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ABSTRACT: Pt nanoparticles of 2—3 nm and 5—6 nm in
diameter were loaded into stable, porous, and phosphor-
escent metal—organic frameworks (MOFs 1 and 2) built
from [Ir(ppy),(bpy)]*-derived dicarboxylate ligands (L,
and L,) and Zrg(u;-O)4(u5-OH),(carboxylate),, secon-
dary building units, via MOF-mediated photoreduction of
K,PtCl,. The resulting Pt@MOF assemblies serve as
effective photocatalysts for hydrogen evolution by
synergistic photoexcitation of the MOF frameworks and
electron injection into the Pt nanoparticles. Pt@2 gave a
turnover number of 7000, approximately five times the
value afforded by the homogeneous control, and could be
readily recycled and reused.

Metal—organic frameworks (MOFs) have emerged as an
interesting class of porous crystalline materials that can
be easily functionalized at the molecular level.' The coexistence
of intrinsic porosity and functionality enables their applications
in a variety of fields such as gas storage and separation,” dru

delivery,3 bioimaging,4 chemical sensing,5 and catalysis.

Functional entities can be built into MOF frameworks (walls)
either as bridging ligands’ or as secondary building units
(SBUs).® They can also be tethered onto MOF walls via
postsynthetic modifications.” Functional entities can also be
assembled inside the internal channels or cavities of MOFs as
counterions or as trapped nanoparticles (NPs).'* In particular,
metal NPs have been incorporated into MOFs through
chemical vapor deposition,'" liquid/incipient wetness impreg-
nation,? solid grinding,B and microwave irradiation'* to form
metal@MOF hierarchical assemblies. Such a versatile variety of
functionalization methods makes it possible to incorporate
multiple functional entities into the same MOF to enable
synergistic functions."

We are interested in using photoactive framework materials
as a new platform to integrate different functional components
that are needed for solar energy conversion.'® Photocatalytic
hydrogen generation is an essential half reaction in water
splitting, which converts sunlight energy into the chemical
potential of hydrogen molecules.'”” A visible light-driven
photocatalytic hydrogen evolution system often requires two
components—the phosphor to harvest sunlight and the catalyst
to produce hydrogen using the harvested energy. Bernhard et
al. pioneered the use of [Ir(ppy),(bpy)]* (ppy = 2-phenyl-
pyridine; bpy = 2,2"-bipyridine) and its derivatives as photo-
sensitizers to drive photocatalytic hydrogen evolution with Pt
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NPs.'® We report here the design of synergistic hydrogen
evolution photocatalysts based on Pt NP@MOF assemblies. Pt
NPs were loaded into the cavities of phosphorescent MOFs (1
and 2) to enable efficient photocatalytic H, evolution via
photoinjection of electrons from the light-harvesting MOF
frameworks into the Pt NPs. The Pt@2 assembly showed a
much enhanced (~five times) hydrogen evolution efficiency
compared to the homogeneous control and could be readily
recycled and reused by centrifugation.

The [Ir(ppy),(bpy)]Cl-derived dicarboxylic acids H,L; and
H,L, were synthesized by treating [Ir(ppy),Cl], with diethyl
(2,2-bipyridine)-5,5"-dicarboxylate (Et,L,) and dimethyl (2,2-
bipyridine)-S,5"-dibenzoate (Me,L,), respectively, followed by
base-catalyzed hydrolysis (Supporting Information [S1])."%* We
targeted the synthesis of UiO frameworks built from a linear
dicarboxylate ligand and the Zrg(u;-0),(ps-
OH),(carboxylate),, SBU in this work because of their high
chemical stability.19 As reported previously,léa Zrg(u3-0), (15
OH),(bpdc)ses(L;)g0s (MOF-1) was prepared by doping the
L, ligand into the UiO-67 framework with biphenyldicarbox-
ylate (BPDC) as the bridging ligand at ~2 wt % loadings, by
taking advantage of the matching length of L; and BPDC
(Scheme 1). Intergrown octahedral nanocrystals of 1 of ~200
nm in dimensions (Figure 2a) were used for hydrogen
evolution studies. 1 is highly porous with a BET surface area
of 1194 m?/g and an average pore size of 6.7 A (SI).

MOF-2 was synthesized by treating H,L, with ZrCl, in DMF
at 100 °C for 3 days. Cuboctahedron-shaped single crystals of
2, approximately 0.02 mm in each dimension, were obtained
and used for X-ray diffraction studies.”® 2 adopts the UiO
framework structure of the fcu topology by connecting the
Zrg(u3-0),(1;-OH) ,(carboxylate);, SBUs with the linear L,
linker (Figure 1a,b). Because of the steric bulk of the L, ligand,
a noninterpenetrated structure was obtained, with a 71.4% void
space as calculated by PLATON and a triangular open channel
with a 1.6 nm edge length and an octahedral cavity with a
diameter of 1 nm. The disordered nature of the solvent
molecules and counterions in the MOF channels prevents their
identification by X-ray crystallography. The solvent molecules
and counterions were instead determined by a combination of
TGA and NMR studies (SI), which gave the overall formula of
Zrg(413-0)4(3-OH) 4 (L,)s-64DMF for 2. Nitrogen adsorption
measurements on 2 indicated zero surface area. Powder X-ray
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Scheme 1. Synthesis of Phosphorescent Zr-Carboxylate
MOFs (1 and 2) of the fcu Topology and Subsequent
Loading of Pt NPs inside MOF Cavities via MOF-Mediated
Photoreduction of K,PtCl, to Form the Pt@1 and Pt@2
Assemblies
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diffraction (PXRD) studies indicated severe framework
distortion for 2 upon solvent removal (SI), a process that is
common for MOFs with large open channels.*' The porosity of
2 was instead ascertained by dye uptake measurements. 2
exhibited an approximately 75 wt % uptake of both Brilliant
Blue R-250 and Crystal Violet (SI).

The [I'"'(ppy),(bpy)]* moiety in 1 and 2 can be excited by
visible light to a 'MLCT excited state, which efficiently
transitions to a MLCT state through intersystem crossing.
The long-lived "MLCT state then returns to the ground state to
lead to phosphorescence emission (Figure S14 inset). Time-
resolved emission measurements revealed the weighted lifetime
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Figure 1. Stick-polyhedron model of the crystal structure of 2, as
viewed along the [100] direction (a) and showing an octahedral cavity
(b), represented by a red ball with a diameter of 1 nm; PXRD patterns
of (c) Pt@1(red), 1 (blue), the idealized UiO-67 framework (black),
and (d) 2 (black), Pt@2 with different Pt/Ir ratios (3.5, blue; 7, green;
11, purple), and the idealized framework of 2 (red).
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of the SMLCT state of 1 to be 51.8 ns (vs 11.1 ns for Et,L;)
and that of 2 to be 110.3 ns (vs 89.0 ns for Me,L,) (Figure
S14). We believe the longer emission lifetimes of MOFs than
those of corresponding ligands are due to the rigidity of the
MOF frameworks.

Pt NPs were loaded into the cavities of 1 and 2 by in situ
photoreduction of K,PtCl,. A mixture of K,PtCl, and the MOF
powder in a mixed solvent of tetrahydrofuran (THF)/
triethylamine (TEA)/H,0 (20/1/1 v/v/v) was degassed by
bubbling N, through for 10 min before being placed in front of
a 450 W Xe-lamp with a 420 nm cutoff (long pass) filter. TEA
can reductively quench the photoexcited [Ir'(ppy),(bpy)]**
to generate the reduced radical [I'''(ppy),(bpy®~)] which can
reduce K,PtCl, to form Pt NPs in the homogeneous systems.'®
We found that K,PtCl, could be photoreduced by the
ultraviolet (UV) light from the Xe-lamp in the absence of Ir-
phosphors via direct UV light absorption by K,PtCl,. We
placed a 420 nm cutoff filter in front of the Xe-lamp to reliably
control the formation of Pt NPs only inside MOF cavities.

The formation of Pt@MOF assemblies is supported by the
following observations. Upon Pt loading, the color of the MOF
powders changed from reddish-orange to brown or black due to
the plasmonic absorption of Pt NPs.** Diffuse reflectance
spectra of the Pt@MOF samples are shown in Figure 3b. Pt
NPs with diameters of 2—3 nm and 5—6 nm were formed
inside the cavities of 1 and 2, respectively, as revealed by high-
resolution transmission electron microscopy (HRTEM)
(Figure 2). The fact that the Pt NP sizes are larger than

10 nm

10 nm

Figure 2. TEM images of Pt@1 (a and c) and Pt@2 (b and d). The
black dots in (c) and (d) are Pt NPs.

those of the MOF cavities indicates partial MOF framework
distortion/degradation during Pt NP formation; this phenom-
enon has been commonly observed for metal@MOFs.'"*
Energy dispersive X-ray spectroscopy (EDS) confirmed the
presence of Pt in the samples (SI). The amounts of Pt NPs in
the samples were quantitatively determined by inductively
coupled plasma-mass spectrometry (ICP-MS). As 2 possesses a
more open framework structure and contains a much higher
concentration of Ir-phosphor than 1, much higher loadings of
Pt were incorporated into 2 when the same amount of K,PtCl,
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was used in the reactions. The Pt@2 samples reached a plateau
Pt/Ir molar ratio of 40, corresponding to 240 Pt atoms per
Zr(p3-0),4(p5-OH),(carboxylate),, SBU and a filling of 47% of
the void volume of 2. In comparison, the Pt@1 samples showed
a maximum Pt/Ir ratio of 53 (corresponding to 3 Pt atoms per
SBU). The drastically different Pt loadings in 1 and 2 correlate
well with the different Ir-phosphor loadings of the two MOFs.

PXRD patterns of Pt@1 showed that the framework
structure of 1 was retained upon the loading of Pt NPs (Figure
1c). On the other hand, peaks in the PXRD patterns of Pt@2
gradually broadened with increasing Pt loadings, indicating
significant structural distortion caused by the NPs in the MOF
channels (Figure 1d). Peaks due to Pt NPs at 39.7° and 46.4°
also became more pronounced in the PXRD patterns as the Pt
loadings increased. Different structural impacts of Pt NPs on 1
and 2 are consistent with the higher Pt loadings and larger
MOF cavity/Pt NP sizes of Pt@2 compared to those of Pt@1.

The in situ generated Pt@MOF assemblies were examined
for their photocatalytic activities for hydrogen evolution using
visible light (>420 nm). The [I'''(ppy),(bpy"™)] radicals
generated by TEA-mediated photoreduction can transfer
electrons to the Pt NPs to reduce protons for hydrogen
production. The amounts of hydrogen generated were
quantified by GC analysis of the headspace gas in the reactor
using methane gas as the internal standard. The amount of
K,PtCl, added in the suspension was optimized for the Pt@
MOFs to generate the largest amount of hydrogen in 6 h (SI).
Under the optimized conditions, the Pt/Ir ratio in the MOF
sample was determined by ICP-MS to be 18.6 and 17.8 for Pt@
1 and Pt@2, respectively. The highest hydrogen evolution
turnover number (TON) for each MOF based on Ir phosphors
(Ir-TON) in 6 h is 730 and 1620 for Pt@1 and Pt@2,
respectively. The assembled Pt@MOFs can be recovered from
the solution by centrifugation after the reaction and used again
for hydrogen evolution in a fresh solution without adding
additional K,PtCl,. The Ir-TONSs of the recovered catalysts are
only slightly lower than those of the first run (Table 1). The

Table 1. Pt@MOFs as Photocatalyst for Hydrogen
Evolution”

entry catalyst Ir-TON? Pt-TON
1 Pt@1 (Ist run) 730 392
2 Pt@1 (2nd run) 633 34.0
3 Pt@1 (3rd run) 624 33.5
4 Pt@1 (4th run) 740 39.8
S Pt@2 (1st run) 1620 90.9
6 Pt@2 (2nd run) 1500 84.1
7 Pt@2 (3rd run) 990 55.6
8 Pt@2 (4th run) 1380 77.5

“Hydrogen evolution reactions were carried out for 6 h using a 450 W
Xe-lamp with a 420 nm cutoff filter. “Ir-based turnover number (Ir-
TON) is defined as n(1/2H,)/n(Ir).

catalysts could be recycled and reused at least three times. ICP-
MS analysis of the supernatant solution in the second reaction
run of the recovered Pt@2 sample showed only 2.0% of the Ir
and 0.5% of the Pt leaching into the solution during the run. A
control experiment without addition of the MOF or K,PtCl, in
the solution showed no hydrogen evolution under the same
experimental conditions (SI), although K,PtCl, solution alone
under UV light did exhibit very modest photocatalytic activity
for hydrogen production (SI). TEA also proved to be a

7213

necessary sacrificial reductant in the reaction (SI), and the
absence of hydrogen in the headspace of the reaction in the
dark confirmed the photocatalytic nature of the reaction (SI).

To determine the total turnover number of the Pt@MOFs,
time-dependent hydrogen evolution experiments were carried
out over 48 h. As shown in Figure 3d, Pt@1 and Pt@2 samples
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Figure 3. (a) Scheme showing the synergistic photocatalytic hydrogen
evolution process via photoinjection of electrons from the light-
harvesting MOF frameworks into the Pt NPs. The red balls represent
Zr(O),(OH),(carboxylate),, cores, while the green balls represent
the Ir-phosphor ligand of the MOF. (b) Diffuse reflectance spectra of
1 (red), Pt@ 1 (black), 2 (purple), and Pt@2 (blue). A photograph of
suspensions of these samples is shown in the inset. (c) Relationship
between the amount of K,PtCl, added in the reaction solution and the
amount of Pt deposited inside the MOF (normalized to the amount
of) for Pt@1 (red) and Pt@2 (black). (d) Time-dependent hydrogen
evolution curves of Pt@1 (green), Pt@2 (red), and homogeneous
control [Ir(ppy),(bpy)]Cl/K,PtCl, (blue and black for different Pt/Ir
ratios) under optimized conditions (Pt/Ir ratios in solution/
suspension for Pt@1 and its homogeneous control is 86.0; Pt/Ir
ratios in solution/suspension for Pt@2 and its homogeneous control is
24.2; stirring rate for all reactions was 1000 rpm).

gave a total Ir-TON of 3400 and 7000, respectively. These Ir-
TONs are 1.5 and 4.7 times the values afforded by the
homogeneous controls [Ir(ppy),(bpy)]Cl/K,PtCl, under their
respective conditions (2200 and 1500, respectively). We believe
that the enhanced photocatalytic hydrogen evolution activities
of Pt@MOFs are due to more efficient electron transfer from
the unstable [Ir'™(ppy),(bpy*~)] species to Pt NPs which not
only increased hydrogen reduction rates but also slowed down
the decomposition of the Ir complexes. ICP-MS of the
supernatant solution of the Pt@2-catalyzed reaction after 48
h showed that 25.6% of the Ir leached into the solution,
indicating the decomposition of the Ir-complex during the 48 h
reaction. The photochemical quantum vyield of the Pt@2-
catalyzed reaction driven with 440 nm light was determined to
be (56 + 04) x 107% much higher than that of the
homogeneous control [(3.0 + 0.4) X 107% SIJ.

In summary, we have successfully loaded Pt NPs into the
cavities of two stable, porous, phosphorescent UiO MOFs built
from Ir-phosphor-derived linear dicarboxylate linkers and
Zrs(p5-0)4(u3-OH),(carboxylate),, SBUs. The Pt@MOF

dx.doi.org/10.1021/ja300539p | J. Am. Chem. Soc. 2012, 134, 7211-7214



Journal of the American Chemical Society

Communication

assemblies serve as highly efficient photocatalysts for hydrogen
evolution with both higher turnover frequencies and higher
turnover numbers than those of the homogeneous analogs, as a
result of facile electron transfer from the photoreduced Ir
phosphor to the entrapped Pt NPs. MOFs thus provide a
versatile and tunable platform to hierarchically integrate
different functional components for solar energy utilization.
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