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Encapsulating Semiconductor Quantum Dots in
Supramolecular Metal-Organic Frameworks for Superior

Photocatalytic Hydrogen Evolution
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Solar-to-hydrogen conversion is a sustainable way of producing renewable
fuels, yet the efficiency is limited by the poor photo-induced charge-carrier
separation on electrode surface. Developing active and stable hydrogen
evolution photocatalysts is challenging and entails intelligent material structure
design and tailoring. Here, a novel water dispersible supramolecular metal
organic framework (SMOF) is employed as a general and high-performance
platform to encapsulate CdS quantum dots (QDs) for achieving highly improved
solar-induced H,-production activity. Particularly, the CdS QDs @ SMOF
heterostructure exhibits an excellent H, generation activity of 49.4 umol h™!
(TOF = 47.0/h), exceeding those of most reported heterogeneous metal

organic frameworks-based photocatalytic systems. Advanced characterizations
disclose that the strong electrostatic interaction and light-induced charge
transfer between SMOF and CdS QDs, combined with the high surface

area, water dispersible nature, and abundant reactive centers synergistically
contribute to this distinguished photocatalytic performance. The work not only
demonstrates the water dispersible SMOF can serve as a versatile and effective
platform supporting semiconductor to boost the photocatalytic H,-production
performance without co-catalysts, but also paves avenues to the design and
synthesis of SMOF-based heterostructures for general catalysis applications.

1. Introduction

The construction of effective catalytic
systems to pursue clean and sustainable
energy is a top priority given the increasing
global energy demands and the growing
environmental crisis.!! Specifically, photo-
catalytic water splitting using sunlight and
semiconductors enables the production of
renewable hydrogen gas to supply energy
and feedstock for down-stream products,
such as hydrocarbons and alcohols.>
However, some critical issues need to
be solved to ultimately realize the prac-
tical application of such environmentally
benign technology.”! In view of the solar
energy utilization, desirable materials as
photocatalysts need not only to harvest a
broad range of solar spectrum but also to
afford an effective photo-induced charge-
carrier separation to obtain a highly
efficient solar-to-hydrogen (STH) conver-
sion.[®”] To improve the charge carrier sep-
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aration, a promising strategy is to develop

hierarchical semiconductor composites
that ensure the opposite migration of holes and electrons by
valence-band and conduction-band offsets.®*]

Metal organic frameworks (MOFs), as crystalline and porous
materials assembled with metal ions through periodical coor-
dination bonds, have been employed in various areas such as
gas storage and separation, catalysis, sensing, drug delivery,
and biomedical imaging.'% Very recently, MOFs-based hybrids
were studied as a new class of photoactive materials for solar-
induced hydrogen evolution because of their long-range struc-
tures, out-standing surface areas, and tunable bandgaps.!'
Despite of the excellent chemical stability and broad spectrum
of light absorption from those porous and crystalline organic
structures, their solid nature, however, imposes huge limita-
tions such that nearly all catalytic studies have to be performed
in a heterogeneous manner.'”l Also, the rigid pore aperture of
conventional MOFs restricts the efficient hierarchical mate-
rials fabrication because of the limitation toward insertion
when using MOFs as host materials.¥] Both of the drawbacks
limit the effective charge-carrier separation on the junction of
MOFs-based hierarchical materials. Until now, the reports
on hydrogen production with MOFs is still limited and the
hydrogen production rate as high as 3.0-4.0 pmol h™! has been
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achieved.'2l However, this hydrogen production rate is far from
the expected and not as good as traditional semiconductor pho-
tocatalysts such as metal oxides and sulfides.™ One possible
main cause that limits the hydrogen evolution rate of MOFs
is the strong recombination of photogenerated electron—hole
pairs.®l Instead of the hydrothermal and solvothermal tech-
niques that generally applied to synthesize MOFs, self-assembly
has been demonstrated as a mild strategy to obtain new mate-
rials that can achieve different functions, which includes gas
adsorption, drug delivery, molecular recognition, and so on.!]
Recently, our group has obtained homogeneous supramolec-
ular organic frameworks (SMOFs) in both 2D and 3D spaces in
aqueous solution, with the feature of typical MOFs under mild
conditions.!® Taking the advantages of the water-dispersible
nature and flexible pore aperture owning to the self-assembly,
we envision such SMOF structure is preferable for constructing
hierarchical semiconductor composites for highly efficient solar
water splitting.[”]

Herein, we rationally designed a binary nanohybrid pho-
tocatalyst composed of water-dispersible SMOF and CdS
quantum dots (QDs), which were intelligently assembled
together through electrostatic interactions, for superior homo-
geneous photocatalytic hydrogen production in the presence
of triethanolamine (TEOA) as a hole quencher. Distinguished
from the conventional MOFs having solid pore apertures, the
flexible and changeable assembly behavior of SMOF render
it a tunable pore size, making the encapsulation of CdS QDs
much more efficient. Detailed examination showed that the
CdS QDs@SMOF hybrid exhibit an excellent photocatalytic
H, evolving rate of 49.4 umol h™! with a TOF of 47.0/h, which
is =80 and 110-folds higher than those of the parent CdS QDs
and SMOF, respectively, and is in the top rank of photocatalysts
for H, evolution among various MOFs-based photocatalysts.[12l
Detailed characterizations were carried out to get clear proofs
of the photocatalytic H, evolution mechanism, revealing that
the great enhancement of photocatalytic performance is due to
the strong interfacial interaction between CdS QDs and SMOF
and the efficient charge transfer at the interface, which inhibits
the recombination of photogenerated charges and thereby
improves their photocatalytic performance. Our findings lend
credence to the prospect of SMOF contributing to the design of
multifunctional hybrid photocatalysts for efficient and sustain-
able energy conversion.

2. Results and Discussion

2.1. Fabrication of CdS QDs@SMOF Heterostructure
via Electrostatic Interaction

The homogeneous water-dispersible SMOF was fabricated via a
self-assembly procedure.'”) We have established that cucurbit8]
uril (CB[8]) can remarkably stabilize the homodimerization of
the 4-phenylpyridin-1-ium (PhPy) unit through hydrophobically
driven encapsulation in water, following which, Ru-based SMOF
were prepared. Typically, the SMOF was fabricated from the self-
assembly of a hexarmed [Ru(bpy)s]**-based precursor (denoted
as [Ru(bpybp);]?>") and CBJ[8]. The [Ru(bpybp);]*‘complex core,
the purity of which is confirmed by '"H-NMR spectra (Figure S1,
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Supporting Information), is soluble and highly stable in
aqueous solution, and its rigid octahedral nature facilitates
the formation of a 3D cubic periodic framework through 2:1
encapsulation of appended PhPy units by CB[8] (Scheme 1,
see more details in Experimental Section). The strong positive
Zeta-potential in SMOF is resulted from the positive charge on
the vertex of the net, [Ru(bpybp);)** (Figure 1a). The dynamic
light scattering (DLS) experiment performed in deionized water
evidenced a Dy value of 340 nm (with [Ru(bpybp);]**/CB[8] =
3, and the concentration of [Ru(bpybp);]** = 5 um), clearly con-
firmed the successful self-assembly of large supramolecular
entities (Figure S2, Supporting Information). We also observed
a continuing enlargement of Dy in response to the increase of
[Ru(bpybp);]*" concentration. At 100 pwm, the Dy increased to
420 nm and at even higher concentrations, the complex began
to precipitate. As shown in Figure 1b, the periodicity of the 3D
SMOF network in aqueous solution is verified by synchrotron-
based small-angle X-ray scattering (SAXS), which displays an
obvious peak related to the d-space centered at =3.0 nm. This
value matches well with (100) spacing (2.9 nm) of the 3D net-
work simulated using Materials Studio (Accelrys Materials
Studio Release Notes, Release 70, Accelrys Software Inc., San
Diego, USA) (shown by the black line in Figure 1b), indicative
of the successful synthesis of dispersible periodic SMOF in
water. The broadness of the peak is likely due to the dynamic
nature of the supramolecular framework in solution. In addi-
tion, the microcrystals of SMOF were obtained via slowly
evaporating the aqueous solution at ambient temperature, as
evidenced by the transmission electron microscopy (TEM)
image (Figure 1c). The energy dispersive X-ray spectrum (EDX)
further confirms the presence and uniform distribution of C,
N, Ru, and Cl elements, in agreement with the chemical com-
positions (Figure 1d). The corresponding weight contents of
these elements are listed in Table S1, Supporting Information.

CdS QDs were synthesized following previous procedures
with modified conditions (see more details in Experimental
Section).? The obtained QDs were observed as a spherical
nanoparticle with an average size of 3.8 nm and exposed lattice
spacing of 0.33 nm, corresponding to the (111) facet of cubic-
structured CdS QDs (Figure 1le). The ligand covering CdS QDs
fabricated in our study is 3-mecaptopropionic acid (MPA) with
a negative charge in basic solution, which can be confirmed
by the Zeta-potential measurement under a wide range of pH
values (Figure la and Figure S3, Supporting Information).
The strong negative Zeta-potential can well explain the single-
particle dispersion of CdS QDs in aqueous solution.

The Zeta-potentials of CdS QDs, SMOF, and their mixtures
suggest a strong charge attraction in between (Figure la). As
schematically shown in Scheme 1, this strong electrostatic inter-
action, together with the hydrophobic nature of the out-sphere
ligand of CdS QDs, drives the insertion of CdS QDs into the
network of SMOF. Interestingly, the synchrotron-based SAXS
profile of CdS QDs@SMOF hybrid aqueous solution con-
taining 5 um CdS QDs and 30 um [Ru(bpybp);]?" ([Ru(bpybp);)**
was applied to represent the concentration of SMOF, simi-
larly hereinafter) affords a strong scattering peak at =5.9 nm,
corresponding to the (100) crystallographic planes simulated
using Materials Studio software (Figure 1f). After incorpo-
rating CdS QDs, each edge of SMOF unit cell consists of three
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Scheme 1. Schematic illustration of the synthesis of SMOF and CdS QDs@SMOF heterostructure through the self-assembly of a hexarmed

[Ru(bpybp);]**-based precursor and CB[8] and CdS QDs insertion.

[Ru(bpybp);]** vertexes instead of two in comparison with the
as-prepared counterpart, leading to a twofold increase of inter-
planar spacing of (100) facet (5.9 nm vs 3.0 nm). The pore aper-
ture, defined by the eight CB[8] unit in one self-assembled mac-
rocycle adopting a square-like conformation, was calculated to
be =4.2 nm. The transformation and rearrangement of SMOF
periodicity is probably rationalized by the formation of soft acid
([Ru(bpybp);]*)-soft base (HSCH,CH,COO") ion pairs and hard
acid (H*)-hard base (CI") ion pairs. It should be notable that
because of the rigid nature of conventional MOFs, insertion of
QDs is extremely difficult to achieve if the size distribution of
QDs is larger than the pore size of the scaffold.?!! However, the
insertion is easily accessible in our system due to the flexible
and changeable assembly behavior of SMOF. Accordingly, DLS
measurements showed 1.6 times increasing of Dy, from 335 to
505 nm, after the addition of CdS QDs (Figure S4, Supporting
Information). It is notable that the dramatic enlargement of
Dy at higher concentrations is likely due to the aggregation of
SMOF resulted from the weakened charge repulsion after CdS
QDs incorporation. Similar with as-prepared SMOF, slow evap-
oration of the solvent of CdS QDs@SMOF assemblies led to the
formation of microcrystals. The SEM and EDX images shown
in Figure S5, Supporting Information, clearly evidenced the suc-
cessful decoration of CdS QDs into SMOF.

2.2. Photocatalytic Hydrogen Generation
Next, CdS QDs@SMOF assemblies were examined for photo-

catalytic water reduction. In a typical experiment, the CdS
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QDs@SMOF hybrid was added to a basic aqueous solution
(pH 11) containing TEOA as the sacrificial electron donor.
TEOA was chosen as an optimized sacrificial agent to cap-
ture the photogenerated holes as it demonstrated a dramati-
cally higher H, production activity than others, such as lactic
acid, methanol, and sulfite (Figure S6, Supporting Informa-
tion). The reaction mixture was irradiated by a solar simulator
source (4 = 350-1100 nm, 100 mW cm™2), and the headspace
gas was analyzed on-line by gas chromatography to quantify
the amount of H, produced. We first investigated the H, pro-
duction efficiency by keeping the concentration of CdS QDs at
5 uM and changing the concentration of [Ru(bpybp);]** from
25 to 125 um. Figure 2a shows optical images of the resultant
seven aqueous solution of CdS QDs@SMOF, which display an
increasing absorption from blank CdS QDs to blank SMOF.
The H, evolving rate of a series of hybrid materials exhibit an
obvious increase tendency until the mole constitution ratio
of CdS QDs: [Ru(bpybp);}*" = 1:20. As displayed in Figure 2b,
at [Ru(bpybp);** = 100 um, the CdS QDs@SMOF hybrid
showed a maximum photocatalytic activity of 49.4 pmol h7,
which corresponded to a turnover frequency (TOF) of 470/h
(based on the mole amounts of CdS QDs and [Ru(bpybp);]**),
and the apparent quantum yield (AQY) is =12% (see more
details in Experimental Section). In this case, the level of H,
production rate is 80 folds higher than that of pure CdS QDs
(=0.61 umol h7Y), and exceeds the parent SMOF (=0.45 pumol h™})
by almost 110 folds. The performances of both pure CdS and
SMOF were limited by their poor charge-separation efficien-
cies. Further raising [Ru(bpybp)s;]** concentration arouses
a decrease tendency of activity which may be attributed

© 2021 Wiley-VCH GmbH

85U8017 SUOWWOD SAIEaID 3(edl|dde au) Aq peuenob ae Sapie YO 8sN JO Sa|nJ Joj Akeiq i 8UlIUQ AB]IM UO (SUORIPUOD-PUR-SULIBI WD A8 | 1M Ale.d1|Bul [UO//:SdNL) SUOIPUOD PUe SULB 1 8L} 88S *[9202/T0/T] Uo Aiqiaulluo Ao|im ‘Aisieniun uepnd Aq 829T0TZ02 IWPe/Z00T OT/I0P/Wod A8 im Afe.q 1 jpul U0 peoepe/sdny Wwoj pepeojumod ‘T ‘2202 ‘0SEL96T2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

a 40
30+ g
e — } Lll 3.0nm
E® 3| W
= 101 L L
% ol CdSQDs CdS QDs@SMOF 2 = “' T d =3.0nm
8 @ (dca)(100) = 2.9 nm)
2 -104 5
= IS
D -
N
-30
-40

12 14 16 18 20 22 24 26
d q (m™)

c N
2 pm 2 pm

Cl
2pum

d =68nm
(dcai(100) = 6.8 nm)

*® - S

l.»h”...l;‘*v-o—
- ]- 6.8nm

NG
- -
- -

Intensity (a.u.)

q (nm™)

Figure 1. a) Zeta potentials of CdS QDs, SMOF, and CdS QDs@SMOF. b) Solution-phase synchrotron SAXS of SMOF in water (red line) and theory
simulation result using Materials Studio 7.0 (black line). Inset shows the schematic illustration of SMOF. c) The TEM and d) EDX elemental mapping
[C (red), N (purple), Ru (yellow) and Cl (green)] of a SMOF single particle. e) HRTEM image of CdS QDs, the inset is an enlarged image showing the
lattice pattern of CdS QDs, and the interplanar spacing d = 0.33 nm is in accordance with the (111) plane of CdS QDs. f) Solution-phase synchrotron
SAXS of CdS QDs@SMOF in water (red line) and the theory simulation result using Materials Studio 7.0 (black line). Inset shows the schematic

illustration of CdS QDs@SMOF.

to the block of light harvesting to CdS QDs from SMOF. The
high H, production efficiency of CdS QDs@SMOF hybrid
materials could be attributed to their unique encapsulation pat-
tern and homogeneity, which not only allowed for quick diffu-
sion and close contact of water and TEOA molecules, but also
facilitated the charge transfer between the excited CdS QDs
and [Ru(bpybp);]**. The optimum photocatalytic H, evolution
activity of CdS QDs@SMOF hybrid materials under simulated
solar irradiation was studied to evaluate for solar energy conver-
sion, and the STH efficiency was estimated to be =1.04 %. In
addition, to investigate the influence of electrostatic attraction
on activity, we rationally designed the surface ligands of CdS to
modify the electrostatic attraction between CdS and SMOF. Sur-
face-ligand-free CdS-BF, was synthesized and incorporated with
SMOF under an identical condition (see more details in Experi-
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mental Section). The hybrid structure CdS-BF,@SMOF had the
similar absorption range, but showed a much poorer activity
(6.71 umol h7™!) in relative to CdS-MPA@ SMOF (Figure S9, Sup-
porting Information), indicating the great contribution of elec-
trostatic attraction to charge separation.

By keeping CdS QDs: [Ru(bpybp);]** = 1:20, the hydrogen
evolving rate was further explored at different pH from
9 to 13, as shown in Figure 2c. The pH value was adjusted by
adding either NaOH or HCI into the aqueous solution without
affecting the agglomeration of CdS QDs@SMOF assem-
blies. It was observed that, with the increase of pH value, the
H,-evoluation rate first monotonically increase due to a stronger
electrostatic force between CdS QDs and SMOF, and subse-
quently decrease because of the decreased proton concentration
and the possible filling of OH™ into the pores of SMOF. The
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Figure 2. a) The optical images of seven aqueous solution of CdS QDs@SMOF having different mole constitution ratios, which display an increasing
absorption from blank CdS QDs to blank SMOF. b) The photocatalytic H, evolution activity of CdS QDs@SMOF having varied mole constitution ratios
of CdS QDs and SMOF. c) Influence of pH values on the photocatalytic H, evolution rate. d) The comparison of photocatalytic H, evolution activity of
CdS QDs@SMOF with other reported MOFs-based photocatalysts. e) Stability test of CdS QDs@SMOF at a mole constitution ratio of 1:20.

optimized pH value for CdS QDs@SMOF hybrid materials is
11. The impressive production rate renders CdS QDs@SMOF
hybrids as one of the most active photocatalysts in the represent-
ative MOFs-based photocatalysts (see H, evolving rate compar-
ison with previously reported photocatalysts in Figure 2d).2223]
Another important criterion for solar energy conversion is the
long-term stability of the photoactive composites under actual
operating conditions. For the purpose of evaluating the stable
performance of CdS QDs@SMOF hybrid materials, longer
irradiation was implemented with [Ru(bpybp);*" = 100 um
and 5 um of CdS QDs (Figure 2e). Notably, the CdS QDs@
SMOF hybrid materials show a satisfying photocatalytic stability
in a period of 12 h irradiation. The TOF remained unchanged
within the first 4 h and then slightly decreased. It is interesting to
find that the hybrid structure displayed recoverable activity after
adding another 1 mL TEOA and showed good stability during
the second 12 h irradiation. Besides, no apparent alteration was
observed in TEM image of CdS QDs@SMOF hybrids, in com-
parison with the pristine counterpart (Figure S7, Supporting
Information). These results indicate that the structure of hybrid
materials is not altered after the photocatalytic reaction, again
confirming the good stability of CdS QDs@SMOF assemblies.
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2.3. Proposed Mechanism for the Efficient Photocatalytic
Hydrogen Evolution

To understand the mechanism of the CdS QDs@SMOF
hybrid materials for highly efficient photocatalytic H, evolu-
tion, the energy-band diagram was determined. UV-vis dif-
fuse reflectance spectra measurements of the as-prepared
samples shows that CdS exhibits an optical absorbance with
the edge at 468 nm, while the absorbance of SMOF covers
the whole UV-vis region with a broadly intense absorption
below 596 nm (Figure 3a). The corresponding band gaps for
CdS QDs and SMOF were calculated to be 2.65 and 2.08 eV,
respectively, according to Tauc plots shown as an inset of
Figure 3a. The CdS QDs@SMOF (1:20) hybrid material well
inherits the optical features of both CdS and SMOF. The
results of Mott—Schottky measurements indicate that the flat
band position (V) of CdS and SMOF is =~0.97 and —-0.79 V
versus normalized hydrogen electrode (vs NHE), respectively
(Figure 3b). As it is generally believed that the bottom of the
conduction band (CB) in many n-type semiconductors is more
negative by =0.10 V than the Vg,[?*l the CB of CdS QDs and
SMOF was estimated to be —1.07 and —0.89 V versus NHE,
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Figure 3. a) UV-vis spectra of CdS QDs, SMOF, and CdS QDs@SMOF. Inset shows the Tauc Plots and band-gap energies. b) Mott-Schottky plots
for SMOF (top) and CdS QDs (bottom). c) PL emission spectra of SMOF encapsulating different amounts of CdS QDs under a 450 nm wavelength
excitation. d) Transient PL spectra of SMOF and CdS QDs@SMOF under a 450 nm wavelength laser excitation. e) SPV measurement of CdS QDs,
SMOF, and CdS QDs@SMOF. f) PL emission spectrum of CdS QDs with different amounts of SMOF adding under a 220 nm wavelength excitation.

respectively. These results prove that CdS QDs and SMOF can
both trigger water splitting to produce H, as the CBs are more
negative than the equilibrium potential of H,/H" (-0.65 V vs
NHE, at pH 11). Combined with the band energy, the valence
band positions of CdS QDs and SMOF are 1.58 and 1.19 versus
NHE, respectively, suggesting that CdS QDs@SMOF (1:20)
hybrid material shows a type I junction.

Although forming a type I junction, the enhanced charge sep-
aration efficiency can be confirmed by photoluminescence (PL)
emission spectra, where the PL intensity of CdS QDs@SMOF
hybrid materials is significantly quenched in comparison with
that of the parent SMOF (Figure 3c). Almost complete emis-
sion quenching for SMOF was observed after adding 0.08 equiv
CdS QDs (corresponding to CdS: [Ru(bpybp);]** = 1:12.5), indi-
cating an effective electron transfer between SMOF and CdS in
the hybrid materials. We also employed time-resolved emission
decay of SMOF before and after CdS incorporation. As shown
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in Figure 3d, the incorporation of CdS QDs resulted in the
average fluorescence lifetime decreasing for SMOF from 73.8 to
31.2 ns based on bi-exponential fits. Furthermore, the average
lifetime of SMOF decreased below the instrument response
time of =7 ns in the presence of TEOA, suggesting that at least
over 90% of the excited state was quenched. See the details
of fitting procedure in Figure S8, Supporting Information. In
addition, surface photovoltage measurement was carried out to
investigate the charge separation on the junction interface. As
shown in Figure 3e, CdS QDs, SMOF, and CdS QDs@SMOF
hybrids all display positive photovoltages, indicating the hole
accumulation on the surface of electrodes, which is consistent
with the n-type semiconductive nature. The photovoltage onset
of CdS QDs occurs at 470 nm light irradiation, consistent with
the cut-off wavelength in UV-vis spectrum of CdS QDs. Impor-
tantly, the surface photovoltage spectroscopy response of CdS
QDs@SMOF hybrid material is evidently stronger than both
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of SMOF and CdS QDs, suggesting the separation efficiency of
photogenerated charges is markedly improved by constructing
the heterojunction.?’}

We further tested the PL emission quenching of CdS QDs.
When being excited at 220 nm, CdS QDs alone show a strong
narrow band-edge emission at 470 nm and a weak broad trap
emission at 500-800 nm as demonstrated in Figure 3f, which
is consistent with previous reports.?®l We also confirmed
SMOF itself has almost no emission according to the red line
at 220 nm excitation, indicating that the change of PL emission
spectrum is solely attributed to CdS QDs with the addition of
SMOF. We observed that after adding 1.0 equiv of SMOF, the
band-edge emission for CdS QDs at 470 nm barely changed
while the intensity of trap emission at 600-800 nm declined
by half. Further arising the SMOF content resulted in a con-
tinuous PL intensity decrease of band-edge emission but an
increase of trap emission. Interestingly, the trap emission
intensity at 700-800 nm reached a maximum when the consti-
tution ratio of SMOF and CdS QDs is 20, consistent with the
best photocatalytic activity of CdS QDs@SMOF hybrid mate-
rials having a peak activity at CdS QDs: [Ru(bpybp)s]** = 1:20.
It implies that the introduction of SMOF obviously changes the
distribution of photogenerated carriers in excited CdS QDs, and
more photogenerated carriers are accumulated at the intrinsic
surface defect trap states of CdS QDs for CdS QDs@SMOF
(1:20).21 More importantly, the energy-band position of defect
sites is probably very close to the intrinsic CB of CdS QDs, indi-
cating the electron transfer occurred smoothly from trap sites
to H*/H,.

Given the aforementioned results, we propose a possible
mechanism as schematically illustrated in Figure 4. From the
view point of band structure of CdS QDs and SMOF, a type I
heterojunction is expected at their interface, where both CdS
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QDs and SMOF are excited under solar irradiation. The CdS
QDs absorb photons having a wavelength less than =420 nm,
whereas SMOF is mainly excited at 450-600 nm. Then, SMOF
acts as a hole acceptor from adjacent CdS QDs, inhibiting the
recombination of photogenerated charges in CdS QDs. Impor-
tantly, owing to the interfacial interaction between CdS QDs
and SMOF, the interface between SMOF and CdS QDs acts as
the trap sites of electrons, resulting in a rapid electron transfer
from the CBs of both CdS QDs and SMOF to the trap states
and causing an efficient H, production, while holes are rapidly
quenched by TEOA on SMOF. It should be noticed that the
electrostatic attraction between CdS QDs and SMOF shortens
the carrier pathway and achieved effective separation of photo-
induced electron-hole pairs.

3. Conclusion

We have reported a self-assembly strategy to create the first
hybrids of semiconductor QDs and SMOF via electrostatic
interaction in water at room temperature. Beyond the perio-
dicity and porosity, the two key features of conventional rigid
MOFs, SMOF offers more advantages in the self-assembly
because of its changeable pore size and flexible assembly
behavior. Efficient encapsulation of CdS QDs in SMOF ena-
bles the creation of a novel photocatalytic system that exhibit
a H, production activity higher than those of reported hetero-
geneous MOFs-based systems. Detailed examination showed
that the CdS QDs@SMOF hybrid (1:20) exhibit an excellent
photocatalytic H, evolving rate of 49.4 umol h™! (TOF = 470/h),
which is =80 and 110-folds higher than those of the parent CdS
QDs and SMOF, respectively. These results demonstrated that
the efficient charge separation across the junction interface in

H*/H,=-0.65V

TEOA*

. 1.07V
1.5
1.0 4
B i G
I —
= '
8y 0'0-_
E5 054
88 -
o 1.0 4
l -~
1.5 -
2.0~ 1.58 V
2.5 CdS QDs

C] Electron trap sites

Figure 4. Energy band diagram and mechanism schematic of CdS QDs@SMOF hybrid structure for photocatalytic H, evolution.
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the hybrid materials greatly contributed to the ultra-high H,
evolution rate of CdS QDs@ SMOF hybrid materials. Our work
contributes to a new paradigm for rationally designing photo-
catalytic systems for the renewable clean energy conversion.

4. Experimental Section

Synthesis of SMOF: The synthesis procedure of SMOF is shown in
Scheme S1, Supporting Information.

Compoud-1 to compound-6 were prepared following the procedure
reported previously with slight modifications.”] All reagents were
obtained from commercial suppliers and used without further
purification unless otherwise noted.

Compound-4: A mixture of compound-3 (1 g, 5.0 mmol) and methyl
iodide (3.52 g, 25 mmol) were added to DMF (50 mL), and the mixture
was stirred in a sealed tube at 90 °C for 12 h. Tetrabutylammonium
chloride (2.78 g, 10.0 mmol) was added into the solution after cooling
the mixture to room temperature. The obtained precipitate was
filtrated under vacuum, washed with CH3CN (20 mL) for three times,
and dried under a vacuum, after which, a pale white solid (1.2 g, 95%)
was obtained. '"H NMR (400 MHz, DMSO-dg): & 13.37 (s, TH), 9.08
(d,J=6.8 Hz, 2H), 8.56 (d, J = 6.9 Hz, 2H), 8.20-8.14 (m, 4H), 4.36 (s, 3H).

Compound-6: Compound-5 (1.24 g, 4.0 mmol), 4-aminophenylboronic
acid pinacol ester (1.92 g, 8.8 mmol), tetrakis(triphenylphosphine)
palladium (232 mg, 4.4 mmol), and Na,CO; (2.12 g, 20 mmol) were
added into a mixture of DMF (50 mL) and H,O (25 mL), and were
stirred at 120 °C for 12 h. Subsequently, H,O (50 mL) was added into
the mixture. The precipitate was filtrated out after cooling the mixture
to the room temperature, and was washed with H,O (30 mL) and ether.
Compound-6 was obtained as a brown solid (1.50 g, 70%). '"H NMR
(400 MHz, DMSO-dg): & 8.69-8.51 (m, 4H), 7.70-7.55 (m, 6H), 6.70
(d, ] = 8.5 Hz, 4H), 5.58 48 (s, 4H).

Compound-2: A mixture of compound-6 (0.51 g, 1.5 mmol),
compound-4 (0.84 g, 3.3 mmol), 1-Ethyl-3-(3-dimethylaminopropyl)
carbodimide hydrochloride (EDCI, 0.61 g, 3.3 mmol), and
N-hydroxybenzotrizole (HOBt, 0.45 g, 3.3 mmol) was added into DMF
(50 mL), and stirred in a sealed tube under 100 °C for 24 h. The formed
precipitate was filtrated out after cooling to room temperature. Pure
compound-2 (0.60 g, 40%) was obtained after recrystallization with
DMSO and CH;CN as an orange or green solid. 'H NMR (400 MHz,
DMSO-dg): 810.71 (s, 2H), 9.10 (d, J = 6.7 Hz, 4H), 8.81 (d, J = 5.0 Hz,
2H), 8.77 (s, 2H), 8.62 (d, J = 6.8 Hz, 4H), 8.37-8.19 (m, 8H), 8.07 (d,
J=8.6 Hz, 4H), 7.98 (d, J = 8.7 Hz, 4H), 7.86 (d, ] = 5.1, 2H), 4.38 (s, 6H).

Compound-1: After compound-2 (0.2 g, 0.25 mmol) was coordinated
to Ru(DMSO),Cl, (0.0384 g, 0.03 mmol) in water (20 mL) at 100 °C, the
dark red solution was cooled to room temperature. Then, the solution
was treated with acetonitrile (50 mL) to recrystallization, and the target
product compound-1 (0.1g, 50 %) was filtered through vacuum filtration
as a dark-red solid, followed by washing with 50 mL acetonitrile. '"H NMR
(400 MHz, DMSO-dg): 6 10.70 (s, 6H), 9.09 (d, J = 7.0 Hz, 12H), 8.78
(m, 12H), 8.61 (d, ) = 6.8 Hz, 12H), 8.32-8.19 (m, 24H), 8.06 (d, ] = 8.6 Hz,
12H), 7.98 (d, J = 8.7 Hz, 12H), 7.86-7.85 (m, 6H), 437 (s, 18H).

A mixture of compound-1 (0.1 g, 0.04 mmol) and CB[8] (0.15948 g,
0.12 mmol) was stirred in 60 mL water and then refluxed for 24 h to
get a dark-red solution. The crystal of SMOF was obtained by slowly
evaporating the dark-red solution in room temperature. The solid crystal
of SMOF was obtained by slowly evaporating the dark-red solution in an
oil bath at 60 °C.

Synthesis of CdS QDs: The water soluble CdS QDs were prepared by a
modified solvothermal method.28l Typically, CdO (0.28 g; 99%, Aladdin)
was added into 1-octadecene (10 mL; >90.0%, Aladdin), and the mixture
was stirred and heated to 60 °C, after which oleic acid (1.8 mL; 85%,
Aladdin) was injected as a stabilizing ligand. The obtained mixture was
vacuumed to remove vapor and oxygen and then heated to 240 °C slowly
under a nitrogen atmosphere until CdO was completely dissolved. The
obtained light-yellow solution was vacuumed for =1 h to remove water at
110 °C. Then, (NH,),S (0.37 mL; 20% in H,0, Aladdin) dried by freshly
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activated 3 A molecular sieve (2.2 g) was dissolved in oleylamine (4 mL;
80-90%, Aladdin), which was injected to Cd(OA), precursor in 180 °C
for 10 min under stirring and cooled down to the room temperature in
a water bath. The product was washed by ethanol (295.0%; Sinopharm
Chemical Reagent Co., Ltd) and centrifuged at 8000 rpm for 5 min to
precipitate. After that, the products were washed by ethanol/hexane
(Vethanol: Vhexane = 2:1) and centrifuged in the same condition one more
time. The product was finally dissolved in hexane (297.0%; Sinopharm
Chemical Reagent Co., Ltd) for the subsequent use.

For phase transfer, mercaptopropionic acid (0.58 mL) was added to
ethanol (10 mL) and stirred for a few minutes. Tetramethylammonium
hydroxide was added to the solution until the pH was adjusted to 10. The
as-prepared CdS-OA hexane solution was mixed with mercaptopropionic
aCid/ethaHOI (Vmercaptopropionic acidzvethano\ = 120) and stirred vigorously
in dark for 2 h. The sublayer solution was washed by acetone (299.7%;
Sinopharm Chemical Reagent Co., Ltd) and centrifuged at 8000 rpm for
10 min to remove the remaining reagents. After repeated acetone addition
and centrifugation twice, the final product was dissolved in deionized water.

CdS-BF, was synthesized according to the previous literature with
modifications.?®l The as-prepared CdS-OA hexane solution was dried
in air and re-dispersed in CHCl;/DMF(Vcycs:Vome = 10:1) solution.
Trimethyloxonium tetrafluoroborate solution (1.0 m in CH3;CN, Aladdin)
was added until the particles precipitated. The prepared mixture was
centrifuged at 8000 rpm for 5 min and dried in air. The final obtained
particles were re-dispersed in DMF.

Determination of CdS QDs Concentration: The concentration of the
CdS QDs was measured through UV-vis spectrum and determined by
the equation reported previously.?°!

D=—(6.6521x10"%) 23 +(1.9557 x107) A2

~(9.2352x107%) A +(13.29) U
£=21536(D)** 2)
A=A, (hwhm),, /K (3)
A=ecCL (4)

where, D(nm) as the average size of CdS QDs was determined by the
first exciton absorption peak, A(nm), in UV-vis absorption spectrum.
The molar extinction coefficient (¢) was related to D(nm). The
concentration of CdS QDs was calculated using Lambert Beer Law. A
and A,, are the calibrated absorbance and the measured absorbance,
respectively. (hwhm)y is the half width at the half-maximum on the long
wavelength side of the first absorption peak. K is the average (hwhm)yy
of the standard samples used for the measurements. For CdS QDs, the
average (hwhm)yy values of the standard samples are 11.

Photocatalytic H, Evolution Measurement: The photocatalytic reaction
was carried out in a customized quartz cell. A series amount of SMOF
was dispersed into a 10 mL TEOA-H,0 solution (Vieop:Viao = 1:9)
containing CdS QDs (5.0 um), and the pH value of the mixture was
adjusted by adding HCl or NaOH. The system was sonicated for 1 h, and
de-aerated by Ar bubbling for 30 min before the photoreaction. Afterward,
the system was stirred continuously and irradiated with a solar simulator
(Asahi Spectra, HAL-320, output wavelength 350-1100 nm) having
a light intensity of =100 mW cm™. The gas products were analyzed
with an on-line gas chromatography (Fuli 9790plus) equipped with an
MS-5A column and a thermal conductivity detector, using high-purity Ar
(99.999%, Shanghai Dumaoai Purified Gas company) as a carrier gas.

TOF of the Catalysts: The TOF of the catalysts was calculated by the
following equation:

Vi
TOF = 2
© n(catalyst) ()

where, Vy, is the H, evolution rate (mol h™), n (catalyst) is the mole
amount of the catalyst (mol).
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STH Conversion Efficiency Calculation: STH was calculated by the
following equation:

Vi, X AG
STH= 57— x100% (6)
where, Vi, is the H, evolution rate (mol s™), AG is Gibbs free energy per
mol of H, (at 25 °C, AG = 237.4 k] mol™), P (mW cm™) is the intensity
of the irradiation light, and A (cm?) is the irradiation area.

AQY Calculation: AQY was calculated by the following equation:

2Ry, X Ny
AQY = —N (7)
where, Ry, is the H, evolution rate (mol s™), Ny is Avogadro constant, N
is the number of incident photons per second.

Physical Characterizations: The sample morphology was studied by
TEM. TEM was carried out using a Tecnai G2 F20 S-Twin (FEI Company)
at 200 kV accelerating voltage. The microscope was equipped with an
EDX detector for elemental analysis. 'H nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker 400WB Avance Il (400 MHz)
NMR spectrometer at room temperature. UV-vis characterizations
were performed on a Perkin Elmer Lambda 650S UV-vis spectrometer.
Optical properties were also studied by PL spectrum (Agilent Cary
Eclpse Fluorescence Spectrophotometer with an excitation wavelength
of 220 nm for CdS QDs and 450 nm for SMOF). The Mott-Schottky plot
was recorded on the Biologic VSP-300 electrochemical workstation in a
standard three-electrode system with the photocatalyst-coated FTO as
the working electrode, Pt plate as the counter electrode, and a Ag/AgCl as
a reference electrode. 0.1 M Na,SO, solution was used as the electrolyte.
For SMOF, to prepare the working electrode, the as-synthesized samples
(1.0 mg) were added into 1 mL deionized water containing 20 uL Nafion
solution (5 wt%), and the working electrodes were prepared by dropping
the suspension (60 uL) onto a 1x 1.5 cm? FTO glass substrate electrode
surface and dried at room temperature. The transient PL measurements
were tested on an assembled device with a Q-smart 450 and Opotek
Magic Prism laser, and a Unisoku USP-MD308-PMT-A detector. For
detail, quartz reaction cell sealed with rubber stopper containing 4 mL
SMOF (1 x 10° M) and 4 mL CdS (5 x 10® M)@SMOF (1 x 107 m)
was bubbled with N, for 1.0 h respectively, then excited by laser with an
excitation wavelength of 450 nm.

The SPV measurement was carried out based on the lock-in amplifier.
And the SPV spectra in the experiments were measured as the in-phase
signals (Uxsignal). Herein, the measurement system consisted of a
source of monochromatic light, a lock-in amplifier (SR830, Stanford
Research Systems, Inc.) with a light chopper (SR540, Stanford Research
Systems, Inc.), and a sample chamber. The monochromatic light was
provided by a 500 W xenon lamp and a monochromator (SBP500, Zolix),
which was chopped with a frequency of 23 Hz.

The SAXS data were collected on BL19U2 at the Shanghai
Synchrotron Radiation Facility with a wavelength of 0.1033 nm (energy
12 keV) and a beam size of 0.30 x 0.05 (H x V) mm? A cylindrical
quartz glass capillary of 1.5 mm diameter with a peristaltic flow cell
was used for automatically sample mounting. An evacuated flight
tube was used to cover the sample-to-detector distance of 2.21m.
A motorized beam stop was placed inside the flight tube. A Dectris
Pilatus 1M Detector (172 x 172 um pixel size) was used. The exposure
time was 0.5s for each sample. 1D scattering—intensity profiles I(q)
were obtained from circularly averaging the 2D scattering patterns and
the corresponding structure factors S(q) for the studied structures:
q = 4nsin6/ A, where 26 is the scattering angle and A is the wavelength
of the X-ray.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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