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MOPF-Based Dual-Layer Pickering Emulsion: Molecular-Level Gating
of Water Delivery at Water-QOil Interface for Efficient Photocatalytic
Hydrogenation Using H,0O as a Hydrogen Source
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Abstract: Biphasic system not only presents a promising opportunity for complex catalytic processes, but also is a grand\
challenge in efficient tandem reactions. As an emerging solar-to-chemical conversion, the visible-light-driven and water-
donating hydrogenation combines the sustainability of photocatalysis and economic-value of hydrogenation. However,
the key and challenging point is to couple water-soluble photocatalytic hydrogen evolution reaction (HER) with oil-
soluble hydrogenation. Herein, we employed metal-organic frameworks (MOFs) and CdS nanorods to construct a
MOF-CdS dual-layer Pickering emulsion (water in oil, W/O), which compartmented aqueous phase for photocatalytic
HER and oil phase for hydrogenation. The hydrophobic MOF and hydrophilic CdS were isolated at the inner and outer
layers of W/O emulsion, respectively. The molecularly regulated hydrophobicity of MOF controlled the water delivery
onto CdS photocatalysts, which realized the synergistic regulation of HER and hydrogenation. In the photocatalytic
hydrogenation of cinnamaldehyde, the highest yield of MOF-CdS Pickering emulsion reached 187.37 mmol-g~'-h™,
30 times that of the counterpart without emulsion (6.44 mmol-g—'-h™"). Its apparent quantum yield reached 43.24 %
without co-catalysts. To our knowledge, this performance is at a top-level so far. Our work realized the precise regulation
of water-oil interface to effectively couple two reactions in different phases, providing new perspective for challenging
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Introduction

As one of the most common phenomena in nature, the
water-oil phase separation frequently occurs in human
activities and hence palys an important role in daily life and
production process."! From both practical and academic
perspectives, the corresponding in-depth study and appro-
priate utilization are of great significance.”? Especially in the
field of catalysis, biphasic systems possess huge potential in
complex catalytic processes, in which the clear compartment
of water and oil is beneficial for tandem reactions
(Scheme 1).P! The two phases are connected via a water-oil
interface, and hence the controllable mass transfer at inter-
face is crucial for improving the whole catalytic performance
of tandem reactions.! When photocatalytic and thermal-

catalytic reactions are coupled together in the water-oil
biphasic system, the sustainability and increasing economic
value can be both realized in an as-designed tandem
reaction.

As an important chemical reaction, hydrogenation is
employed to synthesize intermediates for fine chemicals in
perfume, flavouring, pharmacy and petrochemical
industries.”) In thermo-catalytic hydrogenation reactions
(Figure 1), the elevated temperature, high pressure of H,
and purification of complicated products all cause high cost,
huge energy consumption and massive CO, emission.®
Besides, the transportation, storage and usage of explosive
H, gas further aggregate the safety risks during hydro-
genation process.”) Facing these grand challenges, tremen-
dous efforts have been devoted to developing highly
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Scheme 1. The challenges, advantages and key points of water-oil phase
separation.

efficient and selective catalysts to lower the reaction temper-
ature or pressure of H,.’! However, the explosion risk of H,
is just relieved to some extent, but not completely solved.
Therefore, it is urgent and significant to develop a kind of
clean, safe and easy-to-handle hydrogen source for hydro-
genation.

Solid or liquid phase hydrogen possesses more stable
physicochemical properties than H, gas but is extremely
difficult to obtain under room temperature and atmospheric
pressure.’) Via forming hydrogen-storage chemicals (e.g.,
NaBH,, NH;BH,), these “solid or liquid” hydrogen sources
not only maintain partial properties of H, but also reduce
the explosion risk, which has been employed to replace H,
gas in some specific fields, such as space fuel, propellant,
hydrogenation and others.'” However, the expensive cost,
toxicity and pollution risk of hydrogen-storage chemicals
impede their further large-scale applications."! In contrast,
as one of the most abundant natural sources on the earth,
H,O is regarded as an abundant, clean, safe and easy-to-
handle hydrogen source.'” Nevertheless, due to its inertial
property, the thermo-catalytic water-donating hydrogena-
tion still suffers from the high reaction temperature similar
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to other hydrogen-transfer reactions.'” Given that H, can
be obtained from H,O via electro- or photo-catalysis under
room temperature, coupling the hydrogen evolution reaction
(HER) with hydrogenation is able to address these
challenges.!']

Owing to the sustainability of solar energy, visible-light-
driven and water-donating hydrogenation is an appealing
candidate for energy-saving and eco-friendly hydrogenation
reactions.'”” To pursue excellent photocatalytic perform-
ance, the crucial issue is to efficiently couple photocatalytic
HER with hydrogenation reaction. HER is usually per-
formed in aqueous solution, and its performance is highly
dependent on H,O delivery.'! In contrast, most of hydro-
genation substrates (e.g., unsaturated aldehydes, alkene,
alkyne and so on) are oil-soluble and dissolved in oil-phase
solution.'” Given that water and oil are immiscible, these
two reactions are separated into water and oil phases, and
hence their coupling process is extremely challenging, which
is a huge obstacle to improving the whole performance. In
general, the bulk water and oil solution are separated into
two phases by different densities in the vertical direction or
by membrane catalysts, and the as-formed bulk oil-water
interface acts as the only catalysis platform."® However, not
only is the limited interface area unfavorable for efficient
catalysis,!'™ but the fluctuating oil-water interface is also
detrimental to the stable distribution of photocatalysts.['”)
Hence, these issues make it a great challenge to optimize the
oil-water interface catalysis performance.

For efficiently coupling the reactions in two phases, it is
an urgent and significant issue to control and stabilize the
oil-water interface. Owing to the vast interface area,
emulsion solution might be an optimal candidate. As for the
surfactant-based emulsion, amphiphilic molecules adsorb
and desorb in a dynamic manner, causing the instability of
interface.” Whereas, nano- and micro-particles can be
irreversibly stabilized at the oil-water interface (well-known
as Pickering emulsions).”!! Via the sequential introduction
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Figure 1. (a) Schematic diagrams of traditional hydrogenation reaction process containing H, production, H, transport and storage and
hydrogenation reaction. (b) Dual-layer Pickering emulsion microreactor for coupling photocatalytic HER and hydrogenation reaction.
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of colloidal materials, mixed-layer, dual-layer and multi-
layer Pickering emulsions can be ingeniously designed and
constructed to cater numerous demands for challenging and
complicated catalytic systems.’”) Among various emulsifier
materials, metal-organic frameworks (MOFs) not only
possess periodic channel structures, but also combine the
advantages of inorganic and organic materials.’® Multi-
tudinous MOF-based composites have been reported and
shown huge potential in catalytic fields.” Hence, MOF-
based Pickering emulsion might be conductive to optimizing
the photocatalytic hydrogenation performance using H,O as
a hydrogen source.

In this work, we employed hydrophobic MOF emulsifier
and hydrophilic CdS nanorod photocatalyst to construct
MOF-CdS dual-layer Pickering emulsion (water in oil, W/
0), in which MOF and CdS were immobilized at the inner
and outer shells of the emulsion, respectively (Figure 1b).
As for the visible-light-driven water-donating hydrogenation
reaction, the key point is to efficiently couple photocatalytic
HER and hydrogenation reaction, which is closely related to
the water layer coating around CdS. Trace water around
CdS leads to the shortage of hydrogen source and hence is
unfavorable for HER. In contrast, bulk water layer hinders
the access of hydrogenation substrates to CdS, directly
restraining hydrogenation process. Hence, only when the
thickness of water layer is precisely regulated, can the
performance for whole process be optimized to the
maximum. In this MOF-CdS dual-layer Pickering emulsion,
the hydrophobicity of MOF emulsifier could be molecularly
regulated via decorating with different aliphatic acids, which
played an important role in controlling the water delivery
onto the surface of CdS. Briefly, CdS and MOF layers acted
as the photocatalyst and gating role for water delivery,
respectively (Figure 1b). In the photocatalytic measure-
ments, the hydrogenation yield of CdS-MOF Pickering
emulsion reached 187.37 mmol-g~'-h™*, 30 times as high as
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that of the counterpart without Pickering emulsion
(6.44 mmol-g'-h™"). The apparent quantum yield reached
43.24 % without co-catalysts. The experimental and calcu-
lation results both revealed that the unique structure of
dual-layer Pickering emulsion is crucial for effectively
coupling photocatalytic HER and hydrogenation reaction.
This work offers a novel opportunity for visible-light-driven
water-donating hydrogenation reactions and speeds up the
further development of eco-friendly catalysis.

Results and Discussion

As a class of crystalline porous material, MOFs possess
unique intrinsic properties and are widely employed in
various fields.™ Besides, the excellent compatibility of
MOFs with organic or inorganic materials enables the
construction of various types of MOF-based composites for
pursuing superior performance. Especially, MOF nano-
sheets, as a distinct type of 2D material, possess atomic-scale
thickness, larger surface area, periodic porous structures and
higher surface-to-volume atom ratios.”® Hence, MOF nano-
sheet is an appealing candidate as emulsifier for Pickering
emulsion catalysts. Considering that the stability of emulsi-
fier is quite important for the catalytic system, Zr-MOF
nanosheets composed of zirconium and BTB (benzene-
1,3,5-tribenzoate), i.e., Zr-BTB, were prepared as the
emulsifier (Figure 2a). Via a post-synthetic modification
(PSM) approach, ten kinds of aliphatic acids with different
chain lengths (i.e., from formic acid to fencholic acid) were
employed to further decorate the surface of Zr-BTB nano-
sheets, as shown in Figure 2a. According to the different
chain lengths within aliphatic acids, these decorated Zr-BTB
samples were labeled from C1-Zr-BTB to C10-Zr-BTB. As
shown in Figures 2b,2c and Figure S1, the transmission
electron microscope (TEM), scanning transmission electron
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Figure 2. (a) The schematic diagram and crystal structure of Zr-BTB with different-chain fatty acids. Green, red and grey balls represented
zirconium, oxygen and carbon atoms, respectively. (b-d) Bright-field TEM and dark-field STEM images of Zr-BTB nanosheets. XRD profiles (e) and

FT-IR spectra (f) of Zr-BTB and C(1-10)-Zr-BTB nanosheets.
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microscopy (STEM) and scanning electron microscope
(SEM) images showed the nanosheet morphology of Zr-
BTB. Similarly, the decorated C(1-10)-Zr-BTB samples also
possessed nanosheet morphologies (Figures S2-S21). Ac-
cording to atomic force microscopy (AFM) characterization
results, the thickness of original Zr-BTB or decorated C(1-
10)-Zr-BTB was around 5.0 nm (Figures S22-S32). As
shown in Figure. 2d, the HRTEM image of Zr-BTB nano-
sheet clearly showed the lattice fringe (1.7nm) on the
surface of nanosheets, corresponding to (010) crystal facet.
Meanwhile, the XRD profiles of original Zr-BTB and C(1-
10)-Zr-BTB samples were also consistent with the previous
report,"™ confirming their crystal structures (Figure 2e).
These results all demonstrated the successful preparation of
crystalline MOF nanosheets with uniform thickness.

To certify the decoration of aliphatic acids, Fourier
transform infrared (FT-IR) spectroscopy was employed to
characterize and uncover the surface properties of these
MOF nanosheets. As shown in Figure 2f, two new character-
istic peaks at 2925 and 2854 cm™' could be clearly observed
in the FT-IR spectra of decorated C(1-10)-Zr-BTB, which
were identified as the asymmetric and symmetric stretching
vibration of —CH,—, respectively. Besides, the intensities of
these two peaks gradually increased from C1-Zr-BTB to
C10-Zr-BTB and showed a positive correlation with the
chain-length of aliphatic acids. These results further proved
that the surface of original Zr-BTB had been decorated with
different aliphatic acids. As for the physcial mixture of C5-
acid and Zr-BTB (i.e., C5+Zr-BTB), the unanchored C5-
acid on Zr clusters of Zr-BTB could be removed by rinsing
process, which was proved by FT-IR spectra, TEM images
and GC-MS results (Figures S33 and S34). Hence, C(1-10)-
acids were anchored on the Zr clusters via coordiantion
bonds, rather than physcial mixture in as-prepared C(1-10)-
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Zr-BTB samples. As expected, the water contact angles on
C(1-10)-Zr-BTB nanosheets gradually became larger along
with increasing the chain-lengths of aliphatic acids (Figur-
es 3a, S35 and Table S1). Hence, the hydrophobicity of C(1-
10)-Zr-BTB was successfully regulated at molecular scale by
PSM approach. Then, Zr-BTB and C(1-10)-Zr-BTB nano-
sheets were dispersed in ethyl acetate (EA), followed by
dropwise addition of a certain amount of water under
vigorous stirring. For original Zr-BTB, there was no
Pickering emulsion formed, and only a foam layer floated
on the surface of EA (Figure S36). After the anchor of
aliphatic acids onto Zr-BTB, the obvious Pickering emulsion
could be formed in the mixture solution of EA and water
(Figure 3b and Figure S37). After one year, C(1-10)-Zr-BTB
based Pickering emulsions could also be maintained to some
extent, indicating their stabilities (Figure S38). As shown in
Figures 3c, 3d, S39-S48 and Table S2, the average diameters
of C1-Zr-BTB (0.36 mm) and C2-Zr-BTB (0.37 mm) were
obviously smaller than those of C(3-10)-Zr-BTB samples
(0.44-0.50 mm). Then the Zr-BTB nanosheets were labeled
by Rhodamine B, and the confocal laser scanning micro-
scope (CLSM) images showed that C5-Zr-BTB was immobi-
lized at the shell of W/O Pickering emulsion (Figures 3e and
3f). Based on these results, it was demonstrated that C(1-
10)-Zr-BTB-based Pickering emulsions possessed excellent
stability in the mixture solution of EA and water, demon-
strating their huge potential in catalysis.

To couple photocatalytic HER and hydrogenation reac-
tion, it is an effective approach to construct a MOF-based
Pickering emulsion photocatalysis system (Figure 4a). The
primary issue is selecting a proper and efficient photo-
catalyst. Among multitudinous semiconductor materials,
CdS is a kind of classical and widely employed photocatalyst
for HER. Owing to the large specific surface area and

c5-zr-BTB  5mMm

250 ym 200 pm

Figure 3. (a) Contact angle measurement results of water droplet on the surface of C(1-10)-Zr-BTB. The photograph (b) and optical image (c) of
C5-Zr-BTB based Pickering emulsion. (d) Average diameters of C(1-10)-Zr-BTB-based Pickering emulsions. (e and f) CLSM image of C5-Zr-BTB-

based Pickering emulsion.
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Figure 4. (a) Schematic diagram of constructing MOF-CdS dual-layer Pickering emulsion. (b and c) TEM and HRTEM images of CdS nanorods. (d)
XRD profile and crystal structure (inset) of CdS nanorods. (e) Zeta potentials of CdS and C5-Zr-BTB. (f) Optical image of [C5-Zr-BTB]@CdS dual-
layer Picker emulsion in a 10 mL centrifuge tube. (g) Optical image and corresponding size histogram (inset) of [C5-Zr-BTB]@CdS dual-layer
Pickering emulsion. (h-j) CLSM images of [C5-Zr-BTB|@CdS dual-layer Pickering emulsion.

regulated band structures, CdS nanorods not only act as
inorganic photosensitizers but also are widely employed to
construct composites for photosynthesis. Via a solvothermal
approach, CdS nanorods were synthesized, and their nano-
rod morphology was uncovered by TEM and SEM images
(Figure 4b and Figure S49). Based on HRTEM image, the
crystal lattice of CdS nanorods was around 3.26 A, indexed
to (101) crystal facet (Figure 4c). The XRD profile (Fig-
ure 4d) of as-obtained CdS nanorods was also consistent
with the standard pattern (PDF: 41-1049), demonstrating its
crystal structure. The water contact angle on the surface of
CdS nanorods was only 18.3° (Figure S50), indicating its
excellent hydrophilic property. Hence, the optimal water
adsorption around CdS nanorods was kinetically favorable
for photocatalytic HER. In addition, the CdS should be
capable of photocatalyzing HER from a thermodynamic
perspective, which was closely related to its light-absorbing
capacity and band structure. As shown in Figure S51a, the
UV/Vis spectra of CdS nanorods revealed their visible-light
absorbing capacity of CdS. Based on the Tauc plot, the band
gap of CdS was determined as 2.35 eV (Figure S51b). The
Mott-Schottky result revealed that the conduction band of
CdS was at —1.35 V, and the valence band was calculated as
1.19 V (Figures S51c and S51d). The electronic band
structure and projected density of states (PDOS) of CdS

Angew. Chem. Int. Ed. 2025, 64, €202421341 (5 of 10)

were calculated using the Heyd-Scuseria-Ernzerhof
(HSEO06) hybrid functional within density functional theory
(DFT), based on the slab models depicted in Figure S52.
The calculations revealed that CdS exhibited a direct band
gap of 2.53eV, which was in close agreement with
previously reported values and the experimental band gap
of approximately 2.35 eV."! These consistent experimental
and theoretical results both demonstrated that CdS nano-
rods could thermodynamically enable photocatalytic HER.
Given the kinetic and thermodynamic factors, the semi-
conductor CdS enabled photocatalytic hydrogenation. How-
ever, the photocatalytic activity was heavily dependent on
the synergistic effect between photocatalytic HER and
hydrogenation reaction, in which the key issue was to
regulate the water layer adsorbing around CdS. For this
purpose, CdS photocatalyst and MOF emulsifier should be
employed to construct a type of Janus structure composites,
i.e., dual-layer Pickering emulsion. As shown in Figure 4e,
the zeta potential of CdS was —22.14 mV, opposite to that of
C5-Zr-BTB (38.72 mV). Hence, via the electrostatic effect,
CdS nanorods could be supported onto the surface of C5-
Zr-BTB nanosheets. As shown in Figure 4a, C(1-10)-Zr-
BTB was dispersed into EA solution, and then water was
dropwise added to prepare C(1-10)-Zr-BTB one-layer
Pickering emulsion. Following, the EA solution containing
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CdS nanorods was added into the as-prepared one-layer
Pickering emulsion solution to construct [C(1-10)-Zr-BTB]-
CdS dual-layer Pickering emulsion. As shown in Figur-
es 4f,4g and Figure S53, the optical images showed that
yellow Pickering emulsion with a diameter of 0.44 mm could
be formed in EA solution and well maintained for two
weeks. Its stability enabled the compartment of two
reactions in aqueous and water phases. To distinguish
different components in Pickering emulsion, C5-Zr-BTB
and CdS were labelled by Rhodamine B and FITC-I dyes,
respectively. As shown in CLSM images, two layers could be
observed at the shell of W/O emulsion (Figures 4h—4j),
revealing the dual-layer structure of [C5-Zr-BTB]@CdS
Pickering emulsion. When more C5-Zr-BTB and less CdS
were employed in dual-layer Pickering emulsion system, the
red and yellow layers were more distinct (Figure S54).
Besides, the SEM images showed that CdS nanorods were
only isolated on the outer shell rather than inner shell
(Figure S55). Based on these results, [C(1-10)-Zr-BTB]-CdS
Pickering emulsion with the unique dual-layer structure and
stability had been successfully prepared for the following
photocatalytic hydrogenation reaction.

The hydrogenation of cinnamaldehyde was selected as
the model reaction to be coupled with photocatalytic HER.
The photocatalytic hydrogenation reaction was conducted in
the as-prepared dual-layer Pickering emulsion system, and
the details were clearly illuminated in Figure Sa. Water
molecules could transfer through Zr-BTB layer to the
surface of CdS and then be reduced to hydrogen for the
following hydrogenation of cinnamaldehyde. Among the as-
prepared samples, [C5-Zr-BTB]-CdS realized the highest
cinnamaldehyde conversion (79.61 %), as shown in Figure 5b
and Table S3. The gas chromatography-mass spectrometry
(GC-MS) results determined that benzenepropanal was the
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main product (Figure S56). From C1-Zr-BTB to C5-Zr-
BTB, the photocatalytic activity gradually increased. In
contrast, further increasing the chain length of aliphatic
acids, the conversion of cinnamaldehyde gradually de-
creased from 79.61% (C5-Zr-BTB) to 33.16% (C10-Zr-
BTB). It was proved that C5-Zr-BTB was the best emulsifier
for photocatalytic hydrogenation. As shown in Figure Sc and
Table S4, single C5-Zr-BTB was not capable of photo-
catalyzing hydrogenation of cinnamaldehyde, demonstrating
that CdS was the photocatalyst component. Hence, the
photocatalytic mass activity based on CdS might be the
proper parameter to evaluate the photocatalytic perform-
ance. The photocatalytic hydrogenation yield of [C5-Zr-
BTB]-CdS reached 187.37 mmol-g'-h™!, much higher than
that of single CdS (6.44 mmol-g'-h™'), indicating that the
dual-layer structure in Pickering emulsion played an impor-
tant role in improving photocatalytic performance (Fig-
ure 5¢). Following, in dark or without ascorbic acid (AA),
no product was detected, signifying that the light radiation
and sacrificial agent were both necessary. Besides, the
photocatalytic hydrogenation could not proceed in air, as
the oxygen would participate in photocatalytic reduction,
causing the inactivation of the whole photocatalytic proc-
ess.” By varying the adding amount of CdS, the Pickering
emulsion could also form, and the diameter was around
0.43-0.44 mm (Figure 4g and Figure S57). When the adding
amount of CdS was 150 pg, the hydrogenation yield reached
the highest value (187.37 mmol-g~'-h™"), as shown in Fig-
ure 5d and Table S5. In order to verify the hydrogen source,
H,O was replaced by D,O in the isotope trace experiment.
As shown in Figure Se, the m/z value of deuterium isotope
labeled product was 136.1, and the m/z value of product was
134.1 in the common condition (i.e., H,O/ EA biphasic
system). Hence, it was strongly confirmed that water was

o

0
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Figure 5. (a) Schematic diagram of photocatalytic hydrogenation of cinnamaldehyde using water as a hydrogen source in [Zr-BTB]|@CdS dual-layer
Pickering emulsion. (b) The conversion of cinnamaldehyde on [C(1-10)-Zr-BTB]@CdS in photocatalytic experiments. (c) Photocatalytic
performances of [C5-Zr-BTB]@CdS and other controlled experiments. (d) Photocatalytic performances of [C5-Zr-BTB|@CdS with different amounts
of CdS. (e) The MS spectra of normal photocatalytic hydrogenation reaction and the isotope labelling experiment with D,O (m/z=20). (f) Cycling
photocatalytic experiments of [C5-Zr-BTB]@CdS. (g) Photocatalytic performance of [C5-Zr-BTB]@CdS, [C5-Hf-BTB]@CdS, [C5-Uio-66]@CdS and
[C5-ZrO,)@CdS dual-layer Pickering emulsion. (h) Photocatalytic hydrogenation performance for different substrates.
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indeed the hydrogen source participating in this photo-
catalytic reaction. After photocatalysis (2 hours), TEM
images showed that CdS nanorods were supported on the
surface of Zr-BTB nanosheets, and the corresponding
elemental mapping revealed the uniform dispersion of Zr,
Cd and S elements (Figure S58). Moreover, HRTEM image
(Figure S59) showed that the crystalline fringe of CdS could
also be maintained after 2-hour photocatalytic reaction,
signifying the stability of crystalline CdS nanorods. In
addition, as shown in Figure S60, the characteristic peaks of
Zr-BTB could be observed in the XRD profile of used C5-
Zr-BTB after photocatalysis (2 hours). These results demon-
strated the excellent stability of MOF emulsifier and CdS
photocatalyst. Following, the [C5-Zr-BTB]-CdS was em-
ployed in cycling experiments, and the yields of three cycles
were 187.37, 166.95 and 170.95 mmol-g~'-h™' without ob-
vious decrease (Figure 5Sf and Table S6), indicating its
promising application potential.

As the emulsifier, the regulation of superficial hydro-
phobicity was vital for the formation of Pickering emulsion.
Fortunately, MOF nanosheets possess much larger specific
surface area and higher surface-to-volume atom ratios,
compared with MOF nanoparticles and traditional metal
oxides. Hence, more aliphatic acids could be decorated on
MOF nanosheets, which guaranteed the more feasible and
thorough regulation on their surface hydrophobicity. To
deeply investigate their advantages, Uio-66 nanoparticles
and ZrO, powder were selected as the emulsifier materials
for photocatalysis. Via a solvothermal approach, Uio-66
nanoparticles were synthesized. TEM image and XRD
profile revealed the octahedron morphology and crystalline
structure of Uio-66 (Figures S61a-S61c). After decorating
valeric acid, C5-Uio-66 could still maintain original mor-
phology and crystalline structure (Figures S62a and S62b),
and the water contact angle increased from 32.3° to 87.7°
(Figures S61d and S62c). The similar phenomena also
occurred on the commercial ZrO, and C5-ZrO, samples
(Figures S63 and S64). With the same molar amount of Zr
element, C5-Uio-66 and C5-ZrO, were employed as emulsi-
fiers in the photocatalytic system, but no Pickering emulsion
was formed in the mixed solution of water and EA
(Figures S62d and S64d). The photocatalytic hydrogenation
yields of C5-Uio-66- and C5-ZrO,-based photocatalysts
were just 6.27 and 3.99 mmol-g~'-h™!, respectively (Fig-
ure 5g and Table S7), much lower than that of [C5-Zr-BTB]-
CdS (187.37 mmol-g™'-h™"). Hence, in comparison with
MOF nanoparticles or traditional metal oxides, Zr-BTB
nanosheets possessed unique superiority in Pickering emul-
sion catalysis. In order to verify the universality of this
strategy, Hf-BTB and C5-Hf-BTB nanosheets were pre-
pared, and TEM images clearly showed their nanosheet
morphologies (Figure S65). As shown in Figure S65, the
obvious crystalline fringes of Hf-BTB (1.7 nm) and C5-Hf-
BTB (1.7nm) could both be clearly observed in the
HRTEM images, indicating their crystalline structures. In
addition, the XRD curves of Hf-BTB and C5-Hf-BTB could
both kept consistent with the previously reported result
(Figure S66).") The water contact angle increased from
26.43° to 68.04° (Figure S67). The [C5-Hf-BTB]-CdS dual-
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layer Pickering emulsion was successfully prepared (Fig-
ure S68), and its photocatalytic hydrogenation yield reached
107.74 mmol-g*-h™, much higher than those of [C5-Uio-
66]-CdS  (6.27mmol-g '-h™") and  [C5-ZrO2]-CdS
(3.99 mmol-g~'-h™'), as shown in Figure 5g and Table S7. It
was further demonstrated that the unique dual-layer
structure of Pickering emulsion played an important role in
improving the photocatalytic hydrogenation performance.

Then, [C5-Zr-BTB]-CdS dual-layer Pickering emulsion
was employed in photocatalytic hydrogenation of other a,5-
unsaturated aldehydes, such as 4-fluorocinnamaldehyde, 4-
methoxycinnamaldehyde and 3-methylcinnamaldehyde, and
the corresponding yields reached 127.15, 108.98 and
49.00 mmol-g'-h™, respectively (Figure 5h, Scheme S1 and
Table S8). The above results demonstrated that [C5-Zr-
BTB]-CdS dual-layer Pickering emulsion system was an
appropriate platform to couple photocatalytic HER and
hydrogenation reaction.

The results of photocatalytic experimental results re-
vealed that the formation of dual-layer Pickering emulsion
was crucial for improving photocatalytic performance. To
investigate catalytic mechanism, four controlled samples
were prepared and tested in photocatalytic hydrogenation,
as shown in Figure 6a. (i) CdS/[C5-Zr-BTB] one-layer
Pickering emulsion was obtained in the mixture solution of
EA and water (Figure S69a), and the synthetic details were
illustrated in Figure S70. As shown in Figure S71, CLSM
images demonstrated that the physical mixture of CdS and
C5-Zr-BTB was immobilized at shell of W/O emulsion. (ii)
CdS nanorods were added into the mixture solution of water
and EA without Pickering emulsion (Figure S69b), and CdS
nanorods were immobilized at the EA/water interface. (iii)
The surface of CdS nanorods were decorated by valeric
acids (Figures S72 and S73), and the as-obtained C5-CdS
layer was imobilized at the EA-water interface without
Pickering emulsion (Figure S70c). (iv) CdS and C5-Zr-BTB
were dispersed into the mixed solution of CH;CN and H,O
(v/v=4:1) without separation of water and oil (Fig-
ure S70d), i.e., CdS+[C5-Zr-BTB]. Then, the four con-
trolled samples were employed in photocatalytic hydro-
genation of cinnamaldehyde measurements. As shown in
Figure 6b and Table S9, the photocatalytic yield of CdS/[C5-
Zr-BTB] one-layer Pickering emulsion was
78.39 mmol-g'-h™!, much lower than that of [C5-Zr-BTB]-
CdS dual-layer Pickering emulsion (187.37 mmol-g'-h™"),
verifying the importance of dual-layer structure in optimiz-
ing photocatalytic performance. In the absence of C5-Zr-
BTB, the yields of CdS and C5-CdS were only 6.44 and
2.26 mmol-g '-h™!, respectively. In addition, when the EA
and water biphasic solution was replaced by the one-phase
solution (CH;CN and water), cinnamaldehyde could not be
hydrogenated in this photocatalysis system. Besides, as for
common surfacant-based emulsion (e.g., CTAB, CTAC,
TBAC and SDBS), no photocatalytic hydrogenation product
was detected, which ascribed to the unstable water-oil
interface (Figures S74-S76). These results all proved that
the dual-layer Pickering emulsion was crucial for efficient
photocatalytic hydrogenation reaction.
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Figure 6. (a) Schematic diagrams of different counterpart samples and (b) the corresponding photocatalytic performances. (c) The effect of water
layer coating around CdS nanorods on regulating photocatalytic hydrogenation performance. (d) Adsorption enthalpy measurements of
cinnamaldehyde for CdS (blue curve) and C5-Zr-BTB (red curve) versus injection numbers. (e) The theoretical calculation investigation for
catalyzing routes of hydrogenation. Orange, dark blue, gray and light blue balls represented S, Cd, C and H atoms, respectively.

Based on the above results, it was preliminarily supposed
that the water layer coating around CdS played an important
role in optimizing photocatalytic performance (Figure 6c).
As shown in Figure S50, the water contact angle of CdS was
only 18.3° indicating that water tended to adsorb on the
surface of CdS. In the CH;CN/H,O solution, a thick water
layer coating around CdS caused the sluggish mass transfer
of cinnamaldehyde, which was also consistent with the
inactive performance (Figures 6b and 6¢). In the MOF-CdS
dual-layer Pickering emulsion, the thickness of water layer
could be decreased by enhancing the hydrophobicity of Zr-
BTB emulsifier. Along with increasing the chain-length of
aliphatic acids from C5-Zr-BTB to C10-Zr-BTB, the water
contact angle increased from 70.5° to 106.7°, and the
photocatalytic activity also gradually decreased (Table S3).
The enhanced hydrophobicity of emulsifier would lower the
thickness of water layer around CdS. The ultrathin or
inconsecutive water layer around CdS was beneficial for the
delivery of cinnamaldehyde but caused the shortage of
hydrogen source (Figure 6¢), which was also in consistence
with the decreased photocatalytic activity. In addition, by
increasing the amount of C5-Zr-BTB, the diameter of
Pickering emulsion decreased from 0.44 to 0.30 to 0.25 mm
(Figure S77), and the photocatalytic hydrogenation yields
decreased from 187.37 to 170.50 to 127.83 mmol-g '-h™’, as
shown in Figure S78 and Table S10. The thicker C5-Zr-BTB
emulsifier layer would lead to the less water access to CdS.
The decreased amount of hydrogen source lowered the
photocatalytic activity. Hence, it was also demonstrated that
the proper amount of water around CdS was crucial for the
coupling efficiency of photocatalytic HER and hydrogena-
tion reaction. As an important evaluation factor, apparent
quantum yield (AQY) should also be characterized. The
AQY of [C5-Zr-BTB]@CdS reached 43.24 % (Table S12),
which was much higher than that of CdS for HER (5.78 %).
Hence, it was further certified the superiority of dual-layer
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Pickering emulsion. In comparison with those photocatalyst
for HER, [C5-Zr-BTB]@CdS in photocatalytic hydrogena-
tion showed the top-level activity by weight and AQY value
(Tables S13 and S14). Besides, as for photocatalyst in
hydrogenation, this unique dual-layer Pickering emulsion
showed significant advantage over activity and AQY. It was
worth mentioned that the excellent photocatalytic perform-
ance in our work was only dependent on regulating water
and oil environments around CdS, and no other co-catalyst
was introduced, which was different from previously re-
ported strategies.

Following, the photocatalytic hydrogenation process was
further studied, in which the photocatalytic HER provided a
hydrogen source for the following hydrogenation reaction.
Hence, the photocatalytic HER on CdS nanorods should be
firstly studied. In photocatalytic HER measurements, the H,
yield of single CdS was just 19.61 umol-g'-h™' Figure S79
and Table S11. After using Pt as co-catalysts, the H, yield
reached 1633.26 ymol-g~'-h™' (Figure S80). These results
manifested that CdS nanorods were capable of reducing
proton to hydrogen, and the release of adsorbed *H on CdS
was difficult in the absence of Pt. Based on the in situ
electron paramagnetic resonance (EPR) spectra of CdS, the
appearance of DMPO-"H characteristic peaks and decrease
of TEMPO characteristic peak intensity both demonstrated
the generation of *H on CdS nanorods (Figure S81).””! The
adsorption energy of *H on the S site (0.89eV) was
significantly lower than that on the Cd site (1.95eV),
indicating a stronger affinity of the S site for *H adsorption
(Figure S82). Moreover, as shown in Figure S83, the two-
dimensional charge density contour plots of CdS and
CdS—H revealed that electron accumulation occurred at the
adsorbed hydrogen atom, resulting in electron depletion at
the neighboring Cd site after *H adsorption. As for the
following hydrogenation process. the adsorption enthalpies
(4H) of cinnamaldehyde on the CdS and C5-ZrBTB were
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measured. As shown in Figure 6d and Figure S84, the 4H of
C5-Zr-BTB reached 24.47 kcalmol™}, but the 4AH of CdS was
O kcalmol™’. Due to an exothermic process, C5-Zr-BTB
played an important role in gathering cinnamaldehyde
molecules around CdS for further hydrogenation. As shown
in Figures 6e and S85-S87, DFT calculations were conducted
to investigate the reaction mechanism of hydrogenation of
cinnamaldehyde. The calculated free energy changes for the
hydrogenation of the C=C and C=0O bonds over CdS-2H
were —2.68 eV and —2.19 eV with energy barriers of 0.05 eV
and 1.33 eV, respectively. These results indicated that the
hydrogenation of the C=C bond to form benzenepropanal
was thermodynamically and kinetically favorable. In sum-
mary, CdS nanorods were capable of photocatalyzing the
hydrogenation of cinnamaldehyde to obtain benzenepropa-
nal from both thermodynamic and kinetic perspectives.

Additionally, when the Pt as cocatalyst were supported
on the surface of CdS (i.e., CdS/Pt), the H, yield of [C5-Zr-
BTB]-[CdS/Pt] reached 25.79 mmol-g~'-h™', but no hydro-
genation product was detected (Figures S88-S90 and Ta-
ble S15). Pt as cocatalys accelerated the photocatalytic
HER, causing that no *H species was employed for hydro-
genation. Hence, the synergistic regulation of HER and
hydrogenation reaction was the key point for improving the
photocatalytic hydrogenation performance. It was indirectly
proved the significant role of the dual-layer Pickering
emulsion structure.

To sum up, the [C5-Zr-BTB]-CdS dual-layer Pickering
emulsion serves as an ideal platform for effectively coupling
the photocatalytic hydrogen evolution reaction (HER) with
the hydrogenation reaction, in terms of reaction kinetics.

Conclusion

In this work, we designed and constructed a MOF-CdS dual-
layer Pickering emulsion, in which MOF emulsifier and CdS
photocatalytst were immobilized at the inner and outer
shells of W/O emulsion, respectively. In W/O Pickering
emulsion, the hydrophobicity of MOF nanosheets, i.e., C(1-
10)-Zr-BTB, could be molecularly regualted via PSM
approach, which realized the precisely gating of water
delivery at the water-oil interface (i.e., the amount of water
around CdS). Hence, the photocatalytic HER in water phase
and hydrogenation in oil phase could be efficiently coupled
to realize an efficient visible-light-driven and water-donating
hydrogenation reaction. In the photocatalytic hydrogenation
of cinnamadelhyde using water as a hydrogen source, [C5-
Zr-BTB]@CdS realized the highest hydrogenation yield
(187.37 mmol-g~'-h™"). Besides, the AQY value reached
43.24 % under monochromatic irradiation (A=450 nm). In
this novel and unique MOF-CdS dual-layer Pickering
emulsion, the mass transfer at oil-water interface could be
precisely regulated by the hydrophobic MOF layer, which
was crucial to effetively couple photocatalytic HER with
hydrogenation reaction. This work provides a novel insight
for efficient light-driven water-donating hydrogenation re-
action. As a proof-of-concept, the Pickering emulsion is an
ingenious catalyzing platform to couple reactions of two
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phases, which further boosts the innovation of future
catalysis.
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