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A hierarchical hollow Pt@H-UiO-66-NH,/CdS
ternary catalyst for efficient visible light prompted
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Metal-organic frameworks (MOFs) have great potential for producing photoelectrocatalyzed hydrogen
and degrading pollutants, owing to several factors such as high porosity and tunable semiconductor-like
properties. Wide band gaps, which restrict their use to only UV light induced reactions, and low
efficiencies for the separation of photogenerated charge carriers (electrons and holes) pose significant
challenges to the widespread applications of MOFs. In this study, a hierarchical hollow Pt@H-UiO-66-
NH,/CdS ternary catalyst was designed and synthesized. The immobilized CdS nanoparticles (NPs) in this
catalyst endow the MOF H-UiO-66-NH, with high visible light absorption ability and the Pt NPs serve as
electron sinks to improve charge carrier separation. Furthermore, the hierarchical hollow structure of
H-UiO-66-NH; in the composite contributes to boosting light absorption and shortening the distance
for charge transfer. As a proof of principle, Pt@H-UiO-66-NH,/CdS catalyzes methylene blue (MB)
degradation with a high rate constant of 1.025 x 1072 and hydrogen production with a rate of
12810 pmol g~ h™%, the latter of which is about 2.3, 11.7 and 173 times higher than those of Pt@UiO-
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1. Introduction

Nowadays, pollution degradation and energy production have
become major problems that should be solved to meet the
energy crisis and environmental issues.'™ Among other energy
sources, solar energy is a highly abundant and environmentally
clean energy source. Consequently, light-driven technologies
such as photocatalytic hydrogen production by water splitting
and pollutant photodegradation have attracted great attention.*
Generally, efficient photocatalysts for both of these processes
need to absorb light in the full range of the solar spectrum and
to rapidly separate photo-produced electrons (e) and holes (h).””°
Visible light accounts for about 43% of the total solar spectrum
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66-NH,/CdS, H-UiO-66-NH,/CdS and Pt@H-UiO-66-NH,, respectively.

while UV light constitutes only 4%. Therefore, by extending their
light absorption capabilities into the visible region, photocatalysts
will have significantly improved water splitting and pollutant
photodegradation performances.'>'! Moreover, photocatalysts
with enhanced activities must have high rates of separation of
the photogenerated electrons and holes for participation in sub-
sequent redox reactions.”>"® Though significant progress has
been made, developing new photocatalysts that have enhanced
visible light absorption and charge carrier separation is still a
highly challenging task.

Metal-organic frameworks (MOFs), a class of crystalline
porous materials composed of metal ions/clusters and organic
ligands,™* have great potential for use in photocatalytic pro-
cesses. The relevant properties that make MOFs attractive for
this purpose include: (1) large surface areas and high porosities
that cause exposure of numerous active sites, facilitated sub-
strate transport and accelerated photogenerated e-h separa-
tion, (2) crystalline structures that lead to greatly suppressed
charge carrier recombination and (3) frameworks that enable
flexible positioning of photosensitizers or cocatalysts to enhance
photocatalytic performances.'®® However, most MOFs have high
energy conduction bands (CBs) and low energy valence bands
(VBs) that translate into wide band gaps. Although wide band
gaps are important for enhancing the redox abilities of charge
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carriers in order to promote direct oxidation of some pollutant
dyes, they restrict light absorption to the UV region, a property
that limits solar energy utilization.***

A variety of studies targeted at expanding visible light
absorption propensities and mitigating charge carrier recom-
bination have focused on complexing MOFs with semiconduc-
tors that absorb light in the visible region and with cocatalysts
that act as electron sinks to rapidly capture electrons to create
free holes. Among the semiconductors employed for this pur-
pose, cadmium sulfide (CdS) is greatly preferred because of its
high visible light absorption ability and band gap (2.4 eV)
suitable for H, production and pollutant degradation.>>°
Nevertheless, the tendency to form bulk particles, the toxicity
of photo-corrosion produced Cd*" and the limited number of
surface catalytic sites of single nanoparticles (NPs) have limited
direct applications of CdS as a photocatalyst.>’>° Therefore,
loading highly dispersed CdS NPs on porous MOFs is an
approach that we anticipated would not only extend absorption
into the visible light region, but also prevent agglomeration of
CdS NPs. For example, earlier studies have shown that MOF
composites CdS/MIL-53(Fe),*® CdS/Ni-MOF,*' and CdS/NH,-
MIL-125(Ti),>* containing a CdS heterojunction have high
catalytic activities in visible-light induced H, production reac-
tions. Electron sinks like Pt NPs, which have high electron
capturing abilities as well as high work functions (5.65 eV for
Pt), have been utilized to elevate charge carrier separation and
improve photocatalytic activity.>*>> Moreover, owing to the
confinement effect of porous MOFs, encapsulated Pt NPs are
stabilized and well dispersed.'*=3®

In addition to the composition modulation strategy, the
morphology also plays a vital role in governing photocatalytic
efficiencies of MOFs. MOFs with morphologies, such as 2D
nanosheets®”~** and hollow structures,**™*” have gained exten-
sive attention due to their unique physicochemical properties.
In particular, hollow structured MOFs show enhanced photo-
catalytic performances relative to those of traditional bulk
MOFs. The properties responsible for the enhancement
include: (1) hollow structures that shorten diffusion pathways
of photogenerated charge carriers, (2) multiple reflection sites
inside the hollow interior that enhance the use of light and
(3) large surface areas and porosities that give rise to more
redox active catalytic sites. One example of the enhancement
effect of morphology is found in a new H, evolution reaction
photocatalyst developed by He et al in which zirconium-
porphyrinic MOF hollow nanotubes (HNTMs) are used as anchors
for noble metal single atoms. As a consequence of its unique
hollow structure, the new catalyst, HNTM-Ir/Pt, has a H, produc-
tion rate (201.9 umol g~ h™") that is about 6 times higher than
that of its bulk counterpart, bulk-Ir/Pt (31.7 umol g * h™").*>

Guided by the considerations described above, we designed
and evaluated a new photocatalyst that is composed of the
hierarchical hollow MOF, H-UiO-66-NH,. This material was
prepared using a top-down acid etching strategy starting with
the original pristine UiO-66-NH,, their interiors were adorned
with Pt NPs using an in situ method and their outer shells were
loaded with CdS NPs using a post-supporting technique.
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Scheme 1 lllustration of the route used for the synthesis of Pt@H-UiO-
66-NH,/CdS.

We anticipated that the novel hierarchical hollow Pt@H-UiO-
66-NH,/CdS ternary catalyst (Scheme 1) generated in this
manner would have an expanded light absorption range owing
to the presence of CdS, an accelerated rate of electron-hole
transfer and separation caused by electron capture by Pt NPs,
and a high number of exposed active sites and decreased
charge transfer distances arising from the hollow structure.
As described below, Pt@H-UiO-66-NH,/CdS has a high MB
degradation rate constant of 1.025 x 10~> and a hydrogen
production rate of 12810 umol g~' h™'. Furthermore, the
photocatalytic performance of Pt@H-UiO-66-NH,/CdS is main-
tained for the most part during three hydrogen production
cycles, suggesting it is stable.

2. Experimental details
2.1. Chemicals

All chemicals were purchased from commercial sources and used
without further purification. Cadmium acetate ((CH3COO),Cd,
99.99%) and sodium sulfide nonahydrate (Na,S-9H,0, 98%) were
purchased from Aladdin Industrial Inc; thioacetamide (CH;CSNH,,
99%) was purchased from Innochem; methylene blue (MB, >90%),
chloroplatinic acid hexahydrate (H,PtCls, Pt content >37.5%), 2-
aminoterephthalic acid (CgH,NO,, 98%), zirconium tetrachloride
(zrCl,, 98%), acetic acid (CH3;COOH, AR) and propionic acid
(CH3CH,COOH, AR) were purchased from Macklin Biochemical;
sodium sulfite (Na,SO3, 98%), polyvinylpyrrolidone (PVP), ethylene
glycol ((CH,OH),, AR), n-hexane (C¢H;4, AR), acetone (CH;COCH3,
AR), ethanol (CH;CH,OH, AR) and methanol (CH;0H, AR) were
purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis of Pt@UiO-66-NH, and UiO-66-NH,,

Typically, 233.1 mg (1 mmol) of ZrCl, and 181.2 mg (1 mmol)
of 2-amino-1,4-benzenedicarboxylic acid (H,BDC-NH,) were
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dissolved in a mixed solution containing 8 mL of an aqueous
dispersion of 3 wt% Pt NPs (the synthesis of Pt NPs is shown in
the ESIf), 10 mL of deionized water and 12 mL of acetic acid.
The mixture was sealed and incubated at 90 °C for 24 h. The
product was collected by centrifugation and the precipitate was
washed with deionized water and methanol three times, respec-
tively. Finally, the obtained powder, Pt@UiO-66-NH,, was dried
using a vacuum dryer overnight. For comparison purposes, the
same procedure was used for the synthesis of UiO-66-NH, with
the exception that Pt NPs were omitted.

2.3. Synthesis of Pt@H-UiO-66-NH, and H-UiO-66-NH,

Typically, 100 mg of Pt@UiO-66-NH, was dispersed in an 11 mL
mixed solution of 3:4 v/v of propanoic acid and deionized
water within a 20 mL glass bottle. The bottle was sealed and
incubated at 100 °C for 12 h. The precipitate was collected by
centrifugation and washed with deionized water and methanol
three times, respectively. Finally, the obtained powder, Pt@H-
UiO-66-NH,, was dried using a vacuum dryer overnight. For
comparison purposes, the same procedure was used for the
synthesis of H-UiO-66-NH, except that 100 mg of Pt@H-UiO-66-
NH, was replaced by 100 mg of UiO-66-NH,.

2.4. Synthesis of Pt@H-UiO-66-NH,/CdS and Pt@UiO-66-NH,/
Cds

CdS was loaded on MOF-based materials according to the
reported method with some modifications.>” Typically, 80 mg
of Pt@H-UiO-66-NH, was added to a solution of 16.2 mg of
Cd(CH;CO00),-2H,0 in 20 mL of ethanol. Following sonication
for 30 min, the suspension was incubated at 80 °C for 10 min.
Then, 10 mL of aqueous thioacetamide (TAA, 4.6 mg) was
added dropwise to the intensely agitated mixture and incubated
at 80 °C for 60 min. The precipitate was isolated by filtration
and repeatedly rinsed with deionized water and ethanol three
times, respectively. Finally, the obtained powder was dried at
60 °C under vacuum for 12 h. For comparison purposes, the
same procedure was used for the synthesis of Pt@UiO-66-NH,/CdS
except that Pt@H-UiO-66-NH, was replaced by Pt@UiO-66-NH,.

2.5. Characterization

The surface morphologies were determined using a field emis-
sion scanning electron microscope (FESEM, S-4800, HITACHI)
and a transmission electron microscope (TEM, JEOL-2100F).
Energy-dispersive X-ray spectra (EDS) and elemental mapping
images were collected using an EDAX Genesis spectrometer.
Power X-ray diffraction (XRD) patterns were obtained using an
X-ray diffractometer with Cu-Ko radiation (D8 Advance, Bruker,
/. =1.5418 A). N, adsorption-desorption isotherms were deter-
mined at 77 K using a Tristar II 3020 surface area analyzer on
samples that were activated at 120 °C for 12 h before analysis.
Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) measurements were made using a Prodigy7 instru-
ment. For chemical composition determination, X-ray photo-
electron spectroscopy (XPS) was performed using a PHI
Quantera II spectrometer, (ULVAC-PHI, Japan), and all binding
energies were calibrated using the C 1s peak at 284.8 eV.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Photoluminescence spectra (PL) of solid samples were recorded
using a F-7000 spectrophotometer. A Shimadzu UV-2700 spec-
trophotometer and a white standard of BaSO, as a reference
were employed to generate UV-Vis diffuse reflectance spectra.

2.6. Photocatalytic procedure

Methylene blue (MB) was used as a model pollutant to inves-
tigate the photoactivity of the samples. For the MB photode-
gradation test, 20 mg of catalysts were added into 100 mL
of a MB aqueous solution (20 mg L™ '). A 300 W xenon lamp
(PLS-SXE-300C, Beijing PerfectLight Technology Co., Ltd) was
used. The solution was stirred in the dark for 60 minutes until
the concentration of MB remained unchanged, indicating that
the adsorption of MB in the MOF of the catalyst was saturated.
During the photocatalytic reaction, 2 mL of the suspension was
taken out every 20 minutes. The catalysts in the suspensions
were removed by centrifugation and the supernatant liquids
were tested by UV-vis spectroscopy. Photocatalytic H, produc-
tion was performed in a closed circulation system using a PLS-
SXE-300C lamp (Beijing PerfectLight Technology Co., Ltd) with
UV-vis spectroscopy. 20 mg of the sample was suspended in
80 mL of an aqueous solution (0.1 mol L™" Na,$, 0.1 mol L™*
Na,S03). The mixture was sealed in a quartz vessel and evac-
uated for 10 min to remove the dissolved oxygen, continuous
magnetic stirring during the experiment. The produced H, was
analyzed using an Agilent 7890 A gas chromatograph (GC) with
a thermal conductivity detector (TCD).

2.7. Photoelectrochemical measurements

An electrochemical workstation (Autolab PGSTAT302N) was
used to carry out the photoelectrochemical measurements,
including the photocurrent tests and electrochemical impe-
dance spectra (EIS). Photocurrent tests were conducted utiliz-
ing a conventional three electrode cell consisting of Ag/AgCl
(reference electrode), Pt foil (counter electrode) and a working
electrode, prepared by drop-casting 25 puL of a suspension
containing 5 mg of the photocatalyst in 250 pL of 3:2 v/v
DMF and ethanol, on the surface of a fluorine-doped tin oxide
(FTO) glass with a covering of approximately 1 cm?®. The
electrolyte was 0.5 mol L™ aqueous Na,SO,.

3. Results and discussion

The pathway used to prepare the hierarchical hollow Pt@H-
UiO-66-NH,/CdS ternary composite is shown in Scheme 1.
Briefly, the reaction of Pt NPs, zirconium tetrachloride and 2-
aminoterephthalic acid in an H,O/acetic acid solution resulted
in the formation of Pt@UiO-66-NH,, which was acid etched to
produce Pt@H-UiO-66-NH,. The obtained Pt@H-UiO-66-NH,
was then hybridized with CdS to form the ternary target compo-
site, Pt@H-UiO-66-NH,/CdS.

The microstructures and morphologies of all of the MOF-
based materials explored here were characterized by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). As shown in Fig. 1a, UiO-66-NH, microcrystals
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Fig. 1 SEM micrographs of (a) UiO-66-NH,, (b) Pt@UiO-66-NH,, (c)
Pt@H-UiO-66-NH, and (d) Pt@H-UiO-66-NH,/CdS. TEM micrograph of
(e) Pt@H-UiO-66-NH,/CdS. HRTEM micrographs of (f) CdS and Pt NPs in
Pt@H-UiO-66-NH,/CdS. (g) and (h) EDS mappings of C, N, Pt, Cd and S. (i)
Powder XRD patterns of UiO-66-NH,, H-UiO-66-NH,, H-UiO-66-NH,/
CdS, Pt@H-UiO-66-NH,, Pt@H-UiO-66-NH,/CdS and CdS. (j) Nitrogen
adsorption (filled)-desorption (empty symbols) isotherms of UiO-66-NH,,
H-UiO-66-NH, and Pt@H-UiO-66-NH,/CdS, and pore size distribution
curves of UiO-66-NH,, H-UiO-66-NH, and Pt@H-UiO-66-NH,/CdS.

synthesized from ZrCl, and H,BDC-NH, under aqueous acid
conditions have a rough surface and a well-defined octahedral
shape. Moreover, the morphology of Pt@UiO-66-NH, is not
significantly different from that of UiO-66-NH, (Fig. 1b). During
acid etching, wrinkles are formed on the surface of Pt@H-UiO-
66-NH, particles, which have hollow structures (Fig. 1c) evi-
denced by their broken shells (Fig. Sib, ESIT). In Fig. 1e, a TEM
image is displayed which shows that the formed Pt@H-UiO-66-
NH,/CdS has not only an octahedral morphology, but also a
hollow structure, along with evenly dispersed CdS and Pt NPs.
Importantly, the HRTEM image (Fig. 1f) reveals the existence of
0.33 nm and 0.23 nm lattice stripes that are associated with CdS
and Pt NPs, respectively. The corresponding EDS element
mapping indicates that Cd, S and Pt are homogeneously dis-
persed within the Pt@H-UiO-66-NH,/CdS particles (Fig. 1g).
Analysis of the spatial distributions of pertinent elements
(Fig. 1h) shows that Pt is mainly located in the hollow H-UiO-
66-NH, core region and CdS is positioned on the shell sur-
rounding the core.

The crystallinity and phase purity of all explored materials
were determined and confirmed by using powder XRD mea-
surements (Fig. 1i). The diffraction peaks of H-UiO-66-NH,
match with those of the pristine counterpart, indicating that
acid etching has no effect on the crystal structure. The presence
of CdS peaks at 26.5°, 43.9° and 52.1° in the diffraction patterns
of Pt@H-UiO-66-NH,/CdS and H-UiO-66-NH,/CdS shows that
CdS NPs are loaded in these materials (9.2 wt% measured by
ICP-AES). For comparison purposes, the absence of the Pt
diffraction peak in the pattern of Pt@H-UiO-66-NH,/CdS and
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Pt@H-UiO-66-NH, is probably caused by a low crystallinity of
the Pt NPs or low Pt content (0.8 wt% measured by ICP-AES).

The porosities of the materials were evaluated utilizing
nitrogen adsorption-desorption isotherms (Fig. 1j). The find-
ings show that UiO-66-NH, exhibits a type I isotherm which
indicates that it has a microporous structure, while that of H-
UiO-66-NH, contains a hysteresis loop due to the mesoporous
character caused by acid etching. The hysteresis loop in the
isotherm of Pt@H-UiO-66-NH,/CdS indicates that it retains the
mesoporous structure of its precursor H-UiO-66-NH,, indicat-
ing that the loading of Pt NPs and CdS has almost no influence
on the mesoporous structure of H-UiO-66-NH,. However,
Pt@H-UiO-66-NH,/CdS has a BET surface area of 351 m> g !
that is slightly lower than that of H-UiO-66-NH, (471 m* g )
owing to the presence of Pt NPs and CdS (Table S1, ESIf}).

UV-vis diffuse reflectance spectroscopy (DRS), photolumi-
nescence (PL), transient photocurrent response and electroche-
mical impedance (EIS) were employed to determine the optical
and photoelectrochemical properties of Pt@H-UiO-66-NH,/
CdS. The UV-vis DRS spectra of the materials are displayed in
Fig. 2a. Compared to the pristine MOF H-UiO-66-NH,, the
absorption edge of H-UiO-66-NH,/CdS is at a longer wavelength
(500 nm) than before the introduction of CdS, indicating that,
as anticipated, CdS enhances the light absorption capacity. In
addition, the absorbance of H-UiO-66-NH, is higher than that
of Ui0-66-NH,, suggesting that the hollow structure improves
light scattering and harvesting.*® As expected, compared with
the binary composites H-UiO-66-NH,/CdS and Pt@H-UiO-66-
NH, and the single component H-UiO-66-NH,, the ternary
composite Pt@H-UiO-66-NH,/CdS has a broader absorption
edge and increased absorbance owing to the presence of both
CdS and the hollow structure.
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Fig. 2 (a) UV-vis DRS, (b) photoluminescence (320 nm excitation),
(c) transient photocurrent response spectroscopy and (d) EIS Nyquist plots
at light of UiO-66-NH,, H-UiO-66-NH,, H-UiO-66-NH,/CdS, Pt@H-UiO-
66-NH, and Pt@H-UiO-66-NH,/CdS.
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When recombination of photogenerated carriers occurs,
energy is released in the form of light emission. Therefore,
the magnitude of the PL intensity is a measure of the efficiency
of photogenerated carrier separation. As can be seen by viewing
the PL spectra in Fig. 2b, H-UiO-66-NH, displays less intense
emission than does UiO-66-NH,, indicating that the hollow
structure enhances the transfer and separation of charge
carriers by shortening the charge transfer path. The emission
intensity of Pt@H-UiO-66-NH,/CdS is significantly lower than
that of UiO-66-NH, and the other MOF-based materials, which
demonstrates that interactions among the three components at
the formed heterojunction greatly enhance the transfer and
separation of charge carriers. The results verify that recombina-
tion of photogenerated e-h pairs is lowered and charge transfer
is increased due to the hollow structure, together with CdS and
Pt NPs.

Photocurrent density intensities (Fig. 2c) also follow the
same trend (Pt@H-UiO-66-NH,/CdS > H-UiO-66-NH,/CdS >
Pt@H-UiO-66-NH, > H-Ui0-66-NH, > UiO-66-NH,), revealing
again that the rate of charge carrier transfer in Pt@H-UiO-66-
NH,/CdS benefits from both the ternary heterojunction and the
hollow morphology. Electrochemical impedance spectrometry
was employed to determine the charge transfer resistance of
these materials. As shown in Fig. 2d, the presence of Pt or CdS
somewhat reduces the Nyquist radius of Pt@H-UiO-66-NH,
and H-UiO-66-NH,/CdS compared to that of the pristine MOF.
Furthermore, Pt@H-UiO-66-NH,/CdS displays the smallest
Nyquist radius, which supports the conclusions arising from
the PL and transient photocurrent response results that it has
the lowest charge transfer resistance and the best photoelec-
tronic properties among the investigated MOF-based catalytic
materials.

The electronic properties of key elements in the materials
were evaluated using X-ray photoelectron spectroscopy (XPS).
The full XPS spectra (Fig. S4a, ESIT) of the MOF-based catalysts
reveal that they contain the appropriate C, N, O, Pt, Cd and S
elements. The N 1s binding energy of H-UiO-66-NH, derived
from the spectrum in Fig. 3a is 399.3 eV. After incorporation of
Pt NPs, the N 1s binding energy increases. Also, the N 1s
binding energy of Pt@H-UiO-66-NH,/CdS is higher than that
of H-UiO-66-NH,/CdS, showing that inclusion of Pt NPs causes
an appreciable change in the electronic environment around N.
The Pt 4f binding energy of Pt@H-UiO-66-NH,/CdS is lower
than that of Pt@H-UiO-66-NH, (Fig. 3b). This finding clearly
demonstrates that the role of Pt NPs in the ternary system is to
attract electrons. Finally, the slight differences in O 1s binding
energies of Pt@H-UiO-66-NH,/CdS and hollow H-UiO-66-NH,,
and the S 2p binding energies between Pt@H-UiO-66-NH,/CdS
and H-UiO-66-NH,/CdS indicate that an interaction occurs
between CdS, Pt NPs and H-UiO-66-NH,. Although the results
indicate that interactions take place between the ternary com-
ponents, the complexity of the system makes it difficult to
elucidate the exact nature of charge transfer that occurs
between the elements.

The observations outlined above clearly show that the
Pt@H-UiO-66-NH,/CdS ternary composite has a hierarchical

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

View Article Online

Paper
(a) (b)
—— Pt@HUIO-66-NH,CdS N1s —— Pt@H-Ui0-66-NH_/CdS Pt 4f!
—— Pt@H-UIO-66-NH, —— PI@H-UIO56-NH,
HUI0-66-NH,/CdS
— |— Huiossn, - i
s Y I 3
& S 745 11 .2
> - >
= 507 T | &
4] ]
s c
] 1]
) -
£ c

l———— } |
- A

‘“sn 4y,

402 401 400 399 398 397 81

Binding Energy (eV) Bmdmg Energy (eV)

—_
o
-
—_

(=X
-

—— PI@H-UiO-65-NH CdS 01s — Pt@1Ui066-NH,/CdS
—— PI@H-UIO-66-NH, i H-Ui0-65-NH,CdS 1618
H-UiO-66-NH,/CdS
5 | — H-UiO-66-NH, —_ 163.0
S S
< <
- -
= £
c c
2 £
£ c
2P1n 205,
540 535 530 525 165 164 163 162 161 160

Binding Energy (eV) Binding Energy (eV)

Fig. 3 High resolution XPS spectra of (a) N 1s, (b) Pt 4f, (c) O 1s and
(d) S 2p.

hollow structure and a hierarchical heterojunction which lead
to strong light absorption and improved electron transfer.
In the next phase of this investigation, we evaluated the role
that these properties play in governing photocatalytic activities.
First, Pt@H-UiO-66-NH,/CdS was employed as a catalyst for
visible-light promoted degradation of the model pollutant
methylene blue, MB. The results shown in Fig. 4a in the form
of C/Cy vs. the time plot show that the hollow structure
containing H-UiO-66-NH, has higher degradation efficiency
than does UiO-66-NH,. Incorporation of Pt NPs in the catalysts
to produce Pt@UiO-66-NH, and Pt@H-UiO-66-NH, leads to
significant elevation of the degradation efficiency compared
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Fig. 4 (a) Photocatalytic degradation of MB, (b) photocatalytic degrada-
tion rate constant of MB and (c) photocatalytic H, production rate of MOF-
based materials. (d) Three continuous cycles of the photocatalytic H,
production of Pt@H-UiO-66-NH,/CdS.

New J. Chem., 2023, 47, 18865-18871 | 18869


https://doi.org/10.1039/d3nj03177b

Published on 23 September 2023. Downloaded by Heinrich Heine University of Duesseldorf on 12/23/2023 9:44:44 AM.

Paper

to that of the corresponding pristine MOF. Moreover, the
catalytic activities of UiO-66-NH,/CdS and H-UiO-66-NH,/CdS
are further enhanced owing to the visible-light absorption
properties of CdS. As expected, the MB degradation activity of
Pt@H-UiO-66-NH,/CdS is the highest among all catalysts tested
which is attributed to the effects of the hollow structure, CdS
and Pt NPs on facilitating the capturing of light and separation
of photogenerated electron-hole pairs. The graph in Fig. 4b
contains the rate constants of the MB photocatalyzed degrada-
tion process (Fig. S5 and Table S2, ESIt). The results show that
Pt@H-UiO-66-NH,/CdS has the highest rate constant of 1.025 x
1072, which is about 1.5, 2.1, 4.5 and 10 times greater than
those of Pt@Ui0-66-NH,/CdS, H-UiO-66-NH,/CdS, Pt@H-UiO-
66-NH, and H-UiO-66-NH,, respectively.

The propensities of the photocatalysts to promote the hydro-
gen producing water splitting reaction were also evaluated. The
overall results show that hydrogen production performances of
the photocatalysts (Fig. 4c) lie in the following order: Pt@
H-Ui0-66-NH,/CdS > Pt@Ui0-66-NH,/CdS > H-UiO-66-NH,/
CdS > Pt@H-UiO-66-NH, > H-UiO-66-NH, > UiO-66-NH,.
Among these catalysts, Pt@H-UiO-66-NH,/CdS has the highest
H, production rate of 12 810 umol g~ * h™", which is higher than
those of the binary composites and the single component MOFs.
In addition, the significance of morphology is demonstrated by
the observation that the rate of H, production promoted by hollow
Pt@H-UiO-66-NH,/CdS (12 810 pmol ¢~ h™") is higher than that of
pristine Pt@UiO-66-NH,/CdS (5505 umol g~ h™"), as well as the
finding that the rate of H, production catalyzed by the hollow
H-UiO-66-NH, (69 pmol g~ h™") is higher than that of the pristine
UiO-66-NH, (24 pmol g~ ' h™"). Compared to those of other MOF-
based catalysts described in the literature, the rate of H, production
with Pt@H-UiO-66-NH,/CdS also shows high performance
(Table S3, ESIT). As a demonstration of its stability, Pt@H-UiO-66-
NH,/CdS (Fig. 4d and Fig. S5, ESIt) shows no significant decline
after three test cycles. When combined, the results of this study
demonstrate the advantageous effects on catalytic activity arising
from incorporating a ternary heterojunction structure and a hollow
morphology into a simple MOF.
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Fig. 5 Illustration of the photocatalytic mechanism.
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The results and discussion above enable us to propose a
plausible mechanism that explains how the Pt@H-UiO-66-NH,/
CdS heterojunction enhances the photocatalytic performance. In
the pathway depicted in Fig. 5, CdS absorbs visible light to elevate
an electron from the valence band (VB) to the conduction (CB)
band. Owing to the existence of a Z-scheme heterojunction
between H-UiO-66-NH, (band gap 2.77 eV, Fig. S6, ESIt) and
Cds, the photogenerated electron is transferred to the LUMO of
H-UiO-66-NH,, and then captured by Pt which functions as a
proton reduction H, producing site.**>° The hole created in the
VB of CdS is reduced by S>~ and SO;> that serve as sacrificial
agents. In this process, the hollow structure and heterojunction
accelerate transfer of charge carriers and thereby inhibit e-h
recombination. In the process of MB degradation, the photogen-
erated electron combines with oxygen (O,) to form superoxide
anion radicals (*O, "), and simultaneously photogenerated holes
oxidize a hydroxyl anion (OH ") to form a hydroxyl radical (*OH). It
should be noted that *O,~, *OH and holes have high oxidation
potential required for oxidative degradation of pollutants.

4. Conclusions

In summatry, a ternary hierarchical hollow Pt@H-UiO-66-NH,/CdS
heterostructure, consisting of a MOF and highly dispersed CdS
and Pt NPs, was designed and synthesized. Studies demonstrated
that this material serves as an effective catalyst in photocatalytic
H, production and MB degradation. Among the materials pre-
pared in this effort, Pt@H-UiO-66-NH,/CdS displays the highest
photocatalytic activity towards the degradation of MB and hydro-
gen evolution (12810 pumol g~' h™") under solar irradiation
conditions. The superiority of Pt@H-UiO-66-NH,/CdS is attributed
to the (1) acceleration of photogenerated electron and hole
transfer and separation by the Pt NP cocatalyst, (2) expansion of
the light absorption range by CdS and (3) increase in the exposure
of active sites and the capturing light ability, and decrease in
distances for charge transfer caused by the hollow H-UiO-66-NH,
structure. Moreover, Pt@H-UiO-66-NH,/CdS also displays excel-
lent stability during photocatalytic hydrogen evolution. We believe
that this effort will aid the design of highly efficient, hollow and
hierarchical nanostructured MOF-based photocatalysts.
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