estimated
using the Mott-Schottky plots. As presented in Fig. 4(d—f), the
ZIS, Pd-PMOFs and Pd-PMOFs@ZIS composites all demon-
strated typical n-type semiconductor properties due to their
inherent positive slope.** Based on the equation for the stan-
dard hydrogen electrode with (E(NHE) = E(Ag/AgCl) + 0.197),
the Egg values of ZIS, Pd-PMOFs and Pd-PMOFs@ZIS-2 can be
identified as —0.923, —1.013 and —0.623 V vs. NHE. For such
an n-type semiconductor, its flat-band potential is typically
0.1-0.3 eV higher than the conduction band (CB) potential.*®
Accordingly, the Erg values of the selected photocatalysts are
approximately equal to their conduction band (CB) values.*® As
a result, the conduction band (CB) values of ZIS, Pd-PMOFs
and Pd-PMOFs@-2 samples were derived as —1.12 eV, —1.21 eV
and —0.68 eV, respectively. Furthermore, Fig. 4(g and h) show

Inorg. Chem. Front,, 2023,10, 4471-4483 | 4475
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Fig. 4 (a) UV-vis DRS and (b and c) plots of (ahu)'/? versus (hv) for the bandgap energy of the synthesized catalysts. (d—f) Mott—Schottky plots col-
lected at various frequencies, (g and h) valence band (VB) XPS spectra and (i) band alignments of the selected samples.

the valence band (VB) position of the corresponding samples
determined by XPS spectroscopy. As presented, the valence
band (VB) values of ZIS, Pd-PMOFs and Pd-PMOFs@ZIS-2
photocatalysts were 1.03 eV, 0.51 and 0.86 eV, respectively,
which highly matched the difference between their band gap
energy (E,) and valence band (VB). The corresponding energy
band positions of these selected photocatalysts are displayed
in Fig. 4i. According to the well matched energy band struc-
tures of ZIS and Pd-PMOFs, the type of Pd-PMOFs@ZIS hetero-
structure was identified to be a type II interleaved n-n
junction.*”*®

The transient photocurrent responses with the light switch
off and on cycles of all photocatalysts were studied under
visible light irradiation (1 = 420 nm), as shown in Fig. 5(a).
Notably, the transient photocurrent response density for the
Pd-PMOFs@?ZIS-2 catalyst was significantly enlarged compared
with the pristine Pd-PMOFs and ZIS. Their intensity levels
were in the order of Pd-PMOFs@ZIS-2 > Pd-PMOFs@ZIS-3 >
Pd-PMOFs@ZIS-1 > Pd-PMOFs or ZIS, illustrating that the
binary shell heterostructure between ZIS nanosheets and Pd-
PMOF carriers can effectively promote the separation and
migration  of  photoinduced  electron-hole  pairs.*
Electrochemical impedance spectroscopy (EIS) was applied to
further analyze the transport efficiency of photogenerated
charge carrier pairs (Fig. 5b). In general, the smaller the ESI

4476 | Inorg. Chem. Front, 2023, 10, 4471-4483

arc radius in the Nyquist plot, the lower the transfer resistance
of photoexcited carriers.”® In comparison with ZIS and Pd-
PMOFs, the acquired Pd-PMOFs@ZIS composites exhibited a
smaller diameter of the Nyquist semicircle, and the optimal
photocatalyst exposed the lowest impedance, which suggested
that the interface formed by the heterojunction was favorable
for charge transfer. From another perspective, to explore the
recombination of photoinduced electron-hole pairs, the
steady photoluminescence (PL) spectral data of all catalysts are
displayed in Fig. 5c. Bare ZIS manifested the highest PL emis-
sion intensity at around 750 nm, mainly due to the maximum
recombination rate of charge carriers.” Meanwhile, the Pd-
PMOFs showed significant Q band absorption peaks from por-
phyrin in the visible light region.*® Although the Pd-
PMOFs@ZIS composites demonstrated similar PL profiles,
their PL emission intensities had sharply decreased in com-
parison with those of pristine Pd-PMOFs and ZIS, confirming
that the fabrication of the binary shell heterojunctions was
beneficial for suppressing the recombination of photo-excited
electron-holes. In particular, the Pd-PMOFs@ZIS-2 sample
exhibited the lowest PL intensity, indicating that the catalyst
with the optimal photocatalytic activity could be screened by
adjusting the ratio of single-component catalysts. Also, the
charge carrier lifetimes for the corresponding catalysts were
evaluated using the time-resolved photoluminescence (TRPL)
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https://doi.org/10.1039/d3qi00803g

Published on 28 June 2023. Downloaded on 12/12/2025 11:14:15 PM.

Inorganic Chemistry Frontiers

(a)

View Article Online

Research Article

(b)

—_7ZIS -—ZIS
o MI Pd-PMORs -o-ll::-:zzg?(‘us 1
~ 3 =K1 Sla .
E I —— Pd-PMOFs@ZIS-1 B3 BN OR T
L 12 —— Pd-PMOFs@ZIS-2 9= Pd-PMOFs@ZI
< g —Q@—Pd-PMOFs@ZIS-3 g
g 10 —— Pd-PMOFs@ZIS-3 )
-
= £
2 8 =
= =
§ =
8 4 N
-
g
e 2
s
&) A S TN A A A A
0 20 40 60 80 100 120 140 160 180 200 0 5000 10000 15000 20000
Time (s) Z'(ohm)
(c) 90000 < (d) 1200
80000 |-—— Pd-PMOFs ——ZIS —— Pd-PMOFs —— Pd-PMOFs@ZIS-2
—— Pd-PMOFs@ZIS-1 1000 -
T0000F by pMOFs@zZIS-2 Z1s: Pd-PMOFs: Pd-PMOFs@ZIS-2:
~ 60000 [F—— Pd-PMOFs@ZIS-3 - 800 7, =0.64 ns 7, =039 ns 7, =0.86 ns
2 0006 S A =5L77% A =45.73% A, =3054%
& [ E 600l T, =236 ns t,=3.51ns t,=8.61 ns
£ 40000 z A,=48.23% A =5427% A, =69.46%
Z 30000 | Z 400 Aver=147ns Aver=2.02ns Avet=4.62ns
3 [}
= 20000 =
- = 200
10000 |-
of 0
. ) . . \ . A . : : A . : .

500 550 600 650 700 750 800 850 900 20 30 40 50 60 70 8 90 100

Wavelength (nm)

Time (ns)

Fig. 5 (a) Transient photocurrent responses of all the catalysts. (b) EIS plots, (c) PL spectra and (d) lifetime decay curves of the selected catalysts.

spectra. As listed in Fig. 5d, owing to the longer average emis-
sion lifetime in Pd-PMOFs@ZIS-2 (4.62 ns) than that in ZIS
(1.47 ns) and Pd-PMOFs (2.02 ns), the electrons generated
from the heterostructure of Pd-PMOFs@ZIS-2 are more easily
transferred from the active center of Pd to the ZIS interface
and they participate in the reaction, thus enhancing the photo-
catalytic hydrogen production performance of such
composites.

The hydrogen production activity of the prepared photoca-
talysts was evaluated under 300 W Xe lamp light illumination
(4 = 420 nm) without additional cocatalysts by utilizing tri-
ethanolamine (TEOA) as the hole scavenger. As presented in
Fig. 6a, the amount of hydrogen produced on all photocataly-
sis depicted a linear increasing trend with time. As observed,
the original ZIS and Pd-PMOFs with 4 h of visible light
irradiation showed a total amount of photocatalytic hydrogen
production of 1362.88 and 2389.20 pumol g~', respectively. To
take it one step further, the hydrogen production rates were
relatively low when individual ZIS (340.72 pmol g~* h™") and
Pd-PMOFs (597.30 pmol g~' h™") were used as photocatalysts
(Fig. 6b), indicating that the single-component catalysts were
insensitive to hydrogen stimulation under visible light illumi-
nation. However, after embedding ZIS nanosheets onto the Pd-
PMOFs support, the Pd-PMOFs@ZIS heterojunctions displayed
remarkably enhanced hydrogen generation rates. The
maximum hydrogen generation efficiency over the Pd-
PMOFs@ZIS-2 composite runs up to 8200.25 pmol g~* h™,
which is approximately 24.07 and 13.73 times higher than
those of pure ZIS and Pd-PMOFs, respectively. It is concluded

This journal is © the Partner Organisations 2023

that the improvement in the photocatalytic H, evolution for
Pd-PMOFs@ZIS composites may be due to the preferable
assembly of such a heterogeneous structure between ZIS and
Pd-PMOFs, boosting the efficient separation and migration of
photoexcited electron-hole pairs.>> To our satisfaction, the
constructed Pd-PMOFs@ZIS-2 photocatalyst still persistently
showed prominent photocatalytic hydrogen production activity
after six cycle experiments (Fig. 6¢). Meanwhile, the apparent
quantum efficiency (AQE) of Pd-PMOFs@ZIS-2 possessed an
AQE value of 13.17% at 420 nm (Fig. 6d). Moreover, its crystal-
line structure retained the initial state after recycle tests in the
XRD patterns, as shown in Fig. 6e. Although the microstruc-
tures of the Pd-PMOFs@ZIS-2 composite had been damaged to
some extent due to mechanical stirring during multiple
cycling experiments, this sample still exhibited the inseparable
framework of such a binary core-shell structure (Fig. 6f). The
actual Pd content in Pd-PMOFs@ZIS-2 before and after the
reaction was evaluated by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis (Fig. S31). Obviously,
there was almost no change in Pd content before and after
cycling in the composite system. These results verified that the
synthesized Pd-PMOFs@ZIS-2 photocatalyst has excellent
reproducibility and stability.

To further investigate the charge transfer for the Pd-
PMOFs@ZIS heterojunction, spin-polarized density functional
theory (DFT) calculations were performed to determine the
variation of Bader charges.”® The specific step for model con-
struction is shown in the ESI.f The calculated LUMO and
HOMO energy levels and energy gaps of pure TCPP were
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Fig. 6 The hydrogen production amount (a) and rate (b) of the obtained photocatalysts. (c) 6 catalytic cycle tests for the photocatalytic H, evol-
ution, and (d) wavelength dependent AQE over the optimized sample. (e) XRD patterns of Pd-PMOFs@ZIS-2 before and after experiments. (f) TEM

images of the sample after cycling tests.

—3.01, —5.77 and 2.76 eV, respectively. Meanwhile, the LUMO
and HOMO energy levels and energy gaps of Pd-PMOFs are
given as —2.72, —4.46 and 1.74 eV, respectively, which basically
match the actual test values. The results also further suggested
that the introduction of Pd ions into the porphyrin central
ring is responsible for changing the intrinsic energy level
orbital of TCPP and decreasing its band gap, as shown in
Fig. S2.1 In addition, the optimized structures of initial Pd-
PMOFs and ZIS are visualized in Fig. 7. The Pd-PMOFs were

used as carriers to support the (102) crystallographic planes of
the ZIS supercell, forming a heterogeneous structure. In
Fig. 8a, it can be clearly observed that there is a strong covalent
interaction between Pd atoms from Pd-PMOFs and In atoms
from ZIS, which can provide convenient charge transfer chan-
nels for the Pd-PMOFs@ZIS composites. Fig. 8b suggests the
charge density distribution, with the yellow and blue regions
representing the accumulation and depletion areas of electron
density, respectively. It can be intuitively noted that electrons

o P »- ‘
RSt e TS
47 p gl g

Yoy Yoq

e Was

H N O Cc Pd S
000000

Fig. 7 Top and side views of the Pd-MOFs (a) and ZnIn,S, (102) supercell (b).
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Fig. 8 (a) Top and side views of the Pd-PMOFs@ZnIn,S, (102) heterostructure and (b) the corresponding charge density difference and the path of

electron transfer.

were aggregated and depleted at the junctional interface
between ZIS and the porphyrin ring centered on Pd atoms,
respectively, demonstrating that electrons in Pd-PMOFs were
transferred toward ZIS along the channel. Based on the ana-
lysis of the Bader charge change, the net charge of Pd from the
primitive Pd-PMOFs was 0.741. After loading the ZIS
nanosheets, the net charge of Pd in the Pd-PMOFs@ZIS com-

posite increased to 0.777. As a result, electrons hopped from
the Pd-PMOF carriers onto the ZIS crystal planes, and the
number of transferred electrons was calculated to be 0.15 |e|,
further verifying the intense interfacial effect in the Pd-
PMOFs@ZIS heterojunction.®*

From the above results, the proposed mechanism of the Pd-
PMOFs@ZIS photocatalyst under visible light irradiation (1 >

V/(NHE)

Pd-PMOFs
Znln,S,

Fig. 9 Schematic illustration of charge transfer over the Pd-PMOFs@ZIS heterojunction for photocatalytic water splitting.
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420 nm) is proposed for hydrogen production, as illustrated in
Fig. 9. As mentioned previously, the Pd-PMOFs@ZIS hetero-
junction is a type II staggered n-n junction. When the Pd-
PMOFs@ZIS photocatalyst is stimulated by visible light, the
photogenerated abundant electron groups can be excited into
the respective conduction band (CB) of Pd-PMOFs and ZIS,
leaving photoinduced holes in their valence band (VB).”® Since
the CB potential of Pd-PMOFs is more negative than that of ZIS,
the photoinduced electrons can quickly transfer from Pd-PMOFs
to ZIS.>® Simultaneously, the photogenerated holes from the VB
of ZIS can migrate to that of the Pd-PMOFs. In the process of
light reaction, the accumulated holes in Pd-PMOFs are quenched
through reaction with the TEOA sacrificial agent, which sustain-
ably inhibits the charge recombination, thereby increasing the
number of photogenerated electrons.”’*° In addition, Pd ions
have good H' trapping capability. Therefore, the adsorbed H' can
combine with these abundant electrons to generate hydrogen
gas. It should be emphasized that the construction of the Pd-
PMOFs@?ZIS heterojunction provides intimate interfaces for elec-
tron transport along the binary core-shell dimensions and accel-
erates the charge disjunction, which has an energetic impact on
the improvement of the hydrogen production performance of the
photocatalysts.

4. Conclusions

In conclusion, the novel binary-shelled Pd-PMOFs@ZIS hetero-
structures were designed and constructed by the in situ growth
of ZnIn,S, nanosheets on Pd-PMOF carriers utilizing a simple
hydrothermal method. The hierarchical binary structure for
Pd-PMOFs@ZIS composites possessed extensive active sites,
good visible light trapping ability and remarkable charge sep-
aration efficiency. Under visible light irradiation, the opti-
mized Pd-PMOFs@ZIS photocatalyst displayed an obviously
improved photocatalytic H, evolution activity of 8200.25 pmol
h™" g™' with an apparent quantum efficiency of 13.17% at
420 nm, about 24.07 times higher than that of pure ZIS.
Meanwhile, such a heterostructure presented extraordinary
sustainability after consecutive cycles. Detailed characteriz-
ation and DFT calculations indicated that the construction of
binary-shelled heterostructures created electron migration
channels, promoting the transfer of photogenerated electrons
from Pd-PMOFs to the ZIS interface, which well suppressed
the recombination of photoexcited electron-hole pairs. As a
result, a significantly strengthened photocatalytic hydrogen
production performance was acquired. The new-fashioned
binary core-shell heterojunction proposed in this work would
supply an important guidance for the production of photocata-
lysts with highly efficient charge transfer.
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