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Cascade reactions are usually required for the synthesis of
pharmaceuticals, pesticides and various fine chemicals," espe-
cially for heterocyclic compounds.* Typically, benzylidene
malononitrile, an essential intermediate for pharmaceutical
production,¥ is normally prepared through a two-step reaction
involving first oxidation of benzyl alcohol and then a Knoeve-
nagel condensation of benzaldehyde with malononitrile.*
Generally, the first step is mainly concentrated on the precious
metal catalysts, and usually requires organic solvent, high
temperatures, or high O, pressures, which largely limits its
large-scale application.” The second Knoevenagel reaction is
traditionally catalyzed by weak bases under homogeneous
conditions, which is not favourable for recovery and recycling of
catalysts.” Therefore, it is of great importance to develop a low-
cost, stable and environmentally-friendly multifunctional
catalyst.

Solar energy, as an abundant natural resource, has attracted
significant interest in photocatalytic water splitting, CO, or
organic substrate transformations.** However, given that
natural solar radiation is scattered, intermittent and constantly
fluctuating, increasing the conversion rate of solar energy into
chemical energy through photosensitive materials remains to
be a great challenge.” Significantly, a typical semiconductor
material, CdS, displays excellent photocatalytic performance for
many chemical reactions under light irradiation, such as
photooxidation due to its a narrow band gap energy (2.4 eV) and
efficient visible light absorption.® However, the fact that a rapid
recombination of photoelectrons and holes in CdS, and easy
agglomeration of CdS nanoparticles (NPs) greatly impedes its
practical application.®®” Therefore, stable and effective supports
should be required to stabilize pure CdS NPs.
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photooxidation activity of CdS and Lewis acids/bases of the MOF. The composite further promoted the
photodegradation of dyes benefiting from effective electron transfer between the MOF and CdS.

Metal organic frameworks (MOFs),® featuring ordered
porosities and large surface areas, have been widely used to
stabilize various guest molecules, including metal nano-
particles, semiconductors and quantum dots.”*** Recently,
MOF-based composites have attracted intensive attention in
photocatalysis field.**¥*® Unfortunately, most MOFs exhibit
a wide bandgap and only absorb ultraviolet light region.”"* In
addition, pure MOFs generally have a single active site, largely
limiting catalytic reaction types.®® Therefore, photoactive CdS
combined with the advantages of MOFs can help construct
a synergistic hybrid material.”

Bearing above idea in mind, we have successfully fabricated
a Dbifunctional CdS/NH,-MIL-125 photocatalyst based on
photosensitive CdS and active NH,-MIL-125 (Scheme 1). The
cooperative effect greatly improved photocatalytic performance
of the composite toward the cascade reaction of selective
oxidation of benzyl alcohol to benzaldehyde tandemly with
a condensation of benzaldehyde with malononitrile. The
superior catalytic activity mainly benefits from excellent
photooxidation activity of CdS while the outer NH,-MIL-125
plays multiple roles; it acts as a Lewis base site, accelerates
the reaction by O, enrichment in air atmosphere, and stabilizes
the CdS cores. Furthermore, effective electron transfer between
MOF and CdS endows the hybrid outstanding photo-
degradation performance toward organic pollutants.

Scheme 1 Schematic illustration for the preparation of CdS/MOF
hybrid.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The crystallographic structure of CdS/NH,-MIL-125 77 is
analyzed and confirmed using powder X-ray diffraction (PXRD).
As shown in Fig. 1a, the as-synthesized NH,-MIL-125 has
identical diffraction patterns as the simulated NH,-MIL-125,
which indicates the successful synthesis of MOF. For the
diffraction patterns of CdS/NH,-MIL-125, except for the typical
diffraction peaks of MOF, two additional peaks appear at 2-
theta values of 26.5° and 43.9° are assignable to CdS. And the
peak intensities are enhanced along with increased CdS load-
ings. N, sorption experiments reveal that the Brunauer-
Emmett-Teller (BET) surface areas of NH,-MIL-125 and 15 wt%
CdS/NH,-MIL-125 are 956 and 613 m”> g~ ', respectively (Fig. 1b).
The decreased surface areas indicate that CdS NPs may be
successfully loaded on the MOF, and are well stabilized by the
pores. The morphology of 15 wt% CdS/NH,-MIL-125 is investi-
gated by scanning electron microscopy (SEM). Fig. 1c shows the
retained octahedral morphology of MOF with an average
diameter of 200-300 nm. In addition, the transmission electron
microscopy (TEM) image shows uniform dispersion of CdS
particles (average size, 3.7 nm) throughout MOF (Fig. 1d),
further demonstrating their successful assembly. The actual
contents of CdS in CdS/NH,-MIL-125 samples have been
confirmed by inductively coupled plasma atomic emission
spectrometry (ICP-AES). The percentages by weight of CdS are
very close to the nominal values (Table S1, ESI{).

The cascade reaction between benzyl alcohol and malono-
nitrile to produce benzylidene malononitrile under visible light
irradiation has been investigated by CdS/NH,-MIL-125. The
reaction involves two steps including the first photocatalytic
oxidation of benzyl alcohol to form benzaldehyde, and the
second Knoevenagel reaction of benzaldehyde and malononi-
trile. As shown in Table 1, among different loadings of CdS in
CdS/NH,-MIL-125 samples, the catalytic performance of 15 wt%
CdS/NH,-MIL-125 is the best, which exhibits excellent conver-
sion of 97% and good selectivity of 93% toward target product
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Fig. 1 (a) PXRD patterns of simulated NH,-MIL-125, as-synthesized
NH,-MIL-125, and CdS/NH,-MIL-125. (b) N, sorption isotherms of
NH,-MIL-125 and 15 wt% CdS/NH,-MIL-125 at 77 K. (c) SEM and (d)
TEM images of 15 wt% CdS/NH,-MIL-125 and (inset in d) the corre-
sponding size distribution of CdS NPs.
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within 24 h (Table 1, entries 1-3). This may be due to easier
aggregation of CdS particles with increased loadings and
reduced active sites in low CdS contents. For comparison, their
physical mixture shows lower activity (Table 1, entry 4), and
NH,-MIL-125 has no any photocatalytic activity (Table 1, entry
5), while CdS only catalyzes the first reaction to produce benz-
aldehyde with a conversion of 96% (Table 1, entry 6) under the
same reaction conditions. In absence of visible light, no prod-
ucts are detected (Table 1, entry 7), and no reaction occurs
without catalyst (Table 1, entry 8). In addition, reactions are also
investigated in varying reaction conditions, such as different
solvents, temperature, and reaction time (Table 1, entries 9-15).
The optimal temperature is 80 °C, indicating the reaction
temperature and time are crucial to the second step. In com-
paration, the reported catalysts for this one-pot cascade reac-
tion display a lower yield or require higher temperature, high O,
pressure and/or UV-light (Table S2, ESIt). These results high-
light the important roles of each component in CdS/NH,-MIL-
125 and their excellent synergistic effects toward cascade
reaction.

Inspired by the excellent catalytic performance of CdS/NH,-
MIL-125, another bifunctional CdS@MIL-101 catalyst based on
the photocatalytic activity of CdS and Lewis acidity of MIL-101 is
prepared (Fig. S1, ESIt). The retained crystallinity of MIL-101
upon loading CdS has been verified by PXRD patterns. The
peak intensities of the CdS also increased with its higher
loadings (Fig. S2, ESIT). The BET surface areas of as-synthesized
MIL-101 and 15 wt% CdS@MIL-101 are 2900 and 2320 m” g™/,
respectively, implying that MIL-101 cavities are possibly occu-
pied by CdS NPs (Fig. S3, ESI{). The SEM image of CdS@MIL-
101 shows the retained octahedral morphology of MIL-101
with an average diameter of 500-600 nm (Fig. S4, ESIt). The
TEM image confirms uniform dispersion of CdS NPs (average
size, 2.6 nm) throughout MOF, further demonstrating MOF
cavities are successfully occupied by tiny CdS NPs (Fig. S5, ESIT).
The cascade reaction involved photocatalytic oxidation of
benzyl alcohol to benzaldehyde, and then aldimine condensa-
tion of benzaldehyde and aniline to give N-benzylideneanili-
ne'?¢ has been investigated by CAS@MIL-101. As expected, the
hybrid material displays the best catalytic activity compared
with those of CdS and MIL-101 alone (Table 2, entries 1 and 6).
In order to investigate the influence of CdS levels on the reac-
tion, CdAS@MIL-101 samples with varying CdS content are
synthesized. As the CdS loading increases, the color of
composite gradually changed from green to yellow while the
color from one batch keeps consistent. This reflects their
successful assembly and uniform distribution of CdS NPs on
MOF (Fig. S1, ESI{). The actual contents of CdS in CdS@MIL-
101 are also analyzed by ICP-AES (Table S1, ESIf). Among
these composites, the catalytic performance of 7.5 wt%
CdS@MIL-101 is the best, which may be due to easier aggre-
gation of CdS particles as increased loading and induced active
sites in lower CdS contents (Table 2). In addition, the reactions
are suppressed when DMF and methanol (MeOH) are applied as
solvents or there is no light irradiation (Table 2, entries 7-9).

Organic pollutants such as dyes usually cause environmental
pollution due to their degradation difficulties.®>*> However,

RSC Adv, 2021, 11, 35326-35330 | 35327
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Table 1 Cascade reactions of benzyl alcohol oxidation followed by Knoevenagel condensation®
CH,OH
CN
n < CAS/NH,-MIL-125
i CN 80°C visible light ©/Y O/
Conv. of Select. of

Entry Catalyst Time/h Solvent 1 2
1 15 wt% CdS/NH,-MIL-125 24 CH;CN 97% 93%
2 30 wt% CdS/NH,-MIL-125 24 CH;CN 86% 89%
3 7.5 wt% CdS/NH,-MIL-125 24 CH;CN 74% 91%
4 CdS + NH,-MIL-125 24 CH;CN 20% 100%
5 NH,-MIL-125 24 CH,CN —° —
6 Cds 24 CH;CN 96% 5%
7¢ 15 wt% CdS/NH,-MIL-125 24 CH,CN — —
8 No catalyst 24 CH;CN — —
9 15 wt% CdS/NH,-MIL-125 6 CH;CN 69% 72%
10 15 wt% CdS/NH,-MIL-125 16 CH;CN 94% 80%
11 15 wt% CdS/NH,-MIL-125 20 CH;CN 96% 85%
12 15 wt% CdS/NH,-MIL-125 24 DMF — —
13 15 wt% CdS/NH,-MIL-125 24 MeOH 10% 100%
14¢ 15 wt% CdS/NH,-MIL-125 24 CH,CN — —
15 15 wt% CdS/NH,-MIL-125 24 CH;CN 95% 73%
16 7.5 wt% CAS@MIL-101 24 CH;CN 90% —

¢ Reaction conditions: 0.5 mmol benzyl alcohol, 1.5 mmol malononltrlle 100 mg catalysts, 5 mL solvent, 80 °C, visible light (A = 420 nm). ? 15 mg

CdS + 85 mg NH,-MIL-125. ¢ No products or neghglble products. ¢

Table 2 Cascade reaction of benzyl alcohol oxidation and the
coupling reaction between benzaldehyde and aniline by different

catalysts®
CH,OH NH, /@ CHO
+ visible light ©/%N + ©
0, bubbling, RT
Select. (%)
t Conv. —
Entry  Catalyst (h) (%) -CHO  Product
1 Cds 2 30 100
2 30 wt% CdS@MIL-101 2 62 100
4 100 100
3 15 wt% CdS@MIL-101 2 56 100
4 61 100
4 7.5 wt% CdS@MIL-101 2 90 100
2.5 100 100
5 3.75 wt% CdS@MIL-101 2 41 100
6 MIL-101 2 0
7° 7.5 wt% CdS@MIL-101 2 <10%
8¢ 7.5 wt% CdS@MIL-101 2 <10%
9¢ 7.5 wt% CdS@MIL-101 2 0
10 15 wt% CAS/NH,-MIL-125 2 <10% 100

% Reaction conditions: 0.5 mmol benzyl alcohol, 0.5 mmol aniline,
10 mL toluene visible light (/1 = 420 nm) 0, bubbhng, 30 m mg catalyst
(Cds, 10 mg). ” The solvent is DMF. ¢ The solvent is MeOH. * Without
light.

35328 | RSC Adv, 2021, N, 35326-35330

Wlthout visible light irradiation. ¢ RT./ 50 °C.

traditional treatment methods, such as membrane separation,
adsorption, advanced oxidation, and microbial degradation are
frequently tedious, costly and bring additional pollution and
other problems.”* Photocatalytic degradation of organic
pollutants by solar energy has been deemed as an economical
and environmentally friendly method.'* Herein, degradation of
organic dyes are investigated by CdS/NH,-MIL-125 under visible
light. UV-Vis spectrum is selected to evaluate the degradation
efficiency (Fig. 2). As shown in Fig. 2a, ~90% of methyl violet
(MV) decomposed after 20 min and almost completed after
60 min. As the degradation progresses, the color of the residual
solution gradually become nearly colorless, demonstrating the
successful degradation of MV (Fig. 2e). In comparation, a lower
degradation rate of MV (only ~60%) by CdS is achieved (Fig. 2a).
For safranine T, approximately 84% dye decomposed after
100 min using CdS/NH,-MIL-125, while only 60% degradation is
completed by CdS (Fig. 2b). Similarly, CdS/NH,-MIL-125
exhibits a better degradation efficiency (80%) than that of CdS
toward photocatalytic R250 degradation (47%) (Fig. 2c). Fig. 2d
shows the gradually decreased absorption of methyl violet with
prolonged illumination time. The similar phenomenon is also
observed in other two dyes degradation (Fig. S4, ESIt). For three
dyes, CdS/NH,-MIL-125 exhibits superior photodegradation
activity, primarily attributed to the following two factors: (1) the
porosity of MOF improves the dispersion of small CdS particles,
exposing more active sites; (2) effective electrons transfers from
the photosensitive NH,-MIL-125 to CdS and their synergistic
effect significantly enhances the photocatalytic activity. In
addition, CAS@MIL-101 with the same CdS loading has also
been investigated for MV degradation and exhibits good

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Plots of photodegradation rate of (a) methyl violet, (b) safranine
T and (c) coomassie brilliant blue R250 by catalysts (Cq is the initial
concentration and C is the concentration at any given time of the dye).
(d) UV-Vis absorption spectra for methyl violet degradation by CdS/
NH,-MIL-125. (e) The changed solution color as the MV degradation
proceeds using CdS/NH;-MIL-125.

degradation rate (Fig. S6, ESIt), which is only slightly lower than
that of 15 wt% CdS/NH,-MIL-125.

According to UV-Vis diffuse reflectance spectra (DRS), CdS/
NH,-MIL-125 displays two absorption peaks in the region of
220-320 nm and 325-500 nm, combining both features of MOF
and CdS (Fig. 3a). The absorption edge of CdS/NH,-MIL-125 is
red-shifted relative to NH,-MIL-125, exhibiting better absor-
bance under visible light than pure MOF. The absorption edge
of CAS@MIL-101 is also red-shifted relative to MIL-101 (Fig. S8,
ESIt). In order to investigate the charge separation efficiency,
the photocurrents of CdS/NH,-MIL-125, NH,-MIL-125 and CdS

a ——Cds b —— CdS/NHz-MIL-125
NH2-MIL-125 ——cds
—— CdSINH2-MIL-125 s NHaMIL-128
°
3 €
I 2
3 =
2 3
< L4l
o
2
o
oL .
200 300 400 500 600 700 800 80 120 160 200 240 280
Wavelength (nm) . Time (s)
—cas d « cds
[—— casiNHz-MIL-125 5] = NHzmIL-125
201 NHz-MIL-125
s 4
31.5- :;L
=~ o 3 0.91 eV|
3 27 o ome| Tl
Z1.0- o . [
S vale Vo
i | Eg=d1 o
Eo2le oy
0.5 i
1{-091v ! gt
| . 086V byed I I
i § NHIMIL-125

T T T
35 4.0 45 -1.0 1.0

T T T T
3.0 0.5 0.0 0.5
hv (eV) Potential (V) vs Ag/AgCI

Fig. 3 (a) UV-Vis DRS and (b) photocurrent test of samples. (c) Tauc
plots of samples. (d) Mott—Schottky plots of CdS and NH,-MIL-125 in
a 0.5 M Na,SO4 aqueous solution.
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have been measured (A = 420 nm). Among these samples, the
strongest photocurrent density of CdS/NH,-MIL-125 reflects
that it has the most effective charge separation (Fig. 3b). The
band gaps of NH,-MIL-125, CdS and CdS/NH,-MIL-125
composite have been calculated based on Tauc plots (Fig. 3c).
The band gap of CdS/NH,-MIL-125 (2.18 eV) is very close to that
of CdS (2.1 eV), and obviously below that of NH,-MIL-125 (2.46
eV). The introduced CdS narrows the band gap of NH,-MIL-125.
This indicates that CdS/NH,-MIL-125 is more effective on
visible-light utilization compared with NH,-MIL-125. Fig. 3d
shows the Mott-Schottky plot of CdS and NH,-MIL-125 in
a 0.5 M Na,SO, aqueous solution. All plots have a positive slope,
which reveals the typical n-type semiconductor characteristics
for NH,-MIL-125 and CdS. The flat band potential (Eg,) of NH,-
MIL-125 and CdS are —0.91 eV (vs. Ag/AgCl) or —1.34 eV
(absolute value), and —0.86 eV (vs. Ag/AgCl) or —1.29 eV (abso-
lute value), respectively. They are close to the conduction bands
in reported n-type semiconductors.”

By combining photo-degradation with DRS data, we propose
a possible mechanism to illustrate the synergistic effects
between CdS and NH,-MIL-125 (Fig. S9, ESIf). The possible
electron transfer from NH,-MIL-125 to CdS is contribute to the
production of reactive oxygen species and further enhances
dyes photodegradation activity.” In addition, the porous struc-
ture of MOF effectively improves the highly dispersed CdS NPs,
and facilitates substrates transport (Fig. S10, ESIT).

In summary, a bifunctional CdS/NH,-MIL-125 with excellent
photocatalytic performance has been synthesized. Its superior
catalytic activity toward a one-pot cascade reaction is mainly
attributed to the cooperative effect that CdS provides photo-
catalysis activity, while NH,-MIL-125 acts as a porous carrier to
disperse CdS NPs effectively and provides Lewis base sites.
Simultaneously, another bifunctional CdAS@MIL-101 catalyst
displays comparable activity toward another cascade reaction
based on photooxidation activity of CdS and Lewis acidity of
MIL-101. Furthermore, effective electron transfer from excited
NH,-MIL-125 to CdS helps slow down the charge-recombination
process in CdS and enhances the synergetic photodegradation
activity. It is expected that this work could provide new insight
into the design and preparation of MOF-based multifunctional
photocatalysts.
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