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Metal-Organic Frameworks for Artificial 

Photosynthesis and Photocatalysis 

Teng Zhang and Wenbin Lin*  

Solar energy is an alternative, sustainable energy source for the mankind. Finding a convenient 

way to convert sunlight energy into chemical energy is a key step towards realizing large-scale 

solar energy utilization. Owing to their structural regularity and synthetic tunability, metal-

organic frameworks (MOFs) provide an interesting platform to hierarchically organize light-

harvesting antenna and catalytic centers to achieve solar energy conversion. Such photo-driven 

catalytic processes not only play a critical role in the solar to chemical energy conversion 

scheme, but also provide a novel methodology for the synthesis of fine chemicals. In this 

review, we summarize fundamental principles of energy transfer and photocatalysis and 

overview the latest progress on energy transfer, light-harvesting, photocatalytic proton and 

CO2 reduction, and water oxidation using MOFs. The applications of MOFs on organic 

photocatalysis and degradation of model organic pollutants are also discussed. 

 

Introduction 

With increasing global energy demand and dwindling fossil 

fuel supplies, finding alternative and sustainable energy sources 

has become one of the most important and challenging tasks 

humanity has ever had to tackle. Owing to the unlimited and 

sustainable energy influx from the Sun, solar energy has been 

proposed as the most promising alternative energy source for 

human consumption. Great efforts have been devoted to solar 

energy harvesting with various strategies including 

photovoltaics, photoelectrochemical cells, and others, in the 

past few decades.1-4 In particular, photo-driven, 

thermodynamically uphill (∆G>0) reactions are ideal for 

harvesting and storing sunlight energy in the form of chemical 

fuels.5-7 Compared to electric-based energy sources such as 

supercapacitors or batteries, chemical fuels are of much higher 

energy density, more convenient for transportation and storage, 

and suitable for applications under extreme conditions. In 

addition, large scale production of solar fuels from carbon 

dioxide reduces the amount of carbon dioxide, one of the most 

important greenhouse gases, in the atmosphere. 

Green plants have evolved over eons to harvest solar energy 

and use the harvested energy to convert carbon dioxide and 

water into carbohydrates via a thermodynamically uphill 

transformation known as photosynthesis. Inspired by the natural 

photosynthesis, researchers have developed artificial systems 

and devices with inorganic and organic materials to perform 

similar photochemical reactions. The first example of artificial 

photosynthesis was reported by Fujishima and Honda in 1972, 

in which water splitting was achieved under UV radiation with 

TiO2.
8 Many different materials and devices have since been 

demonstrated for artificial photosynthesis,4, 9-12 yet it still 

remains a great challenge to develop a cheap and stable system 

with high efficiency in sunlight utilization and rapid production 

of solar fuels. 

Chemists have also developed a variety of molecular dyes 

and catalysts in order to mimic the natural photosynthesis 

system by performing photo-driven proton or CO2 reduction 

reactions.13-16 Three fundamental steps are needed to convert 

solar energy to chemical energy: sunlight absorption by 

photosensitizers to create charge-separated excited states, 

generation of redox equivalents and their migration to reactive 

centers, and reduction and oxidation half reactions with the 

redox equivalents (electrons and holes) at the catalytic centers. 

In molecular systems, photo-driven water splitting or CO2 

reduction is typically explored in the form of half reactions by 

using a sacrificial reductant. This strategy only examines one or 

two of the three fundamental steps listed above. Figure 1 shows 

a typical two-component photocatalytic system composed of a 

photosensitizer (PS) and a catalyst (cat) for proton reduction in 

the presence of a sacrificial reductant.14 Many different designs 

have also been developed to assemble the PS and cat 

components as covalent-bonded dimers, supramolecular 

assemblies, or polymers,17-19 but the application of these 

systems is greatly limited by the challenges involved in multi-

step syntheses of these systems. 
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Figure 1. A schematic diagram of a two-component photocatalytic system for 

proton reduction. A sacrificial reductant is needed in such a two-component 

system, and the overall reaction is typically thermodynamically downhill. 

Although many molecular and supramolecular systems have 

been designed to carry out individual steps, there is no known 

strategy to hierarchically integrate all of the components in a 

single material to perform artificial photosynthesis without 

relying on sacrificial reagents. As a new family of inorganic-

organic hybrid supramolecular materials, metal-organic 

frameworks (MOFs) serve as an interesting platform to design 

and study artificial photosynthetic systems. MOFs can in 

principle contain photosensitizers and catalytic centers in a 

single solid and provide the structural organization to integrate 

the three fundamental steps of artificial photosynthesis into a 

single material. 

In plant cells, membrane-bounded chromophores assemble 

into a network that efficiently absorb sunlight to generate 

excited states and move excited states to a charge separation 

center, at which photo-induced charge separation takes place. 

Hundreds of chromophores work cooperatively and make 

efficient use of sunlight to drive the thermodynamically uphill 

photosynthesis.20  

Inspired by light harvesting complexes in natural 

photosynthesis, numerous artificial light-harvesting 

architectures have been constructed to perform similar but 

simpler tasks such as sensitized luminescence or amplified 

quenching.21-25 Among the artificial systems, MOFs provide a 

unique platform to study both short range and long range 

energy transfer phenomena due to the highly crystalline nature. 

In MOFs, the distance and orientation between chromophores 

can be precisely determined via single crystal X-ray 

crystallography, allowing theoretical prediction of electronic 

coupling and other interactions. The periodic alignment of 

chromophores also simplifies mathematical simulation and 

allows investigation of long range energy transfer, which is 

difficult to study in other supramolecular assemblies. The 

distances between chromophores can be tuned via crystal 

engineering, opening up the possibilities to construct a series of 

energy transfer systems that can provide mechanistic insights 

for energy transfer processes. 

The porous structure of MOFs facilitates the diffusion of 

substrates and products through MOF channels,26 making 

MOFs an ideal platform to incorporate catalytic centers. Indeed, 

an increasing number of reports have appeared in recent years 

using MOFs as single-site solid catalysts.27-29 Catalytic active 

centers can be introduced into MOFs via incorporation into 

either the metal nodes or the bridging ligands, and a 

combination of both leads to bi-functionalized MOFs for 

sequential multistep catalysis.30 Importantly, MOFs also offer 

the opportunity to integrate both light-harvesting and catalytic 

components in a single solid platform to enable the conversion 

of solar energy to chemical energy via artificial photosynthesis. 

The hierarchical organization of MOFs thus has the potential to 

lead to multifunctional systems for solar energy utilization and 

to provide important insights into organizing multiple 

components in a spatially defined manner to elicit synergistic 

functions of multiple components.  

 Photo-sensitized organic reactions have received a renewed 

interest from the synthetic organic community in the past few 

years. The use of molecular dyes with absorption in the visible 

spectrum has enabled a range of organic transformations that do 

not proceed in thermally activated reactions or by direct 

photoexcitation of the organic substrates.31-36 Most of these 

photocatalytic reactions invoke single electron transfer (SET) 

processes between dye molecules and substrates, with their 

efficiencies strongly dependent on excited state lifetimes of the 

dye molecules. The dye molecules used in these reactions 

typically have long-lived triplet excited states resulting from 

intersystem crossing upon singlet metal-to-ligand charge 

transfer (1MLCT) that is enabled by strong spin-orbit coupling 

of the second and third row transition metals. Consequently, 

precious metal complexes such as Ru(bpy)3
2+ and Ir(ppy)3 (bpy 

= 2,2’-bipyridine; ppy = 2-phenylpyridine) are required for 

photocatalytic organic transformations, which limits the utility 

of such processes for fine chemical synthesis owing to the 

scarcity, high cost, and high toxicity of precious metals. MOFs 

provide a possible solution to this problem. Porous and 

photosensitizing MOFs allow the diffusion of the organic 

substrates through the open channels to facilitate 

photosensitization, thereby efficiently promoting photocatalytic 

organic transformations. A variety of molecular dyes can be 

incorporated into MOFs to afford solid photocatalysts. The 

heterogeneous nature of MOF photocatalysis facilitates the 

recycling process and reduces the contamination of organic 

products by heavy metals. 

 Oxidative degradation of organic pollutants is another 

intensely investigated topic in photocatalysis with inorganic 

materials such as semiconductor nanoparticles, metal oxides 

and polyoxometalates. However, most inorganic materials only 

work well under UV irradiation, which limits their practical 

applications. MOFs serve as an alternative platform for 

developing efficient photocatalysts for degradation of organic 

pollutants because the broad choice of organic and metal-

organic ligands in MOFs enables tuning of the absorption band 

and better utilization of the visible spectrum of sunlight. 

 In this review, we will summarize recent progress in using 

MOFs for artificial photosynthesis and photocatalysis. We will 

discuss light harvesting and energy transfer phenomena in 

MOFs, using MOFs as photocatalysts for promoting organic 

transformations and for organic pollutant degradation, and 

using MOFs in studying solar energy conversion reactions. 
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Theoretical models for energy transfer in MOFs 

The energy transfer process has attracted much interest from 

biologists, chemists, and physicists due to its crucial role in 

light harvesting for biological photosynthetic systems, 

molecular assemblies, and semiconductors. Fundamental 

understanding of energy transfer process in an extended system 

is also critical for other solar energy conversion schemes such 

as photovoltaics and photoelectrochemical cells. In molecular 

or supramolecular light harvesting architectures, photon energy 

is harvested by a dye molecule via photoexcitation and relayed 

to a “trap” state or a charge-separation center via energy 

transfer.  

Different models have been developed to describe energy 

transfer processes in solid state materials and in supramolecular 

assemblies. In inorganic and organic semiconductors, energy 

transfer processes are usually described by the diffusion or 

transportation of localized (Frenkel) or delocalized (Wannier) 

excitons. Förster and Dexter energy transfer mechanisms37, 38 

are usually proposed for energy transfer in supramolecular 

assemblies given the weak coupling between chromophores. As 

interactions between chromophores are expected to be weak in 

MOFs due to the long distance between them, Förster and 

Dexter mechanisms provide more convenient descriptions for 

MOFs. At this weak coupling limit, Förster energy transfer 

model presumes that only the dipole-dipole term of Coulomb 

interaction is important and has to be taken into account, 

whereas Dexter mechanism introduces an “exchange” term 

which can be schematically considered as exchanging electrons 

between a donor and an acceptor (Figure 2). 

*D *ADA

*D *ADA
 

Figure 2. Schematic representations of Förster (top) and Dexter (bottom) energy 

transfer mechanisms. 

In MOFs as well as in other supramolecular and polymeric 

systems, the weak coupling criterion is shown to be valid. 

Energy transfer rates predicted from both Förster and Dexter 

terms decrease as the donor-acceptor distance increases, yet 

following different dependencies on distances. The Förster 

energy transfer rate is proportional to inverse sixth-power of the 

donor-acceptor distance 

��� � 1
�� �	


	 �
�
 

while the Dexter energy transfer rate exhibits exponential 

decay39 
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Thus, Förster mechanism dominates long distance energy 

transfer processes when both pathways are symmetry allowed, 

while Dexter mechanism is only important within a short range. 

However, Förster mechanism requires spin state conservation 

of both donor and acceptor wave functions. In the cases of 

triplet-triplet energy transfer, Förster mechanism is spin 

forbidden and Dexter mechanism will play an important role in 

depicting the energy transfer process. 

Rational design of photocatalytic MOFs 

MOFs have been proposed as potential photocatalysts since 

late 1990’s and early 2000’s. Early research on MOF 

photocatalysis stood on the belief that MOFs were analogous to 

inorganic semiconductors given the extended structure formed 

by linking bridging ligands and metal connecting nodes in 

MOFs. The concept of MOFs as a class of semiconducting 

material was proposed because many MOFs exhibit a broad 

UV-vis absorption with an edge falling into the range of typical 

semiconductor band gap values. However, such an absorption 

band can also be assigned to a localized ligand-to-metal charge 

transfer (LMCT) or metal-to-ligand charge transfer (MLCT) 

transition or a π-π* transition of the aromatic ligand. The broad 

band nature of MOF absorption can be attributed to 

inhomogeneous broadening, which is not uncommon in solid 

state samples. The optical absorption data thus cannot be taken 

as strong evidence to support the description of MOFs as 

semiconductors. 

The insulating nature of MOFs is further suggested from 

theoretical studies. Poor overlap between frontier orbitals 

indicates that the electronic states in MOFs are more localized 

than delocalized.40 Calculation on a typical MOF, MOF-5, 

suggests no appreciable band dispersion in its electronic 

structure.41 Thus, charge separation over a long distance will 

not be observed upon excitation, which is consistent with the 

low charge mobility of most MOFs.  

Similar to the case of MOF catalysis, we can define MOF 

photocatalysis in two classes: “opportunistic” photocatalysis 

and designer photocatalysis.28 Many photocatalytic MOFs 

reported to date belong to the first class, taking advantage of the 

broad absorption of LMCT or ligand π-π* bands. There exist 

several drawbacks for this scheme. The relative energies of 

HOMO and LUMO orbitals cannot be readily tuned, and the 

lifetimes of the excited states can be too short to perform 
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interesting chemistry. These MOFs usually exhibit low 

efficiency in the sense of photon energy utilization, and are 

typically used for oxidative dye degradation reactions which 

tend to have large thermodynamic driving forces and small 

kinetic barriers. 

Bridging ligands based on well-known organic and metal-

organic chromophores have also been used as building blocks 

to construct photocatalytic MOFs. With better knowledge about 

the photophysical properties of the chromophoric building 

blocks, MOFs photocatalysts with much higher efficiency can 

be designed to promote more sophisticated, difficult-to-

catalyze, and useful reactions. More advanced designs use more 

than one functional component in the framework. For example, 

metal nanoparticles were incorporated as a co-catalyst for 

hydrogen evolution either through diffusion42, 43 or in situ 

synthesis;44 chiral organocatalysts were also introduced to 

perform asymmetric photocatalysis.45 Multi-component MOFs 

provide significant advantages in performing these 

photocatalytic reactions as the proximity of different 

components in the MOFs synergistically interact to provide 

enhanced catalytic performances. 

Energy transfer and light harvesting in MOFs 

Ligand-sensitized luminescence, one form of energy transfer, 

has been extensively studied in MOFs built from lanthanide 

metals.46-57 In these MOFs, the organic ligands serve as antenna 

to sensitize lanthanide metal nodes, whose f-f transitions 

typically have small extinction coefficients. As a result, strong 

characteristic f-f emission peaks can be observed upon 

excitation at the ligand absorption band. Of particular interest 

are the organic ligands with low-lying triplet excited states, for 

in these cases energy transfer to the lanthanide resonance levels 

is spin allowed.53, 58, 59 These energy transfer processes are 

usually proposed to follow a Förster mechanism. 

Efficient energy transfer has also been observed between 

adjacent donor-acceptor ligand pairs or between ligand and 

guest molecules in MOFs.47, 60-64 In 2009, Loh and coworkers 

reported the efficient energy transfer in a 1-D nanoscale 

coordination polymer between π-conjugated chromophores.60 

Hupp and coworkers encapsulated CdSe/ZnS core/shell 

quantum dots into the MOF channel, and studied the energy 

transfer from the quantum dots to the porphyrin-derived ligands 

of the framework. The energy transfer efficiency can be tuned 

upon varying the quantum dot sizes to change their spectra.63  

Recently, MOFs were utilized to mimic the natural light-

harvesting complexes and to study energy transfer behaviors 

over long distances. One of the first examples was reported by 

Lin, Meyer and coworkers in 2010.65 A phosphorescent MOF 

Zn(L1-Ru)·2DMF·4H2O (1) was synthesized from 

Ru(bpy)(4,4’-dcbpy)2[PF6]2 bridging ligand (H2L1-Ru[PF6]2, 

4,4’-dcbpy = 2,2’-bipyridine-4,4’-dicarboxylic acid) and Zn2+ 

connecting nodes. 1 can be excited to the 1MLCT state of the 

L1-Ru bridging ligand and exhibit phosphorescence (following 

intersystem crossing to the 3MLCT excited state due to large 

spin-orbit coupling of Ru(II) centers) with a lifetime 

approaching several hundreds of nanoseconds. When the 

osmium analog of the bridging ligand, L1-Os, was doped into 

the framework, the 3MLCT excited states of L1-Ru were 

readily quenched due to energy migration to the osmium trap 

sites. Time-resolved emission studies showed that the lifetimes 

of Ru(II) excited states decreased as the doping level of Os(II) 

increased. A growth of Os(II) emission provided strong 

evidence for Ru-to-Ru excited state migration and Ru-to-Os 

energy transfer in osmium-doped 1 (Figure 3). 

 
Figure 3. a) Transient emission decay profiles for 1 and its osmium analog, 1-Os, 

monitored at 620 nm and 710 nm, respectively, following two-photon excitation 

at 850 nm. b) Transients for 1.4 and 2.6 mol% Os-doped 1 at 620 nm and 710 nm 

with emission at 620 nm dominated by Ru
II
* and at 710 nm by Os

II
*. c) Schematic 

depicting the hopping of the Ru(II)*-bpy excited states in these isomorphous 

MOFs. Reprinted with permission from reference 
65

. Copyright 2010 American 

Chemical Society. 

Since Förster mechanism is spin-forbidden in this triplet-

triplet energy transfer process, the energy transfer in 1 was 

initially proposed as a site-by-site hopping following Dexter 

mechanism. A one-dimensional diffusive (random walk) model 

was used to describe the energy transfer map across the 

framework. However, the fitted energy transfer rates are faster 

than those predicted from a Dexter model, suggesting some 

cooperative or long range effects.66 
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Figure 4. a,b) Steady-state (black) and time-resolved (red) Stern-Volmer 

quenching analysis of 2 with BQ (a) or TMBD (b). c) Schematic showing the light-

harvesting process in MOF microcrystals as a result of a rapid energy migration 

over several hundred nanometers followed by efficient electron transfer 

quenching at the MOF/solution interface. Reprinted with permission from 

reference 
67

. Copyright 2011 American Chemical Society. 

Efficient light-harvesting as a result of rapid energy 

migration in 1 and another MOF, Zn(H2L2)·3H2O (2, H4L2 = 

Ru(4,4’-dcbpy)2(CN)2), which is built from a similar 

ruthenium-based bridging ligand,  was probed by luminescence 

quenching studies using an oxidative quencher (1,4-

benzoquinone) or a reductive quencher (N, N, N’, N’-

tetramethylbenzidine). The quenching process was proposed to 

take place at the MOF/solution interface as the MOF channels 

are too small to allow quencher molecules to diffuse in. The 

quenching behavior showed different quencher concentration 

dependence for intensity and lifetime measurements. When the 

lifetime followed Stern-Volmer equation, the luminescene 

intensity exhibited a positive deviation (Figure 4). Thus, the 

quenching data were fitted with a model considering both static 

(pre-association) and dynamic (diffusion) quenching processes: 

�
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�Ru*
�Ru* " �S

" !*1 � #$%+ �Ru*
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where kS and kD are rate constants for static and dynamic 

quenching, respectively. γ is the excited states migrated to the 

MOF/solution interface, which was found to be nearly 1 upon 

fitting. These results indicated that the excited states rapidly 

migrate over hundreds of nanometers to the MOF/solution 

interface with a near unity efficiency.67 A follow-up study 

showed that 2 exhibited a 7000-fold enhancement of Stern-

Volmer quenching constant compared to the moiety complex 

Ru(bpy)2(CN)2 with methylene blue as the quencher.68 These 

phosphorescent MOFs thus provide a promising platform to 

develop highly sensitive and selective sensors. 

Rapid energy transfer processes were also reported in 

porphyrin-based MOFs. Hupp and coworkers studied the 

energy transfer phenomena in two MOFs, Zn2(TCPB)(F-ZnP) 

(F-MOF, H4TCPB = 1,2,4,5-tetrakis(4-

carboxyphenyl)benzene, F-ZnP = [5,15-di(4-pyridyl)-10,20-

bis(pentafluorophenyl)porphinato]zinc(II)) and 

Zn2(TCPB)(DA-ZnP) (DA-MOF, DA-ZnP = [5,15-bis[(4-

pyridyl)ethynyl]-10,20-diphenylporphinato]zinc(II)), with 

porphyrin-derived ligands.69 Both MOFs adopt pillar-layer 

structures with the porphyrin-derived ligands sitting at the pillar 

positions and aligning in rectangle geometry (Figure 5). 

Enhanced quenching was observed with pyridyl-ferrocene 

(FcPy) as a pre-associated quencher. In both MOFs, the 

fluorescence quenching follows a modified Stern-Volmer 

equation: 

�
 � �5
� � �5 � 1 " �$6-./ 

where I0, I, and Is represent fluorescence intensities at zero 

quencher doping level, a particular quencher doping level, and 

saturated quencher doping level, respectively. The saturated 

quenching phenomenon is consistent with a pre-association 

quenching process. 

Theoretical studies suggested that energy transfer between 

porphyrin chromophores is anisotropic with the intra-layer rates 

(pathways AB, AC, and AD in Figure 5) faster than inter-layer 

rates (pathway AE) in F-MOF. However, the inter-layer energy 

transfer is not negligible in DA-MOF despite a longer 

chromophore distance.  

A one-dimensional model was used to estimate the total 

hopping steps of the excited state within its lifetime. However, 

this oversimplified model underestimated the ability of a trap 

site to quench migrating excited states due to the reduced 

dimension, potentially leading to an overestimation of energy 

transfer rates. This much more significant amplified quenching 

effect in a three-dimensional network compared to a one-

dimensional system was also reported by Lin, Meyer and 

coworkers.70 
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Figure 5. Schematic figures showing the structure and distances between 

porphyrin chromophores in F-MOF (a) and DA-MOF (b). Reprinted with 

permission from reference 
69

. Copyright 2013 American Chemical Society. 

Hupp and coworkers also carried out a follow-up study 

fabricating thin films of DA-MOF in a layer-by-layer 

manner.71 The resulting MOF thin films were then decorated by 

a second squaraine dye S1 (Figure 6a)72 at the outermost layer 

as an acceptor to probe energy transfer. Photophysical studies 

showed that the porphyrin chromophores were completely 

quenched by the second dye in a 50-cycle film, suggesting very 

efficient energy transfer in this MOF (Figure 6). 

 
Figure 6. (a) Preparation of S1-decorated DA-MOF film. (b) Comparison of 

emission profiles of DA-MOF (green), S1 (red), and DA-MOF sensitized S1 

(brown) upon excitation at 450 nm. (c) Excitation profile of the DA-MOF+S1 film 

monitored at 780 nm, where the emission from DA-MOF is negligible. Reprinted 

with permission from reference 
71

. Copyright 2013 American Chemical Society. 

Energy transfer between different lanthanide ions has also 

been investigated. Reddy and coworkers studied the energy 

transfer from a Tb3+ center to an Eu3+ center in a mix-

lanthanide MOF [Eu0.5Tb0.5L3(H2O)2]n [3, L = 4-(dipyridin-2-

yl)aminobenzoate].73 The energy transfer efficiency was 

determined to be 86% based on lifetime measurements. A 

Förster mechanism was proposed for the energy transfer 

process. 

MOFs for photocatalytic oxidative degradation of 

organic molecules 

Photocatalytic degradation of organic pollutants is one of the 

intensely studied topics in environmental science. Quite a 

number of MOFs have been investigated as photosensitizers for 

decomposing organic dye molecules that are used as surrogates 

for organic pollutants. Simple MOFs such as MOF-5,74 MIL-

100(Fe)75 or MIL-53(Fe)76 can be excited under UV or visible 

irradiations to LMCT states, which will sensitize oxygen and 

show catalytic activity towards oxidative degradation of 

organic molecules.77-80 In 2007, Garcia and coworkers reported 

oxidative degradation of substituted phenols with MOF-5 

under UV light. A reverse size selectivity was observed for 

phenol and 2,6-di-tert-butylphenol, while the bulkier substrate 

exhibited a higher degradation rate. This reverse selectivity 

suggests that the degradation process likely takes place on the 

external surface of the MOF.78 The authors however did not 

rule out the possibility that the observed reactivity trend is due 

to the fact that electron-rich 2,6-di-tert-butylphenol is easier to 

oxidize than phenol.  

Organic dyes such as methylene blue, rhodamine B, or 

methyl orange are more widely used as probes to examine 

photocatalytic activities of MOFs, for it is convenient to 

monitor the dye degradation using UV-vis absorption 

spectroscopy.81-91 A titanium(IV) based MOF, 

Ti2(Hdhbdc)2(H2dhbdc) (NTU-9, H4dhbdc = 2,5-

dihydroxyterephathalic acid), was reported recently as an active 

photocatalyst for dye degradation.92 In NTU-9, the 

mononuclear titanium(IV) centres are connected through 2,5-

dihydroxyterephthalate ligand to form a 2-D sheet. Due to the 

strong LMCT absorption, NTU-9 shows deep red colour with 

an absorption band extending to 750 nm. NTU-9 exhibited 

excellent photocatalytic activity towards dye degradation. 

Rhodamine B and methylene blue were completely degraded 

upon 80 min and 20 min of visible light irradiation, 

respectively.  

Although many MOFs have been reported to exhibit good to 

excellent performance in dye degradation compared to 

conventional standards such as TiO2, not much effort has been 

devoted to kinetic or mechanistic studies for those systems. One 

of the several kinetic studies was carried out by Li and 

coworkers in 2012. They used terephthalic acid as a probe 

molecule to detect the formation and existence of hydroxyl 
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radicals in photocatalytic dye degradation reactions.87 They 

used the ligands 1,2,4,5-benzenetetracarboxylic acid (H4btec) 

and 4,4’-bis(1-imidazolyl)biphenyl (bimb) to synthesize a 

family of MOFs with different metal ions. Three of them, 

[Co(btec)0.5(bimb)]n (4), [Ni(btec)0.5(bimb)(H2O)]n (5), and 

[Cd(btec)0.5(bimb)0.5]n (6), exhibited good performance for 

oxidative degradation of the organic dye X3B. The 

photogenerated hydroxyl radical was scavenged by terephthalic 

acid to form a luminescent product 2-hydroxyterephthalic acid. 

No photoluminescence (PL) intensity increase was observed in 

absence of the MOFs, while the PL intensity of 2-

hydroxyterephthalic acid showed linear relationship with time 

at the presence of visible light and MOF catalysts (Figure 7). 

The zeroth-order kinetics indicated that the generation of 

hydroxyl radicals takes place at the MOF/solution surface via 

photochemical processes. 

 
Figure 7. (a) PL spectral changes observed during illumination of 6 in a 5 × 10−

4
 M 

basic solution of terephthalic acid (excitation at 315 nm). (b) Comparison of the 

induced PL intensity at 425 nm for MOFs 4 (red), 5 (blue), and 6 (black).  

Reprinted with permission from reference 
87

. Copyright 2012 American Chemical 

Society. 

MOFs for organic photocatalysis 

Compared to the intensively studied dye degradation 

reactions, much less effort has been devoted to photocatalytic 

transformations, which require better control of excited state 

properties. Lin and coworkers first incorporated metal-organic 

dyes such as Ru(bpy)3
2+ or Ir(ppy)2(bpy)+ into UiO-type MOFs 

and obtained solid state photocatalysts.93 Aza-Henry reactions, 

oxidative coupling of amines and oxidation of sulfides were 

investigated as model reactions to demonstrate the 

photocatalytic activities of these MOFs. The resulting MOFs 

showed slightly lower activity compared to homogeneous 

controls, yet exhibited excellent reusability as no decrease of 

catalytic activity was observed. However, as size-selectivity 

was not observed in photocatalysis, it was suggested that these 

reactions could be mediated by photochemically generated 

singlet oxygen. 

Wu and coworkers reported a tin-porphyrin MOF 

[Zn2(H2O)4SnIV(TPyP)(HCOO)2]·4NO3·DMF·4H2O (7, 

SnIVTPyP = 5,10,15,20-tetra(4-pyridyl)-tin(IV)-porphyrin) as a 

photocatalyst for oxidation of sulfides to sulfoxides.94 7 

exhibited better selectivity towards sulfoxides than the 

homogeneous control, SnIV(OH)2TPyP. The MOF also 

catalyzed photochemical oxidation of 1,5-

dihydroxynaphehalene to 5-hydroxynaphthalene-1,4-dione. 

Combination of a photosensitizer and an asymmetric catalyst 

in the same MOF can lead to stereoselective photocatalysis. 

Duan and coworkers reported in 2012 a pair of MOF 

enantiomers as asymmetric photocatalysts.45 The MOFs were 

constructed from photoactive tris(4-carboxyphenyl)amine 

(H3TCA) ligands and Zn2+ metal ions with L- or D-N-t-

butoxycarbonyl-2-(imidazole)-1-pyrrolidine (L- or D-BCIP) as 

a chiral adductive. Framework chirality was confirmed via 

single crystal crystallography and circular dichroism (CD) 

spectroscopy. The protected chiral amine not only serves as a 

template for the synthesis of the chiral MOF, but also shows 

catalytic activity upon thermal deprotection (Figure 8). The 

deprotected MOFs, Zn2(µ-OH)(OH2)(TCA)(L-PYI) (Zn-PYI1, 

L-PYI = L-pyrrolidine-2-ylimidazole) and its mirror image Zn-

PYI2, were used as heterogeneous photocatalysts for 

asymmetric α-alkylation of aliphatic aldehydes. Remarkably 

high enantioselectivies were achieved, and different hands of 

MOFs gave opposite selectivities. 

 
Figure 8. Schematic representation of mirror image structures of Zn-BCIP1 and 

Zn-BCIP2 and their deprotected forms Zn-PYI1 or Zn-PYI2. Reprinted with 

permission from reference 
45

. Copyright 2012 American Chemical Society. 

The two MOFs were studied thoroughly to demostrate the 

catalytic activity and selectivity. First, substrates of the 

reaction, the aldehyde and ethyl bromomalonate, can be 

adsorbed into the MOF channel. Bromomalonate was also 

shown to quench the luminescence of the photoactive ligand 

tris(4-carboxyphenyl)amine. Second, size selectivity was 

observed when different aldehydes were used. These 

experiments proved that the catalysis took place in the channel 

of the MOFs, not only on the external surface. Catalysis 

experiments were also performed using achiral MOFs Ho4(µ3-
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O)2(µ3-OH)2(H2O)8(TCA)2 or Zn4O(TCA)2 (MOF-150)95, 96 as 

the photosensitizer, which bear the same photoactive moiety, 

with the same chiral adduct. Although the chiral adduct can 

also be adsorbed, much lower enantiomeric excess (ee) values 

were obtained in catalysis. The results indicated that framework 

chirality also plays an important role in the asymmetric 

photocalysis, and combination of both photoactive and 

asymmetric components in the same framework is essential to 

achieve enantioselectivity. 

MOFs for photocatalytic hydrogen evolution and CO2 

reduction 

Photo-driven water splitting or CO2 reduction is one of the most 

promising scenarios for solar energy conversion. Various 

molecular compounds, semiconductors and hybrid materials 

have been developed in the past few decades for water splitting 

and CO2 reduction reactions. As the LMCT and ligand π-π* 

excitation of MOFs fall into UV and the blue end of visible 

regions, MOFs have been proposed to exhibit similar 

photocatalytic activities as semiconductors, which have similar 

band gap values. Simple MOFs such as UiO-6697 have been 

tested as a photocatalyst for hydrogen evolution. UiO-66 

showed catalytic activity for hydrogen evolution in a 

methanol/water mix solution, and enhanced activity was 

observed when platinum nanoparticles were added as a co-

catalyst.42 Introduction of a pending amino group to the MOF 

backbone resulted in an intense absorption band between 300-

400 nm and slightly increased the catalytic activity. The amino-

functionalized MOF, NH2-UiO-66, was also found to exhibit 

modest catalytic activity towards CO2 reduction recently.98 

Using a similar strategy, Li and coworkers reported in 2012 

photocatalytic CO2 reduction catalyzed by NH2-MIL-125(Ti), 

a MOF constructed from Ti8O8(OH)4(O2CR)12 clusters and 2-

aminoterephthalic acid bridging ligands (Figure 9).99 NH2-

MIL-125(Ti) exhibits a visible absorption band extending to 

550 nm. Photocatalytic CO2 reduction was performed under 

visible light with triethanolamine (TEOA) as the sacrificial 

electron donor in acetonitrile solution. Formate was detected as 

the reducing product. A modest TON of 0.03 per Ti was 

achieved. 

 
Figure 9. (a) Absorption spectra of MIL-125(Ti) (line a) and NH2-MIL-125(Ti) (line 

b). (b) Proposed methanism for the phtotocatalytic CO2 redution. Reprinted with 

permission from reference 
99

. Copyright 2012 Wiley-VCH. 

Although photo-mediated reactions can be achieved with 

these simple MOFs, the activities are very low and most of the 

studied systems are not catalytic (in a strict sense) with a TON 

of less than 1. This low photocatalytic activity is probably due 

to the absence of vacant sites for substrate activation and 

inefficient electron transfer between the MOF and the substrate. 

To enhance their performances, several MOFs have been 

designed and used as either photosensitizers or catalysts in 

multi-component photocatalytic systems. In 2009, Mori and 

coworkers reported a MOF [Ru2(p-BDC)2]n as a catalyst for a 

photochemically driven hydrogen evolution reaction.100 The 

MOF was constructed from Ru2(O2CR)4 paddle-wheel 

secondary building units (SBUs) and linear BDC linkers, 

leading to a two-dimensional structure with one-dimensional 

channels running perpendicular to the layers. The SBUs are 

catalytic active for proton reduction with Ru(bpy)3
2+ as the 

photosensitizer, methyl viologen (MV2+) as the electron relay, 

and Na2EDTA as the sacrificial electron donor. All the four 

components were found to be critical for hydrogen generation. 

Rosseinsky and coworkers used a water stable porphyrin 

MOF Al2(OH)2(TCPP)·3DMF·2H2O (H4TCPP = meso-tetra(4-

carboxyphenyl)porphyrin) as the photosensitizer for 

photocatalytic proton reduction with platinum nanoparticles as 

a co-catalyst and Na2EDTA as the sacrificial electron donor.43 

An approximate TON of 0.7H2/porphyrin was achieved over 6 

hours, however, when MV2+ was introduced to the system as an 

electron relay, the catalytic activity decreased by one order of 

magnitude. The author suggested that slow diffusion of MV2+ 

through MOF channels leads to inefficient electron transfer and 

low activity. 

Lin and coworkers reported in 2011 the synthesis of a MOF 

photocatalyst Zr6(µ3-O)4(µ3-OH)4(bpdc)5.83(L8)0.17 (8, bpdc = 

5,5’-biphenyldicarboxylate; H2L8 =  Re(CO)3(5,5’-dcbpy)Cl) 

by doping [Re(CO)3(5,5’-dcbpy)Cl] into a UiO-67 

framework.93 Re(bpy)(CO)3X has been extensively studied as 

molecular CO2 reduction catalysts in homogeneous systems. 8 

showed the same powder X-ray diffraction (PXRD) pattern as 

UiO-67 due to the matching lengths of [Re(CO)3(5,5’-

dcbpy)Cl] and 4,4’-biphenyldicarboxylic acid. 8 catalyzed 

highly selective photocatalytic CO2 reduction towards CO in 

acetonitrile solution with triethylamine as a sacrificial reducing 

agent. A TON of 10.9 was achieved in 12 hours, which is 

almost three times higher than that of the homogeneous 

complex. The higher activity was believed to result from site 

isolation of catalytic centers, which blocks bimolecular catalyst 

decomposition pathways. However, the recovered solid was 

inactive for CO generation. Spectroscopic studies showed the 

loss of CO stretching vibrations and the MLCT absorption 

band, indicating that the rhenium-carbonyl moieties detached 

from the MOF backbone during the catalytic cycle. 

Ott and coworkers recently reported the incorporation of a 

[FeFe]-hydrogenase analog, Fe2(dcbdt)(CO)6, into UiO-66 

framework via post-synthetic exchange method.101 EDX studies 

indicated that ~14% of the bridging ligand was exchanged to 

Fe2(dcbdt)(CO)6. The resulting MOF solid was three times 

more active than the corresponding ligand towards 

photochemical proton reduction with Ru(bpy)3
2+ as the 

photosensitizer and ascorbic acid as the sacrificial electron 

donor. The activity enhancement was attributed to stabilization 

of the catalyst in the framework and inhibition of 
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nonproductive charge recombination. The stability of the UiO 

framework under the catalytic conditions was however not 

demonstrated in this work. 

Recently, Wang and coworkers reported the photocatalytic 

activity of a cobalt-based zeolitic imidazolate framework 

Co(benzimidazole)2 (Co-ZIF-9), which was first reported in 

2006.102, 103 Co-ZIF-9 showed photocatalytic activities towards 

proton and CO2 reduction in the presence of Ru(bpy)3
2+ 

photosensitizer, TEOA sacrificial reducing agent and visible 

light. A mixture solution of Co2+ and benzimidazole ligand also 

showed some catalytic activity, but lower than that of Co-ZIF-

9. However, the selectivity of CO2 reduction against proton 

reduction is moderate. Control experiments indicated that the 

efficiency for proton reduction increased greatly in the presence 

of CO2, but it remains unclear whether it is due to pH 

difference or CO2 plays a role in the hydrogen evolution 

catalytic cycle. 

For most MOFs, a second component, either a 

photosensitizer or a co-catalyst, is needed to get significant 

TONs for proton or CO2 reduction. In these cases, slow mass 

transport through MOF channels and inefficient electron 

transfer between MOF and the homogeneous component will 

greatly affect the performance and decrease the activity. Better 

designs are thus needed to integrate different components in a 

single solid to obtain a more active catalyst. In 2012, Lin and 

coworkers reported a MOF-based assembly consisting of 

phosphorescent MOF backbone and platinum nanoparticles for 

hydrogen evolution.44 They used iridium(III) based molecular 

photosensitizers bis(4-phenyl-2-pyridine)(5,5’-dicarboxylate)-

2,2’-bipyridine)-iridium(III) chloride (L9) or bis(4-phenyl-2-

pyridine)(5,5’-di(4-phenylcarboxylate)-2,2’-bipyridine)-

iridium(III) chloride (L10) as the bridging ligand to synthesize 

UiO-type MOFs Zr6(µ3-O)4(µ3-OH)4(bpdc)5.94(L9)0.06 (9) and 

Zr6(µ3-O)4(µ3-OH)4(L10)6 (10) (Figure 10). Upon irradiation, 

the excited photosensitizers trigger the photoreduction of a 

platinum(II) precursor to selectively deposit platinum 

nanoparticles in MOF channels. Both nanoparticle@MOF 

assemblies Pt@9 and Pt@10 showed catalytic activities for 

proton reduction reaction with triethylamine as the sacrificial 

reductant. TONs observed for Pt@9 (TON=3400) and Pt@10 

(TON=7000) were 1.5 and 5 times as high as that of the 

homogeneous control, respectively. The close proximity of the 

photosensitizer (iridium complex molecules) and the catalyst 

(platinum nanoparticles) is believed to facilitate electron 

transfer between the two and enhance the catalytic 

performance. This work provides an interesting strategy to 

construct MOF-based hierarchical assemblies for solar energy 

conversion reactions. 

 
Figure 10. (a) TEM images of Pt@9. (b) The synergistic photocatalytic hydrogen 

generation process via photoinjection of electron from the light-harvesting MOF 

on to the Pt NPs. (c) HRTEM images of a powdery sample of Pt@10. The lattice 

fringes of the Pt particles are shown with d-spacing matching that of the Pt{111} 

plane. Reprinted with permission from reference 
44

. Copyright 2012 American 

Chemical Society. 

MOFs for water oxidation 

With quite a number of MOFs and MOF-based assemblies 

have been used as photocatalysts for hydrogen evolution, fewer 

MOF examples have been reported for the other half reaction of 

water splitting, namely water oxidation. This is probably due to 

the instability of most MOFs under water oxidation conditions 

(aqueous buffer solution, strong oxidant, etc.). The first work 

using MOF as a water oxidation catalyst was performed by Lin 

and coworkers in 2011.93 Three iridium-based water oxidation 

catalyst, [Cp*IrIII(dcppy)Cl], [Cp*IrIII(dcbpy)Cl]Cl, and 

[IrIII(dcppy)2(H2O)2]OTf, (dcppy = 2-phenylpyridine-5,4’-

dicarboxylic acid; dcbpy = 2,2’-bipyridine-5,5’-dicarboxylic 

acid) were doped into the UiO-67 framework and the resulting 

MOFs showed catalytic activity towards cerium(IV) driven 

water oxidation. However, all three MOFs showed much lower 

activity compared to their homogeneous counterparts. The 

authors believed that catalytic water oxidation only takes place 

near the external surface of the MOFs since cerium(IV) cannot 

enter the MOF channels due to the small MOF open channel 

sizes. 

To enhance water oxidation activities, Lin and coworkers 

prepared catalytic active MOFs with larger channels using an 

Ir-based longer bridging ligand. In 2012, they reported two 

MOFs, Zr6(µ3-O)4(µ3-OH)4{[(bpy-dc)IrCp*Cl]Cl}6 (11, H2bpy-

dc = 5,5’-bis(4-carboxyphenyl)-2,2’-bipyridine) and Zr6(µ3-

O)4(µ3-OH)4[(ppy-dc)IrCp*Cl]6 (12, H2ppy-dc = 2-(4’-

carboxyphenyl)phenyl-5-(4-carboxyphenyl)pyridine), bearing 

the same [(bpy)IrCp*Cl]+ and [(ppy)IrCp*Cl] active moieties, 

respectively.104 Both MOFs showed catalytic activities towards 

cerium(IV) driven water oxidation, yet partially decomposition 

of the iridium complexes was also observed. With a 

combination of NMR and MS characterization, an iridium 

species with the formula of (H2bpy-dc)Ir(H2O)2XCl (X = 

acetate or formate) was identified after the recovery of 11 from 

water oxidation reaction. Further decomposition into IrOx was 

prohibited by the site isolation in the MOF. This work thus 

proved that single-site iridium complex is an active water 

oxidation catalyst and provided important mechanistic insights 

into water oxidation with molecular catalysts. 

Das and coworkers reported incorporation of a molecular 

water oxidation catalyst, {[Mn(tpy)]2(µ-O)2}
3+ (MnTD; tpy = 
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2,2’:6’,2”-terpyridine), into the MIL-101(Cr)105 framework.106 

The resulting assembly exhibited slightly lower activity but 

much enhanced stability compared to the homogeneous 

solution of the catalyst, which is attributed to prevention of 

undesired intermolecular interaction between MnTD 

molecules.  

Electrocatalytic water oxidation with MOFs has also been 

studied, yet the performance is limited by the insulator nature 

of bulk MOFs. Du and coworkers reported electrocatalytic 

water oxidation activities of four cobalt-phosphonate 

coordination polymers in 2013, but they did not rule out the 

possibility that the catalytic activity could result from cobalt 

oxide nanoparticles formed from the decomposition of these 

compounds.107  

Concluding remarks 

In the past few years, much progress has been made on the 

design and synthesis of photoactive MOFs based on either 

metal-organic or organic chromophores. Some of these systems 

have been tested for degradation of organic pollutants but far 

fewer systems have been examined in photocatalytic reactions 

that are relevant to solar fuel production and organic synthesis. 

Since it is difficult to predict and control the energy levels, 

lifetimes, and other related properties of the excited states in 

simple MOFs (such as MOF-5, UiO-66, etc), further 

development of MOF photocatalysts will likely rely more on 

the use of well-established photoactive ligands such as 

porphyrin derivatives, phosphorescent metal complexes, and 

fluorescent organic compounds. 

As many MOFs have modest stability under photocatalytic 

conditions, recent examples of MOF photocatalysts mainly rely 

on Zr-carboxylate, Al-carboxylate or Ti-carboxylate SBUs. 

Although these SBUs are robust enough to survive harsh 

catalytic conditions, their lack of redox- and photo-activities 

severely limits the ability to use them as a functional 

component in a multifunctional photocatalytic system. 

Expanding the SBU choices to redox- and photo-active metals 

such as Fe and Co will provide additional opportunities to 

functionalize both metal connection nodes and bridging ligands 

to enhance photocatalytic performances of MOFs.  

Incorporation of functional moieties such as Pt nanoparticles 

in MOF channels provides an additional means to endow MOFs 

with novel functions. Synergistic and cooperative interactions 

among different functionalities in such a multicomponent MOF 

open a new strategy for designing molecular materials for 

photocatalysis and artificial photosynthesis. We foresee that 

multicomponent MOFs containing diverse and even 

incompatible functionalities will be assembled to achieve total 

water splitting or carbon dioxide reduction with energy input 

from sunlight. MOFs provide an attractive platform to 

hierarchically organize light-harvesting antenna and catalytic 

centers to achieve solar energy conversion in a molecular 

material.  
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