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Abstract Metal-Organic Frameworks (MOFs) have
attracted increasing attention for the creation of solid-state
platforms for catalysis applications. In this review article,
we present strategies to employ MOF-based materials in
photochemical hydrogen production. The scope ranges
from the incorporation of single functions (catalyst or
photosensitizer) to multifunctional MOFs that combine
both light-harvesting and catalysis in one scaffold.
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1 Introduction

Hydrogen is a carbon neutral energy carrier that can be
formed by reduction of water. As such it is considered to
take a central role in future energy storage and supply
[1, 2]. The use of sunlight for the direct conversion of water
into fuel is envisioned as essential process for sustainable
production of hydrogen [3-5]. Metal-Organic Frameworks
(MOFs) are a class of highly porous materials with
exceptionally high surface area. Among many applications,
they are being used for gas separation and storage [6, 7],
chemical sensing [8], drug-delivery [9, 10] and various
fields in catalysis [11-13]. Especially in the context of
catalysis, MOFs continue to obtain increasing attention
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since they offer a versatile solid-state platform for single-
site, heterogeneous, and stable catalysis. Many MOFs
provide exceptionally high thermal and chemical stability,
and can therefore provide a robust scaffold for the incor-
poration of potentially labile molecular catalysts. Also in
the context of light-to-fuel conversion schemes, MOFs
have emerged as support materials and some even take an
active role in either sensitization or catalysis [14, 15]. This
review article summarizes different strategies on creating
photocatalytic MOF-based schemes for the production of
molecular hydrogen. Such schemes can be MOFs which
have either catalysts or photosensitizers incorporated into
their framework. More advanced examples carry both
functions together, sometimes making use of both linker
and metal-cluster of the MOF. Another route is the mixture
of MOFs with solid photosensitizing units and catalysts to
form composite materials active for photochemical
hydrogen evolution.

2 Suitable MOFs as Scaffold for Photocatalytic
Hydrogen Production

Metal-Organic frameworks are porous coordination poly-
mers consisting of metal clusters that are inter-linked by
organic molecules. Typically, the linkers contain two or
more carboxylate-, pyridyl- or azolate functions that
coordinate to the cluster. Using MOFs as scaffolds for
catalysis applications is particularly appealing because they
offer a great variability in design. A commonly used linker
is terephthalic acid, which can carry additional functional
groups such as an amino substituent. Such functional
groups can easily be introduced during synthesis and be
further functionalized [16, 17]. Also, the pore size can be
specifically designed. For example by extending
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terephthalic acid to biphenyl-dicarboxylic acid, MOFs with
similar topologies, but larger pore sizes are attainable.
Table 1 summarizes the most important MOFs that have
been used in context of photochemical hydrogen produc-
tion and that are discussed in this paper. For a more general
review on MOF structures, we recommend some excellent
reviews [18-20].

A MOF platform used in hydrogen evolution schemes is
required to be stable under catalytic conditions, in most
cases in aqueous solution or aqueous/organic solvent
mixtures at a range of different pH. A detailed review on
water stability of MOFs was published by Burtch et al. in
2014. [28] Among the most water-stable MOFs are UiO-
66(Zr) (UiO = University in Oslo) [21], MIL-53 (Al and
Cr) (MIL = Materials Institute Lavoisier) [23], MIL-101
(Cr) [24] and MIL-125(T1) [25] as well as the ZIF series
(ZIF = Zeolithic Imidazolium Frameworks) [27]. Another
important water-stable MOF used for photochemical
hydrogen production schemes in some examples that will
later be discussed in this paper is UiO-67 (Zr) [29]. A main
factor determining a MOF’s thermodynamic stability in
water is the strength of the metal-to-ligand bond, which
depends on the basicity (pK,) of the linker and Lewis-
acidity of the metal [28]. In comparison to water (pK,
15.7), e.g. imidazolium-based linkers with high pK, (18.6)
combined with e.g. Zn clusters form extremely stable ZIF-
type frameworks [30]. Another important characteristic
that determines water stability is the connectivity of the
metal cluster. For example, MOFs of the UiO-series con-
tain Zrg(OH),O4-clusters, each connected to 12 linkers,
that gives rise to extraordinary stability against hydrolytic
decomposition [22], even though the carboxylic acid
linkers possess a lower pK, than H,O.

In our opinion, another very important factor for the
choice of a MOF is the possibility of functionalization. As
mentioned earlier, a large number of MOFs can be pre-
pared in which functional linkers can already be introduced
during synthesis of the framework [11]. These include
mostly linkers with small organic functional groups, but
there are also some examples where metal-complexes can
be directly incorporated during the process of solvothermal
synthesis as metallo-linkers [15]. Metal-nanoparticles [31]
and molecular catalysts that would not withstand the harsh
synthesis conditions of MOFs have to be installed post-
synthetically. A large number of methods for post-synthetic
modifications on parent MOFs that contain for example
amino groups [17, 32] or open coordination sites [33-35]
have been developed throughout recent years. Another way
is to perform a post-synthetic ligand exchange (PSE) (also
referred to as solvent-assisted linker exchange = SALE)
with a linker that matches the topology of the linkers in the
parent framework, [36] and that carries the desired func-
tionality. While post-synthetic modification methods have

been explored for many different MOFs, including the
aforementioned water-stable frameworks, post-synthetic
ligand exchange is a rather new but powerful concept.
Examples have been shown even for highly stable MOFs
such as UiO-66, MIL-53 and ZIF-8 [37-39].
Photocatalytic schemes for hydrogen formation require at
least three different components: a catalyst, a photosensitizer
and an electron source which often is a sacrificial reagent.
There are a number of different ways how these can be
combined with the MOF scaffold; in any case, pore dimen-
sions of the framework play an important role. Sacrificial
reagents and/or photochemically produced reductants need
to diffuse into the pores in order to meet their MOF-immo-
bilized reaction partners. Thus, frameworks with larger pores
can be advantageous in such cases. On the other hand, small
pore windows may be desirable if for example the catalyst is
only encapsulated inside the pores like a “ship-in-a-bottle”.
Both strategies will be considered throughout this review.

3 MOF-Based Photocatalytic Systems—An
Overview

Given the reasonably large number of suitable MOFs that
exhibit both water-stability and that allow linker func-
tionalization, a variety of different combinations for pho-
tocatalytic hydrogen production schemes have been
developed. We have divided the different schemes in four
categories. The first one includes all studies where the
catalyst is immobilized in the MOF, while the photosen-
sitizer is outside (in solution). The second category uses
photoactive MOFs in which either the linkers or the metal-
clusters are contributing to the light harvesting process and
the catalyst is in the reaction solution. A third category
combines both functionalities in the MOF scaffold. In all
three cases, there are examples with both molecular and
heterogeneous catalysts and photosensitizers. In category
four we will summarize studies on composite materials in
which the MOF is mixed together with other solid mate-
rials to create hetero-junctions active for photochemical
hydrogen production.

3.1 MOF-Catalysts with Photosensitizers
in Solution

In this chapter, we will summarize the work on MOFs with
incorporated catalysts that were used together with external
photosensitizers for visible-light promoted photochemical
hydrogen production, as schematically illustrated in Fig. 1.
MOF-catalysts may range from frameworks loaded with
catalytically active nanoparticles to molecular catalysts
immobilized as linker molecules. Most common among the
heterogeneous catalysts are Pt-nanoparticles.
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Table 1 Structures of most important MOFs used for photocatalytic hydrogen formation

Name Metal Pore dimensions
SBU (= sub building unit) Linker Structure
Ui0-66/Ui0-67 [21, 22] Zr pore size

6 A (Ui0-66), 8 A (Ui0-67)

MIL-53 [23]

é

MIL-101 [24] Cr pore size: 29-34 A,
(window 12-14.5 A)

MIL-125 [25] Ti
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Table 1 continued

Name Metal Pore dimensions

SBU (= sub building unit) Linker Structure

PCN-222 [26] Zr pore size: 37 A
i g --0

ZIF-8 [27] Zn

v%

pore size: 11.6 A
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Fig. 1 Photocatalytic scheme for MOF-catalysts with external pho-
tosensitizer (PS). Sacrificial donor (SD) quenches the photosensitizer
(PS), which reduces the catalyst (CAT) sitting inside the MOF.
Catalysts used are Pt-nanoparticles [40—-42] or the molecular diiron
complex [FeFe](dcbdt)(CO)q [43]

In 2014, Yamashita and coworkers [41] reported an
amine-functionalized MIL-101(Cr) loaded with Pt-
nanoparticles. As mentioned earlier, MIL-101(Cr) belongs
to the most stable MOFs, even in acidic aqueous solution.
The authors were able to vary the loading of Pt-nanopar-
ticles onto the framework between 0.5 and 3.0 wt% by first
soaking the MOF with H,PtCl, and subsequent reduction
with hydrogen. Crystallinity of the framework and

homogeneity of particle size of the MOF were retained,
while the BET surface area decreased by about 22 % due to
formation of Pt-nanoparticles inside the cavities. Trans-
mission-electron microscopy (TEM) showed no significant
agglomeration of nanoparticles. The photocatalytic activity
was tested employing Rhodamine B as photosensitizer in
an aqueous mixture with 20 % triethanolamine (TEOA) as
sacrificial electron donor. NH,-MIL-101(Cr) with Rho-
damine B alone did also produce hydrogen, but the use of
Pt-nanoparticles as co-catalyst resulted in the highest
hydrogen production rate and turnover numbers. The
optimal loading of Pt into the framework was shown to be
1.5 wt%. Up to five cycles with slight decrease in activity
were performed demonstrating the recyclability of their
system.

In a similar fashion He et al. [40] employed a UiO-
66(Zr) framework as a platform to immobilize Pt
nanoparticles as hydrogen evolution catalyst. In conjunc-
tion with Rhodamine B as photosensitizer, photocatalytic
hydrogen formation under visible light irradiation in
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aqueous solution pH 7 containing 10 % TEOA as sacrifi-
cial donor could be demonstrated. In this study, the effect
of varying concentrations of Rhodamine B was tested. In
some experiments, the MOF was soaked with the dye prior
to photocatalysis, in others it was added to the reaction
solution. Questions remained whether the photoreaction is
driven by rhodamine B that is in the interior of the MOF or
in solution.

Yuan et al. [42] used Erythrosin B dye as sensitizer
together with Pt-nanoparticles absorbed onto the surface of
UiO-66(Zr). About 0.5 wt% Pt was deposited on the MOF
in situ by irradiating a suspension of UiO-66 in H,PtCly
aqueous solution with 20 vol % methanol as sacrificial
electron donor. This Pt@UiO-66 catalyst was employed as
active catalyst in an aqueous solution of the dye Erythrosin
B and L-ascorbic acid as sacrificial reagent at pH 4. Again,
concentration of the photosensitizer showed to be impor-
tant. Addition of up to 30 mg dye (~3.4 mM) to the
reaction solution yielded in increasing hydrogen produc-
tion, while more dye molecules could not further improve
the performance. The authors did not specify if the system
becomes limited by the catalyst at this point, which may be
the case.

Liu et al. used MIL-101(Cr) for immobilizing Ni/NiOx
nanoparticles as photocatalysts together with Erythrosin B
as dye [44]. The nanoparticles were introduced by in situ
photo-deposition in a suspension of the parent MOF in a
solution of nickel nitrate, TEOA as sacrificial electron
source and Erythrosin B dye as photosensitizer. This
mixture showed to be active for hydrogen generation, while
in absence of nickel nitrate no hydrogen was observed. The
formation of Ni nanoparticles was observed by TEM.
Variation of dye concentration did show similar results as
the previous report; the additions of 30 mg dye did lead to
best performance, while even higher concentrations did not
lead to further improvements. These results point towards
limitations in the light-harvesting and photo-production of
reducing equivalents.

The studies that are summarized above demonstrated
that MOFs can serve as platforms for immobilizing
nanoparticles that are known to be efficient catalysts for
hydrogen formation. Tuning the systems with varying
concentrations of dye molecules to harvest light efficiently
often led to increased hydrogen production. The role of the
MOF in such schemes is to provide a solid support with a
high surface area which allows high catalyst density.
Another branch in MOF research is the immobilization of
molecular proton reduction catalysts. This strategy is
mainly driven for two reasons: first, the integration of
molecular catalysts in a solid support leads to easier sep-
aration and recyclability. The second idea is that the MOF
scaffold potentially stabilizes labile catalytic intermediates
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by preventing charge recombination and thereby increasing
the lifetime of the active species.

We recently reported the incorporation of a dinuclear
iron complex into the robust and water-stable UiO-66(Zr)
framework [43]. The complex [FeFe](dcbdt)(CO)q
(dcbdt = 1,4-dicarboxylbenzene-2,3-dithiolate) is a func-
tional mimic of the [FeFe]-hydrogenase active site and
serves as proton reduction catalyst. Post-synthetic ligand
exchange facilitated the incorporation of the complex with
matching ligand topology as the linker 1,4-benzene-dicar-
boxylic acid. About 14 % of all linkers were exchanged by
the catalyst as indicated by [1] H-NMR and energy dis-
persive X-ray (EDX), and the molecular integrity of the
catalyst was proven by FT-IR and Extended X-ray
absorption fine structure spectroscopy (EXAFS). In a
photocatalytic scheme in aqueous suspension with
Ru(bpy);Cl, (bpy = 2,2'-bipyridine) as photosensitizer
and ascorbate as sacrificial donor at pH 5, the MOF showed
to be active as proton reduction catalyst. It even showed to
be superior to the homogeneous system with the molecular
catalyst under otherwise identical conditions. While the
molecular catalyst rapidly decomposed under irradiation,
the MOF still showed IR bands corresponding to the CO
ligand of intact catalyst after several hours under photo-
catalytic conditions. This finding clearly shows that the
conclusion of molecular catalysts in a MOF prolongs the
lifetime of the catalyst.

Other molecular proton reduction catalysts have been
incorporated into MOFs and some of the examples will be
discussed later in this article, as they were integrated in
MOFs with dual functionality. There are also a few MOFs
which contain CO, reduction catalysts such as
Mn(dcbpy)(CO)sBr [45] (bpydc = 2,2'-bipyridine-5,5'di-
carboxylic acid) and Cp*Rh (Cp* = pentamethylcy-
clopentadiene) [46]. These will not be discussed in detail,
but it is worth mentioning that these authors used post-
synthetic metallation and post-synthetic exchange as
incorporation methods. For both systems, the formation of
hydrogen as side product was observed.

3.2 MOF-photosensitizer schemes with external
catalyst

The second strategy is to incorporate photosensitizing units
into the MOF scaffold and to use external catalysts to
complete the system. Figure 2 illustrates a schematic
overview.

In 2012, Fateeva et al. [47] presented a porphyrine-
based MOF with aluminium nodes. The structure of this
Al-MOF is comparable to MIL-60 [48]. The porphyrine-
containing Al-MOF showed to be water-stable in a pH
range of 5-8 and 90 % of the porphyrine sites could post-
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Fig. 2 Schematic photochemical hydrogen production with immobi-
lized photosensizer (PS) and external catalyst (CAT). Sacrificial
donors (SD) are typically ethylenediaminetetraacetic acid (EDTA) or
triethylamine (TEA). In this case, the photosensitizer are porphyrine
linkers and Pt-nanoparticles serve as catalyst [47]

synthetically be metallated with Zn2". Both, the non-
metallated and the metallated MOF were investigated in
two different schemes for photocatalytic hydrogen forma-
tion under visibile light irradiation. The first scheme in-
cluded Pt-nanoparticles as active catalyst, ethylenediamine
tetraacetate (EDTA) as sacrificial electron donor and
methylviologen as electron relay. Both MOFs showed
hydrogen formation, however with a low quantum yield.
The authors attributed the low activity to diffusion limi-
tations of methylviologen. In a second scheme, methylvi-
ologen was omitted from the reaction mixture to afford
direct electron transfer between the reduced MOF and
colloidal platinum. At the same time, the concentration of
Pt-catalyst was increased to ensure optimum contact. This
system showed increased hydrogen production for both
MOFs, while the metallated performed best. PXRD and
SEM showed retained crystallinity of the MOFs after
photocatalysis for 3 h and a control experiment with the
supernatant of MOFs stirred in the reaction mixture in the
dark for 24 h did proof that there was no leakage of por-
phyrine that would lead to homogeneous catalytic
activity.(Fig. 3)

Lin and coworkers prepared two UiO(Zr) type MOFs
doped with iridium photosensitizers, [Ir(ppy).(bpy)Cl]
(ppy = 2-phenyl-pyridine) and [Ir(ppy)»(bpydb)Cl] (bpy-
db = (2,2'-bipyridine)-5,5'-dibenzoate) in a solvothermal
synthesis process. Together with Pt-nanoparticles that were
photo-deposited onto the frameworks, both MOFs were
active for photocatalytic hydrogen formation under visible

hv )

Fig. 3 MOF with dual functionality. In the depicted example by Hou
and coworkers [49], two molecular species were co-incorporated into
the MOF

light irradiation with triethylamine (TEA) as sacrificial
donor. Homogeneous control experiments revealed that the
MOF with shorter linker had similar reactivity, while the
larger linker could greatly enhance photocatalytic hydro-
gen formation.

3.3 MOFs Containing Both Photosensitizer
and Catalyst

The MOF community has even developed scaffolds with
dual functionality, e.g. frameworks containing both catalyst
and photosensitizing units. These efforts demonstrate the
power of MOFs as photocatalytic materials. Dual func-
tionality could either be achieved by incorporating
molecular catalysts and photosensitizers, or by a system in
which one component fulfills both functions. A third
strategy is the use of photoactive frameworks together with
a catalyst.

The first example of this strategy was reported in 2013
by Zhou et al. [50] The authors presented a MOF con-
taining a dichloro-2,2’-bipyridyl-platinum complex serving
both as photosensitizer and catalyst. As platform they used
MOF-253, which has the structure Al(OH)(dcbpy) and is
known to have a high chemical and thermal stability as
well as a rigid framework structure. Via post-synthetic
metallation of the open bipyridine sites with cis-
Pt(DMSO)CIl,, a material with a Pt/Al ratio of 0.5 was
obtained. Photochemical hydrogen evolution was tested in
an aqueous suspension at pH 8.5 with 15 vol % TEOA as
sacrificial electron donor under visible light irradiation
(A >420 nm). Indeed, the material showed hydrogen for-
mation up to 30 h. A variety of control experiments
including the wuse of the molecular complex cis-
Pt(DMSO)Cl,, Pt-nanoparticles or just the blank MOF-253
did not show any hydrogen formation. Additionally, the
formation of Pt-nanoparticles during photocatalysis could
be ruled out by a simple mercury test. EXAFS revealed a
relatively short Pt—Pt distance of 3.6 A which seems to be
essential for the proposed bimolecular intermediate in the
photocatalytic cycle for hydrogen formation.

Employing a different framework (UiO-67(Zr)) but
using the same catalyst, Hou et al. [49] reported the
incorporation of Pt(dcbpy)Cl, together with a photosensi-
tizer Ru(dcbpy)(bpy),Cl, into a MOF. Both molecules
were introduced during the solvothermal synthesis in a
mix-and-match approach taking advantage of the matching
linker topology of dcbpy and 4,4'biphenyl-dicarboxylic
acid of the parent framework. A typical sample contained
doping concentrations of 0.86 % Ru and 5.4 % Pt. The
samples were highly crystalline as indicated by PXRD and
showed high porosity. Photocatalytic hydrogen evolution
experiments were carried out in 0.1 M pH 5 acetate buffer
with EDTA-2Na as sacrificial donor under visible light
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irradiation. In comparison with the homogeneous control,
the dual functionalized MOF showed enhanced hydrogen
formation. Similar to the previous report, the authors pro-
posed the close Pt—Pt distance in the framework as com-
pared to solution to be the main reason for increased
efficiency. But also the co-incorporation of the photosen-
sitizer showed to be beneficial as the control with homo-
geneous sensitizer and Pt@UiO-67 did perform not as well
as the dual-incorporated MOF system. In order to investi-
gate the mechanism in more detail, the authors attempted to
use transient absorption spectroscopy. These were, how-
ever, not successful and the proposed mechanism was
supported by theoretical calculations and experiments on
the homogeneous complexes instead.

Moving towards more abundant elements, Feng and
coworkers [51] reported a bimolecular system with a por-
phyrine-based MOF (Zr-PF-MOF) holding a molecular
mimic of the iron-hydrogenase active site coordinated to
the Zn-atom in the porphyrine. Combining the photosen-
sitizing porphyrine linker units with a axially coordinated
proton reduction catalyst led to a photoactive composite
material. The Zr-PF-MOF precursor possesses exceptional
stability, and can be exposed for 24 h to visible light
irradiation in aqueous acetate buffer (pH 5), as evidenced
by PXRD. Coordination of the molecular catalyst was
achieved by soaking the MOF in a 0.1 M solution of the
complex for 2 days. Successful incorporation was demon-
strated by FT-IR as well as fluorescence emission
quenching of the Zn-porphyrine after soaking with the
complex, indicating coordination of the catalyst. EDX and
ICP-MS were used to determine that 25 % of all por-
phyrines were decorated with a catalyst. Photocatalytic
activity was tested in aqueous acetate buffer at pH 5, with
ascorbate as sacrificial electron donor. The bi-functional
MOF-system showed increased stability and overall reac-
tivity as compared to the homogeneous system.

In 2015, Zhang et al. [52] presented the use of a poly-
oxometallate (POM) catalyst embedded into the zirconium-
based UiO-67 containing Ru(dcbpy)(bpy),Cl, linkers as
photosensitizing units. The authors made use of the highly
cationic framework to encapsulate an anionic Well-Daw-
son type POM of the structure [P2W18062]6_ during the
solvothermal synthesis of the MOF. The POM concentra-
tion could be varied by adding different amounts of POM
to the synthesis solution (final W/Zr ratio 0.24-3.40).
Photocatalytic hydrogen formation under visible light
irradiation was performed in DMF/CH;CN with TEOA as
sacrificial donor. Recovered POM@MOF after photocat-
alytic reaction showed only slight loss of activity and
crystallinity within three cycles. However, leaching of
5.6 % of the Ru photosensitizer into the solution was
observed. Better performance of the system was observed
by changing the conditions to DMF/acetonitrile solution
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with triethanolamine as sacrificial donor. Homogenous
control experiments using the POM together with either
Ru(bpy)s or Ru(dmbpy)(bpy), (dmbpy = 5,5'-dimethyl-
2,2'-bipyridine) did not show any hydrogen formation. The
authors observed precipitate formation in both cases and
attributed this to decomposition of the photosensitizer. An
alternative explanation for the drastically different perfor-
mance of POM@MOF versus the homogeneous systems
was offered on the basis of the catalytic mechanism of the
POM: cyclic voltammetry studies indicated that at least six
or more electrons need to be injected to the POM to reduce
protons. Therefore, encapsulating the POM into the pho-
tosensitizing MOF seemed striking as the proximity to
several sensitizers probably leads to faster and more effi-
cient electron transfer.

Finally, MOFs with dual functionality have been
developed based on photosensitizing frameworks together
with catalysts as depicted in Fig. 4. The starting point for
this approach was a report in 2010 by Garcia and
coworkers, who used UiO-66(Zr)-NH, for photochemical
hydrogen evolution under UV-light in the presence of
methanol [53]. They showed that the organic linker can be
excited by UV irradiation, leading to a ligand to cluster
electron transfer.

Two years later, Matsuoka and coworkers picked up on
this idea and reported a Ti-based MOF that contains amino-
terephthalic acid linkers with a structure similar to that of
MIL-125(Ti) [54]. They reasoned that the more positive
conduction band of the titanium-oxo cluster compared to
zirconium could be favorable for driving visible light
photocatalysis. Indeed, the MOF could be employed for
hydrogen evolution together with photo-deposited Pt-
nanoparticles using TEOA in aqueous solution as sacrificial
donor under visible light irradiation (A >420 nm). The
MOF showed slight degradation and slight decrease in
surface area after 9 h of irradiation. A control experiment
with simple terephthalic acid linkers in the framework did
not show photocatalytic activity, demonstrating the
importance of amino-functionalization for the perfor-
mance. Also, the use of TEOA as sacrificial reagent
showed to be important as no hydrogen formation was

-
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Fig. 4 Photochemical hydrogen production making use of photosen-
sitizing framework. Pt-nanoparticles [54] or cobaloxime [55] were
used as catalysts
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observed with TEA, EDTA or methanol. The authors
attributed the need of TEOA to the weak oxidation power
of the organic linker.

In 2015, Gascon and coworkers employed the same
framework NH,-MIL-125(Ti) as photosensitizing platform
for a molecular Co-oxime-diimine catalyst as guest mole-
cule inside the framework’s pores [55]. The molecular
catalyst was build up inside the pores by first soaking the
MOF with the oxime ligand and subsequent addition of
CoBr, leading to the formation of the catalyst. Taking
advantage of the smaller size of the pore windows, the
catalyst stays inside the MOF like a “ship-in-a-bottle”. The
authors employed a number of techniques including pho-
toluminescence and EPR-spectroscopy to investigate the
nature of the Co-MOF composite. However, they could not
find conclusive evidence for the exact configuration of the
catalyst inside the pores. In a photocatalytic scheme in
acetonitrile with TEA as sacrificial reagent and trace
amounts of water, hydrogen could be produced under vis-
ible light irradiation. The material achieved a 20-fold
enhancement in hydrogen production compared to the
photoactive framework without catalyst. In a control
experiment with D,0, they could show that water is indeed
the proton source for their system. The catalyst could be
recycled and used again for at least three cycles without
significant loss of performance.

3.4 MOF-Composites

The final approach for making photo-active materials with
MOFs is the combination with solid photosensitizers and
catalysts to form a hetero-junction. In such composite
materials the MOF does not take an active role in the
photocatalytic process; it is rather used as a template to
organize the other solid components.

Wu and co-workers prepared a UiO-66/CdS/graphene
oxide composite [56]. Cadmium sulfide (CdS) was added
to the framework by photodeposition of Sg and CdCl, in
ethanol solution. During this process, the structure of UiO-
66 was retained as indicated by PXRD. This material was
employed together with reduced graphene oxide (RGO) in
a photocatalytic scheme in aqueous solution containing
0.1 M Na,S and 0.1 M Na,SO; as well as Pt-nanoparticles
(0.5 wt%) as catalyst. In this scheme, CdS showed to be
responsible for photo-generation of reducing equivalents as
UiO-66/RGO alone did not produce any hydrogen.
Improved activity as compared to commercial CdS parti-
cles was attributed to the large surface area of UiO-66
which could provide more catalytic active sites. RGO
contributed to better conductivity.

He et al. [57] reported CdS embedded on MIL-101(Cr).
Pt-nanoparticles were photo-deposited and found to build
up on the surface of the CdS particles, as TEM images

indicated. The system was tested for photocatalytic
hydrogen formation in aqueous lactic acid solution under
visible light irradiation. The MOF alone did not produce
hydrogen, while sensitizing it with CdS and 0.5 wt% Pt led
to an active composite material.

Also UiO-66(Zr) in conjunction with CdS and 0.5 wt%
Pt-nanoparticles showed to be an active catalyst, as
reported by Zhou et al. [58]. CdS was deposited onto the
MOF by in situ growth, and highest hydrogen production
yields were achieved when 16 wt% CdS was grown on the
framework.

Finally, Yuan and coworkers [59] presented a UiO-
66/carbon nitride composite for visible light photochemical
hydrogen formation. Both materials alone exhibit limited
efficiency for hydrogen production, but the authors dis-
covered that a junction of them could lead to enhanced
activity. Carbon nitride (g-C3N,4) was deposited onto the
surface of the MOF particles by annealing and PXRD
showed that this procedure did not change the structure of
the MOF. The authors could further show by TEM that the
two materials had formed a clear interface between each
other. Photochemical hydrogen evolution was tested in
aqueous ascorbic acid solution (pH 4) under visible light
irradiation. Again, 0.5 wt% Pt-nanoparticles was loaded
in situ onto the composite as catalyst to drive the reaction.
The best efficiency could be achieved with 50 wt% loading
of carbon nitride.

4 Summary and Conclusion

In this review, we have summarized recent developments
in the use of metal-organic frameworks for photochemical
hydrogen production. Most commonly used MOF plat-
forms are the UiO-66(Zr) and MIL-101(Cr) frameworks
which are known for their high stability in aqueous media,
as well as the NH,-MIL-125(Ti) framework which gained
increasing interest recently due to light-induced linker-to-
cluster electron transfer properties that enable the light-to-
fuel conversion process. The role of MOFs in photo-
chemical hydrogen evolution schemes ranges from simply
providing a scaffold for the incorporation of light har-
vesting units and catalysts to the active involvement of
metal-clusters in the photocatalysis process. In all areas of
development, Pt-nanoparticles have been used as active
catalysts to initially investigate the viability of MOFs. Also
Pt-based molecular catalysts have successfully been
incorporated into MOFs either alone or together with
photosensitizing units. More recently, Fe- and Co-based
molecular catalysts have been employed and we expect this
trend to become increasingly popular to create inexpensive,
functional materials. As photosensitizers, often well-known
molecular dyes such as Ru(bpy);Cl, or less expensive
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porphyrines and Rhodamine B have been used. Derivatives
of the two former sensitizers have even been integrated as
linker units into MOFs.

While statistic and often unspecific introduction of
functional units into MOFs provided a good starting point
that led to functional hydrogen evolution photo-catalysts,
we expect that future developments in this field will be
achieved by more controlled MOF functionalization and a
higher control of the positions of the functional units rel-
ative to each other. For example, when catalytically active
units and photosensitizers are being incorporated into non-
conductive frameworks such as UiO-series, the distance
between the two actors is crucial for efficient charge
transfer and therefore catalysis.

On a different note, catalysis within MOFs may actually
not be limited by the intrinsic turnover frequency of the
catalyst, but limitations that arise from substrate accessi-
bility. The dimensions of MOF particles often range from
several hundred nm up to pm, while individual cavities are
about tens of A in size, depending on the MOF. Assuming
a homogeneous distribution of catalyst throughout the
particle, this means that substrates have to diffuse through
hundreds of pores to reach catalysts that are deeply buried
in the interior of the MOF. It is thus questionable whether
all catalytic units are accessible by photo-generated
reducing equivalents and protons, or if the process is
mainly restricted to near-surface catalysts. While this
question has proven a formidable challenge to investigate,
it also makes all turnover numbers that are reported in the
original papers questionable. In reality, the true turnover
numbers and rates may be orders of magnitude higher that
reported, as catalysis may be sustained by a small fraction
of active catalysts at the surface.

Following this line of thinking, the use of metal-cluster
nodes in light-induced linker-to-cluster electron transfer
processes may be a promising route to extent the “active
portion” of the MOFs. Increasing the amount of active
material in this way will probably become more and more
important as the utilization of the entire MOF backbone for
charge- or energy transfer will help to bridge the distances
between catalyst and sensitizer. Also, studying and
improving the proton-flux within photo-catalytically active
frameworks will become highly important. We believe that
method development towards investigation of both charge
transfer and substrate movement within the pores will play
a very important role in the future to understand the pho-
tocatalytic mechanisms in MOFs better and to enhance the
efficiencies of these materials.
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