GDCh
~~

Hydrogen Evolution

Zuschriften

Deutsche Ausgabe: DOI: 10.1002/ange.201600431
Internationale Ausgabe: DOI: 10.1002/anie.201600431

Hierarchical Integration of Photosensitizing Metal-Organic
Frameworks and Nickel-Containing Polyoxometalates for Efficient
Visible-Light-Driven Hydrogen Evolution

Xiang-Jian Kong, Zekai Lin, Zhi-Ming Zhang, Teng Zhang, and Wenbin Lin*

Abstract: Metal-organic frameworks (MOFs) provide a tuna-
ble platform for hierarchically integrating multiple compo-
nents to effect synergistic functions that cannot be achieved in
solution. Here we report the encapsulation of a Ni-containing
polyoxometalate (POM) [Ni,(H,0),(PW,0;,),]"" (Ni,P,)
into two highly stable and porous phosphorescent MOFs.
The proximity of NiP, to multiple photosensitizers in
Ni,P,@MOF allows for facile multi-electron transfer to
enable efficient visible-light-driven hydrogen evolution reac-
tion (HER) with turnover numbers as high as 1476. Photo-
physical and electrochemical studies established the oxidative
quenching of the excited photosensitizer by NiP, as the
initiating step of HER and explained the drastic catalytic
activity difference of the two POM@MOFs. Our work shows
that POM@MOF assemblies not only provide a tunable
platform for designing highly effective photocatalytic HER
catalysts but also facilitate detailed mechanistic understanding
of HER processes.

M etal-organic frameworks (MOFs) have attracted consid-
erable attention for their unprecedentedly high surface areas
and well-defined pore structures that can be readily tuned via
judicious selection of bridging ligands and metal-connecting
nodes.!"?! In particular, potential applications of MOFs in gas
storage and separations have been extensively studied in the
past decade.”? By introducing catalytically competent moi-
eties via either the bridging ligands or the metal-connecting
nodes, MOFs have also emerged as a new class of recyclable
and reusable single-site solid catalysts for a broad range of
organic transformations.**! Encapsulation of metal and
metal-oxide (such as Au, Pd, Pt, ZnO) nanoparticles in
MOF cavities has recently been demonstrated to be another
effective strategy for preparing heterogeneous catalysts with
high activities.[*”!

Photocatalytic hydrogen evolution reaction (HER) is an
essential half reaction of water splitting,®*! in which effective
generation of charge-separated excited states (electron-hole
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pairs) is followed by facile transfer of the electrons to HER
centers to reduce proton to hydrogen.'”! Recent studies have
shown the feasibility of integrating the two essential compo-
nents—the photosensitizer and the HER catalyst—into
MOFs to enable light-driven proton reduction."'™¥! For
example, by loading noble metal Pt nanoparticles into the
cavities of a photosensitizing MOF, we showed that the
Pt@MOF system facilitated electron injection from the MOF
framework to the encapsulated Pt nanoparticles to enable
photocatalytic proton reduction with a high turnover number
of ca. 7000.1"”

As a large family of nano-sized inorganic clusters with
oxygen-rich surfaces, polyoxometalates (POMs) can readily
undergo multi-electron reduction and oxidation processes,
thus representing excellent candidates as HER and water
oxidation catalysts.'#1 In order to transition to HER
catalysts based on earth-abundant elements, we recently
used the noble-metal-free Wells-Dawson POM [P,W;O,]*"
as the electron acceptor to construct the POM@MOF
molecular catalytic system for photocatalytic HER.'®! The
[P,Ws04,]@MOF system enabled visible-light-driven HER
as a result of fast six-electron injection from multiple [Ru-
(bpy)s]*" ligands to each encapsulated [P,W3O¢,]*" cluster,
but at a modest TON of 79. In this system, methanol functions
as a sacrificial donor, which is interesting with few literature
precedents.'!  Transition-metal-substituted POMs have
recently been shown to possess higher visible-light photo-
catalytic activity, because of their extensive tunability, rich
redox chemistry, and synergism between the heterometallic
ions.!'!8] Herein we report the design of a highly effective
photocatalytic HER system by encapsulating Ni-containing
POM [Niy(H,0),(PWy03,),]"" (NiyP,) into [Ir(ppy),(bpy)] -
derived UiO-MOF (ppy is 2-phenylpyridine and bpy is 2,2-
bipyridine). We also carried out detailed photophysical and
electrochemical studies to establish the HER mechanism and
to account for the catalytic activity difference between two
different Ni,P,@MOFs.

The [Ir(ppy),(bpy)]*-derived dicarboxylic acid (H,L,) or
[Ru(bpy);]**-derived dicarboxylic acid (H,L,) was synthe-
sized as reported previously.">!>) MOF-1, formulated as
[Zrs(1s-O)4(1s-OH)4(Ly)e]- (CF5CO,)s, and MOF-2, formu-
lated as [Zrs(13-O)4(15-OH),(L,)6]- (CF;CO,),,, were obtained
by treating ZrCl, and H,L,/H,L, in DMF at 100°C for 72 h.
Ni,P,@MOF-1 (1a-1f) and Ni,P,@MOF-2 (2a-2f) were
prepared via in situ assembly by heating a mixture of ZrCl,,
H,L/H,L, and Ni,P, at different molar ratios. Powder X-ray
diffraction (PXRD) studies show that both MOF-1 and MOF-
2 adopt UiO structures with large tetrahedral and octahedral
cavities (Figure 1)."”) Based on charge balance, six and twelve
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Figure 1. a) Chemical structures of H,L; and H,L,. b) Polyhedral view
of the structure of [Ni,(H,0),(PW,03,),]"°" (NisPy). c) Structural model
of Ni,P,@MOF as viewed along the [1,1,1] direction. d) Structural
model showing unoccupied tetrahedral cavities and the central Ni,P,-
loaded octahedral cavity.

CF;CO,™ anions per molecular formula are present in the
cavities of MOF-1 and MOF-2, respectively. The large
cationic polyhedral cavities in the UiO structures are ideally
suited for the encapsulation of the anionic Ni,P, POM. As the
Ni P, loading increased, the strong diffraction peaks at 26 =
3.96 and 7.92° became weaker while the weak diffraction
peaks at 20 =4.56, 6.56 and 7.56° became stronger in 1a-1f
(Figure 2). A similar trend was also observed for 2a-2 f. Since
the tetrahedral cage of 1.4nm is smaller than the large
dimension of the Ni,P, POM (1.6 nm), only octahedral cages
(2.2nm) can encapsulate Ni,P, POMs (Figure S3 in the
Supporting Information). The selective encapsulation in
octahedral cages is supported by the similarity between the
observed and simulated PXRDs of the POM@MOF (Fig-
ure 2a).

The loadings of Ni,P, in Ni,P,@MOF-1 and Ni,P,@MOF-
2 were quantified by inductively coupled plasma-mass
spectrometry (ICP-MS). The Ni,P, loadings were in the
range of 0.005-0.34 for 1a-1f and 0.008-0.53 for 2a-2f per
molecular formula (calculated based on the ratio of W s/Zry,
Table S3). Thermogravimetric analysis results for 1a-1f and
2a-2f (Figures S6 and S7) were consistent with these load-
ings. The stability of Ni,P, during the POM@MOF synthesis
was supported by electrospray ionization-mass spectrometry
(ESI-MS) (Figure S4). The observed peaks are consistent
with the calculated mass for POM-related species (Table S4),
suggesting the chemical stability of Ni,P, during Ni,P,@MOF
synthesis.

The integration of the photosensitizing MOF framework
and the POM catalyst allows for facile electron transfer to
enable photocatalytic proton reduction. The visible-light-
driven (4 >400 nm) HER catalytic activities of NiyP,@MOFs
were studied in an acidic aqueous solution (pH 1.2) with
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methanol as the sacrificial electron donor. The amounts of H,
generated were quantified by gas chromatography analysis of
the headspace gas in the reactor. H, production increased
linearly with time at a rate of 4.4 mmolh ™' g~ with respect to
[Niy(H,0),(PW,05,),]'*~ for 1a (Figure 2c). The turnover
number (TON) [defined as n(1/2H,)] reached 1476 in 72 h
irradiation. The HER TON of 1a-1d inversely depended on
the Ni P, loading in the POM@MOF, which is consistent with
the need of injecting multiple electrons in the HER process
(Figure S8).

The Ni,P,@MOF-1 catalyst was recovered and used for
photocatalytic HER for three times with only a slight
decrease of TON (346 453, 329477, 297 +65; Figure S9).
ICP-MS studies showed that only 0.2% Ir leached into the
solution after 20 h photocatalytic HER. Transmission elec-
tron microscope (TEM) images of Ni,P,@MOF-1 remained
unchanged before and after photocatalysis (Figure S10),
whereas PXRD patterns of the solid recovered after 20 h
reactions were similar to those of the pristine Ni,P,@MOF-
1 catalyst (Figure 2d). We also performed elemental mapping
and EDX studies of POM elements of Ni,P,@MOF before
and after photocatalytic experiments. As shown in Fig-
ure S11-S13, the W, Ni, P elements are uniformly distributed
throughout the microcrystals, suggesting the stability of Ni,P,
during the POMOF synthesis and the photocatalytic HER
reaction. Ni,P,@MOFs before and after photocatalytic
experiments were digested and analysed with ESI-MS to
confirm the stability of NiyP, (Table S4-S5, Figure S4-S5).
Control experiments using MOF-1 without encapsulated
Ni,P, and homogeneous mixtures of [Ni,(H,0),(PW,05,),]""~
and Me,L; produced only trace amounts of H, (with TONs
<13 and 2) after 20 h of visible-light irradiations. These
results indicate that the Ni,P,@MOF-1 catalyst is stable and
the hierarchical organization of the photosensitizing frame-
work and the Ni,P, POM in Ni,P,@MOF-1 is responsible for
the high photocatalytic HER. The actinometric measurement
with 460 nm light irradiation showed that 1a has a modest
quantum efficiency (QE) of 2x 107°.

The [Ru(bpy);]*'-derived Ni,P,@MOF 2a-2d were also
used in photocatalytic H, production experiments. To our
surprise, 2a-2e only gave trace amounts of H, after 20 h
visible-light irradiations under the same photocatalytic con-
ditions as 1a (Table S6). The HER TONSs are <3 for 2a and
<1 for 2b-2e. This background-level TON values indicates
that the [Ru(bpy),]*"-derived Ni,P,@MOF-2 are inactive for
photocatalytic HER.

To investigate the HER mechanism, we studied electron
transfer processes by luminescence quenching and lifetime
measurements. The photosensitizer excited state can be
quenched either reductively (by the methanol electron
donor) or oxidatively (by the NiyP, electron acceptor),
which can be ascertained by measuring the luminescence of
Me,L; and Me,L, with added methanol or Ni,P,. As shown in
Figure 3¢ and 3d, the luminescence of Me,L; was efficiently
quenched by Ni P, but was not affected much by the added
methanol, suggesting that the first step of photocatalytic HER
mainly occurs via electron transfer from the photosensitizer
excited state to Ni,P, (i.e., oxidative quenching) but not via
electron transfer from methanol to the photo-generated
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Figure 2. a) Predicted and experimental PXRD patterns of MOF-1 and Ni,P,@ MOF-1 (1a-1f). b) Predicted and experimental PXRD patterns of
MOF-2 and Ni,P,@MOF-2 (2a-2f). c) Time-dependent TONs of 1a with methanol as the sacrificial electron donor in aqueous solution (pH 1.2)
under visible-light (A >400 nm) irradiations. d) PXRD of 1a before and after photocatalytic reaction.

electron-hole pair of the photosensitizer (i.e., reductive
quenching). This oxidative quenching mechanism is further
supported by time-resolved photoluminescence measure-
ments of MOF-1, 1a-1f, MOF-2, and 2a-2f. As shown in
Table S8, MOF-1 exhibited a lifetime of 201 ns upon excita-
tion at 405nm, consistent with the long-lived *MLCT
phosphorescence emission. The lifetimes are 154, 166, 166,
142,133, and 74.8 ns for 1a—-1f. Lifetimes of the ligand Me,L;
and homogeneous solutions of Me,L; and Ni,P, are 77.9, 77.8,
77.6,76.9,75.4, 68.9 and 59.4 ns, respectively. Comparisons of
lifetime decreases of NiZP,@MOFs and corresponding homo-
geneous solutions caused by the quencher indicate that
Ni/P,@MOF exhibited enhanced quenching, which can be
attribute to the facile electron transfer from the excited
photosensitizer to the POM due to their proximity to each
other.

Cyclic voltammograms (CVs) of the photosensitizer and
Ni P, were studied to provide additional insights into the H,
production mechanism. Ni,P, shows two reversible reduction
peaks at —0.37 and —0.55V vs. NHE and an irreversible
catalytic peak with an onset potential of —0.65 V (Figure 4),
suggesting that the H, production commences upon the
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injection of three electrons. This is supported by differential
pulse voltammetry which showed a proton reduction peak at
—0.66 eV for NigP, (Figure 4b). Based on these experimental
data, we propose the photocatalytic HER mechanism in
Scheme 1 for Ni,P,@MOF-1. Under the visible-light irradi-
ation, the ligand [Ir(ppy).(bpy)]" will be excited to the
[Ir(ppy).(bpy)]|™* excited state, which can transfer one

hv .
m(ppy)z(bpy)] on

[Ir(ppy)2(bpy)l* AE,| | (AE'

H,

POM™ 20
AE; [Ir(ppy),(bpy)l**

CH,O
MeOH

Scheme 1. Proposed catalytic cycle for visible-light-driven hydrogen
evolution catalyzed by Ni,P, @ MOF-1.
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Figure 3. a) Schematic showing the injection of three electrons to the same Ni,P, upon photoexcitation of the MOF framework to enable proton
reduction. b) Normalized luminescence decay trace of Ni,P,@MOF-1a and MOF-1 measured at the 625 nm emission wavelength (with 405 nm

excitation) in CH;CN; the emission decays were fit to exponential expression A=A, +Ae

~7_ The fitted curve is marked in red. c,d) Emission

spectra of Me,L, (0.05 mwm) after the addition of different amounts of Ni,P, (c) and 300 uL MeOH (d) in CH;CN with 405 nm excitation.

electron to the Ni;P, POM to generate [Ir(ppy),(bpy)]*'.
After each POM has accepted three electrons, the [POM]*~
can drive the proton reduction to generate H,. The [Ir(ppy)-
(bpy)]*" can be reduced back to the [Ir(ppy)(bpy)]" by the
MeOH sacrificial donor to complete the catalytic cycle. We
quantified the amount of formaldehyde formed from the
oxidation of methanol by gas chromatography-mass spec-
trometry (GC-MS).”"! After 20 hours of visible-light irradi-
ation, the POM@MOF-1a produced 0.27 umol of formalde-
hyde, which is consistent with the expected value of 0.24 umol.

CV scans showed that Me,L; and Me,L, displayed
oxidation peaks at 1.38 and 1.34 eV, respectively (Figure 4c).
As shown in Figure 4d, Me,L, and Me,L, exhibits lumines-
cence emission peaks at 598 nm and 633 nm, respectively.
These correspond to energy gaps between the photosensitizer
excited state and ground state of 2.08 and 1.96 eV for Me,L,
and Me,L,, respectively. Based on the energy loop as shown in
Scheme 1, the energy difference AE' between [Ir(ppy),-
(bpy)]™" and [Ir(ppy).(bpy)]*" is 1.38-2.08=-0.70¢V,
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which is negative enough (compared to —0.65 eV for proton
reduction by NiyP,) to drive the H, production. In contrast,
the energy gap AE’ between [Ru(bpy),(bpy)]*"" and [Ru-
(bpy),(bpy)’*" is 1.34-1.96 = —0.62 eV, which is not negative
enough to drive H, production by Ni,P,. This analysis thus
explains why 2a-2 f are inactive for photocatalytic HER with
methanol as the sacrificial electron donor.

In summary, we have successfully encapsulated tetra-
nickel-containing Niy;P, POMs into the pores of phosphor-
escent MOFs built from [Ir(ppy),(bpy)]" and [Ru(bpy);]*'-
derived dicarboxylate ligands. Visible-light-driven hydrogen
evolution experiments show that the proximity of Ni,P, to
multiple photosensitizers in Niy,P,@MOF is key to facile
multi-electron transfer and efficient HER. Photophysical and
electrochemical studies established the oxidative quenching
of the photosensitizer excited state by Ni,P, as the initiating
step of HER and explained the drastic catalytic activity
difference between the two POM@MOF systems. Hierarchi-
cally organized POM@MOF assemblies thus not only provide

Angew. Chem. 2016, 128, 65216526


http://www.angewandte.de

. An dte
GDvCh Zuschriften Chemie
40- a) 120 b)
g 80
= 20
c
£
5] 40
04
T T 0= . ; ; . . .
0.0 0.4 -0.8 0.0 -0.4 -0.8 -1.2
Potential (v) vs. NHE Potential (v) vs. NHE
120
d) S _— M92L1
1}
/‘ \v Me2L2
—Me,L,
80
‘:t; - - -Me,,
-
c
£
s 404
(&]
0 T T T T T T T T T T
1.2 0.8 0.4 0.0 500 600 700

Potential (v) vs. NHE

Wavelength/nm

Figure 4. a) Cyclic voltammograms (CVs) of 0.2 mm Ni,P, in a 2m NaCl aqueous solution (pH 1.2). b,c) Differential pulse voltammetry (DPV) of
0.2 mm Ni,P, (b) and 0.2 mm Me,L, and Me,L, (c) in a 2m NaCl aqueous solution (pH 1.2) with a scan rate of 100 mVs™". d) Emission spectra of
Me,L, and Me,L, in aqueous solution (pH 1.2) with 360 nm excitation for Me,L, and 400 nm excitation for Me,L,.

a tunable platform for achieving synergistic functions from
multiple components but also facilitate mechanistic studies of
these processes.
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