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Metal-Organic Frameworks: Molecules or Semiconductors 

in Photocatalysis? 

Nikita Kolobov,[a] Maarten G. Goesten*[b] and Jorge Gascon*[a]  

 

In the realm of solids, Metal-Organic Frameworks (MOFs) offer unique possibilities 

for a rationale-based engineering of tailored physical properties. These derive from the 

modular, molecular make-up of MOFs, which allows for the selection and modification of 

the organic and inorganic building units that construct them. The adaptable properties 

make MOFs interesting materials for photocatalysis, an area of increasing significance. But 

the molecular and porous nature of a MOs leaves the field, in some areas, juxtapositioned 

between semiconductor physics and homogeneous photocatalysis. While descriptors from 

both fields are applied in tandem, the gap between theory and experiment has widened 

in some areas, and arguably needs fixing. 

Here we review, on the basis of the literature, where MOFs have shown to be similar 

to conventional semiconductors in photocatalysis, and where they have shown to be more 

like infinite molecules in solution. We do this from the perspective of band theory, which 

in the context of photocatalysis, covers both the molecular and nonmolecular principles of 

relevance.  
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1. Theoretical Principles  

 

1.1 The principles in a nutshell 

Graphically depicted in Figure 1, the first and principal step in photocatalysis is 

electron-hole pair separation (EHPS). Photon-induced, the average lifetime i  of this 

separation is important, as charge carriers can recombine, emitting a photon in the process. 

For catalysis, recombination is undesired, as the goal is to utilize either the electron or the 

hole to, respectively, reduce or oxidize a substrate. The thermodynamics, on the right-hand 

side of Figure 1, are intuitive in this regard: an excited electron lowers its energy by jumping 

onto a lower-lying, unoccupied substrate orbital (typically the LUMO). The hole, positively 

charged, does the opposite, providing an empty, lower-lying state for an electron in a 

higher-lying molecular orbital (typically the HOMO). 

                                                      
i In physics, the electron and hole are often combined to define an exciton, a quasiparticle with a lifetime.  
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Figure 1: (Left) photon absorption and excitation of the electron along a direct band gap, to create 

an electron-hole pair, (right, top) the undesired process of electron-hole recombination, under 

emission of a photon, which nullifies the initial excitation, (right, bottom) reduction of CO2 by the 

excited electron and oxidation of H2O by a positively charged hole. 

 

The substrate is usually found in solution state, and catalysis, therefore, proceeds 

via charge transfer at the solid-liquid interface. A classical and simple schematic for energy 

levels and equilibrium between a nonmolecular n-type semiconductor, and redox states in 

solution is shown in Figure 2. In this delineation, just two energy levels that matter are 

drawn for the solid, as straight lines. They represent the band edges, which translate to 

the highest occupied crystal orbital (Valence Band Maximum, VBM), and lowest unoccupied 

crystal orbital (Conduction Band Minimum, CBM), respectively. The energy difference 

between the two states defines the band gap Eg, which sets the energy required for 

excitation i.e. the maximum wavelength of the absorbed photon. The Fermi level (EF) 
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indicates the energy level for which the probability of state occupancy is exactly 0.5. For a 

semiconductor, EF is always located in the gap, but notice how EF is closer to the CBM than 

to the VBM, for we chose the example of an n-type semiconductor. 

 

Figure 2. Schematic of an n-type semiconductor showing the valence and conduction bands (VB 

and CB, respectively), Fermi level (E
F
), band-gap energy (E

G
), and the redox states in solution (Ox 

and Red), with their corresponding Fermi level (E
F(redox

) and solvent-reorganization energy (λ).  

 

To remind the reader, an n-type semiconductor is doped with species that donate 

extra electrons – doping tetravalent silicon (Si) with pentavalent phosphorus atoms (P) is 

a common approach. Doping shifts EF and often improves charge transport upon excitation. 

The same schematic shows the states of the redox couple in solution (Figure 2, red). 

The redox couple constitutes the orbitals of the product and the substrate; in the figure 

denoted as the empty LUMO, and occupied HOMO. Photocatalysis often employs electron 

and hole scavengers, sometimes described as sacrificial agents, which then take a 

corresponding identity in the redox couple e.g. triethylamine is commonly employed as 

electron donor in hydrogen evolution (where the product is removed from solution). Note 
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how the states are represented by Gaussian-like curves rather than distinct energy levels, 

to represent the solvent-sheath energy λ. One can consider this the effect of a non-uniform 

electric field around the molecules in solution. The redox couple sets a Fermi level in 

solution, EF(redox).  

The CBM and VBM are the extrema of the semiconductor’s band structure. Not just 

the energy positions of these extrema are important  their momentum, represented 

horizontally in the band structure by wave vector k, is too.ii An indirect band gap requires 

momentum transfer, along k. This needs assistance by a phonon (a periodic analogue of 

                                                      
ii The band structure follows a defined path in the Brillouin Zone, the Wigner-Seitz unit cell in reciprocal space 
containing all momentum vectors representative of the periodicity of the lattice.  
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a vibration), resulting in lower absorption coefficients in comparison with materials that 

present a direct band gap (Figure 3, top).  

Figure 3. Top left: an indirect and top right: a direct band gap. Bottom: band structures for structures 

with low (left) and high (right) degrees of dispersion around the CBM and VBM, and their 

corresponding effective masses. 

 

1.2 Molecular versus nonmolecular concepts 

 

The curvature at the extrema is important as well; band theory prescribes lower 

effective masses i.e. higher charge carrier mobilities for larger curvatures. This promotes 

efficient EHPS. Stronger curvatures correspond to greater dispersion, which in turn 

corresponds to stronger local chemical (orbital) interaction. It is here that the nature of the 

metal-organic bond, in MOFs, creates a question for band theory: is this bond strong and 

rigid enough for MOFs to behave like nonmolecular semiconductors in photovoltaics, or 

are ligand lability and solvent effects dominant enough to warrant a (more) molecular 

approach?  

Lability in metal-ligand (metal-organic) bonding has been extensively reported on.1-

4 It allows for applying the concept of hemilability in adsorption, and the use of defects 

(upon metal-ligand bond breakage) in catalysis.5 One can add to these elements the 

observation that not just metal-ligand bond strength, but linker flexibility was shown to 

affect MOF stability, by virtue of interaction with the solvent in certain cases.6 Regarding 

photovoltaic properties, this suggests that the MOF states may look more like the right-

hand side of Figure 2, with energy levels smeared out by the local environment. 

The question thus really boils down to whether we should consider MOFs as solids 

with a well-defined boundary with the solution, or as (infinite) quasi-molecules (in solution), 

when trying to assess and understand their photocatalytic properties. Of course, MOFs are 
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often described as having properties from both realms,7 but it is unusual how concepts 

from coordination chemistry (like ligand-to-metal charge transfer), are mixed in with those 

from semiconductor physics, often in the same breath, in MOF literature.  

Band theory has been used to engineer conductivity in MOFs, most notably by 

Hendon and Dincă  – this very area marks both a great challenge and void of opportunity 

for MOF chemistry. The same principles that apply to conductivity can be used to engineer 

dispersion around the band edges i.e. high charge carrier mobilities upon photoexcitation.  

The molecular picture, away from conductivity through continuous pathways of 

strong bonding, relies on charge hopping rather than band conductivity (the bands are 

flat), and therefore on the density and dynamics of those hopping sites.8-11 The physical 

system can be surprisingly complex – there are cases where computation at the highest 

level reveals the workings of a MOF photocatalyst to depend on a dynamical, molecular 

picture in solution.12 But several concepts from band theory that are relevant for 

photocatalysis, such as band alignment, translate as naturally to such molecular MOFs as 

band theory does to coordination chemistry.13 We treat those concepts first, before looking 

at the perspectives from band theory and semiconductor physics.  

2. Band alignment 

 

2.1 Principles of band alignment for photocatalysis 

 

The principle of band alignment works, in principle, for all MOFs. Molecular MOFs 

would just feature flat bands with no dispersion. And whether the bands are flat or not, 

the energy positions of the VBM and CBM need to favor charge transfer from the MOF to 

the substrate thermodynamically. The principles here follow Figures 1 and 2, and in Figure 
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4 we list band edges for several MOFs, referenced against the potentials associated with 

water splitting.  

 

Figure 4. Band alignment values for several well-known MOFs.14-20  

 

The band alignment energies of MOFs can be estimated by experimental and 

theoretical techniques; a brief discussion of both is presented in sections 4 and 5, 

respectively. We first review the approaches that aim to manipulate the positions of the 

band edges, and hence, the band gap.  

 

2.2 Controlling bands through the ligand 

 

2.2.1 Changing bands through ligand modification 

 

The possibilities in modifying the band edge positions through an appropriate 

choice of linker are vast and exemplified by spectacular recent developments in covalent 

organic framework (COF) photocatalysts. COFs can be seen as linker-only frameworks, and 

in eyeing a specific reaction, one can tune both band edges and porosity through the 
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linker.21 Such tuning is, in principle, possible for MOFs too, although one remains 

dependent on the nature of the metal-linker bond.iii  

The first general approach toward band edge tuning through linker modification 

was given by Hendon et al., and regards MOF-125, the most widely studied MOF 

photocatalyst.22 The authors showed how a variety of functional groups, when attached to 

the familiar benzenedicarboxylate linker, alter the band edge positions and thus the band 

gap. The predicted and observed effect of the electron-rich amine ligand served to 

stimulate significant exploration into aminated MIL-125(Ti) as photocatalyst.23-25 The 

concept is intuitive, and connects organic to solid-state chemistry; the amine group 

increases the aromatic electronic density (an effect clearly visible in solid-state NMR), which 

shifts up the VBM. In MIL-125(Ti), the CBM is located on a Ti oxo cluster, and 

functionalization of the linker does therefore not alter its position.  

The effect of decorating the linker with electron-withdrawing or donating groups 

has been studied for several photocatalytic MOFs since.26 General concepts of comparable 

notion have been developed, such as the tuning of band edge positions through 

conjugation and π-stacking for a series of isoreticular MOFs, by Foster et al.27 Compelling 

recent developments feature an extension of this concept to zeolitic imidazolate 

frameworks (ZIFs),28 and UiO (University of Oslo) MOFs based on naphthalenediimide 

linkers29 – this is an area where theory is ahead of experiment. Some computed band 

alignment variations for the discussed families are shown in Figure 5.  

Controlled implementation of linker functionalities can lead to the combination of 

a molecular photocatalyst with confinement effects in the solid state. Shown by Song et 

                                                      
iii the metal ligand bond does bring the virtue of crystallinity through connectivity. Tectonic units are harder 

to construct for COFs, and many porous organic frameworks are noncrystalline 
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al., the latter can lead to dramatic improvements over rates in homogeneous catalysis due 

to improved (multi)-electron transfer upon photoexcitation.30 

Figure 5. Band alignment of several ZIF28, UiO29 and MIL-12531 variations (with different linkers). 

 

2.2.2 Post-synthetic modification and ligand exchange 

 

An established field of its own, post-synthetic modification (PSM) of the linker can 

be a way around complications in one-pot synthesis when targeting the embedding of a 

functionality. The most facile way is via ligand exchange, typically solvent-assisted. The 

effort by Han et al. is a case in point; the authors aimed to functionalize MIL-125 with a 

methylthio group.32 Direct synthesis did not work out, but a solvent-assisted protocol 

produced the controlled exchange of 20% and 50% of ligands, benzenedicarboxylate being 

replaced by a methylthio-functionalized analogue. The functionalized materials showed a 

slightly lower band gap value compared to amino-functionalized MIL-125 (2.69 eV vs 2.72 

eV respectively) allowing to utilize them under visible light.  

The organic chemistry literature, colossal, provides a large number of synthetic 

approaches to functionalize the aromatic linker and its substituents. Particularly in this way, 

it is possible to decorate the linker with an ‘antenna’, with which we refer to the addition 
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of extra bands at energy positions that matter. An antenna can push up the VBM by 

introducing (at least) one new occupied band, it can bring down the CBM by a new 

unoccupied band, or it can do both.  

An example of such an antenna was developed by our group, where the amine 

group in NH2-MIL-125 was targeted and used to transform the linker into a dye-like azo 

compound, with significant enhancement in the absorption of visible light as a result.33 

Extra bands can also be added by functionalizing the linker with a (second) metal ion. Cu, 

with mixed oxidation state (Cu1+/Cu2+), was attached to the amine group in NH2-MIL-125 

in this way and employed as a redox center to boost photocatalytic HER by Chen et al..46 

Along the same line, PSM can be employed to incorporate metal complexes, 

photocatalytic molecules that add flat bands. In such, bipyridine-functionalized linkers have 

been used to coordinate Re, Ru and Rh.34-36 Catechol is a versatile ligand in coordination 

chemistry as well, and two metal-catecholato functionalized versions of UiO-66 were 

employed to drive photocatalytic CO2 reduction.37 Pullen et al. even used PSM to 

incorporate a [FeFe]-hydrogenase proton reduction catalyst, based on UiO-66 and UiO-

67.38  
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2.3 Controlling bands through the metal cluster 

 

2.3.1 Changing bands with metal substitution  

 

The post-synthetic exchange of metal ions in the node can enter new bands, 

typically vacant ones, into a desirable energy range. In principle, the band gap can then 

be controlled by low-lying, vacant orbitals of the dopant, such as 3d orbitals of Ti.39, 40 

The first case that employed such post-synthetic metal exchange for photocatalytic 

application came by Sun et al., who exchanged Zr4+ for Ti4+ in aminated UiO-66.41 DFT 

calculations confirmed that states from Ti4+ were indeed responsible for a lowering of the 

gap. Portillo et al. demonstrated, using transient absorption spectroscopy, how the 

observed spectral changes are compatible with a charge transfer process that converts 

Ti3+− O− Zr4+
 
into Ti4+− O− Zr3+.42 Compared to pristine UiO-66-NH2 and MIL-125-NH2, the 

authors experimentally confirmed a shift in band alignment (and gap). XAS analysis, 

combined with time-resolved optical and X-ray transient absorption spectroscopy, revealed 

that the Fe dopant offers ‘trap states’, which leads to a reduction in electron-hole 

recombination.43 There is no rigid definition for a trap state, but it is associated with 

defects, or dangling bonds, leading to highly localized states with energies in the gap. In 

MOFs, these trap states can delay recombination significantly, and their engineering may 

be a promising way forward.44  

MOFs with Ce nodes have been proposed as candidates for photocatalytic water 

splitting, through a productive alliance between experiment and theory (see: section 5). 

The unoccupied 4f orbital of Ce drives LMCT, but the Ce states lie relatively high in energy, 

and the band gaps are too large for efficient absorption of light from the solar spectrum.45 
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Thus, Wu et al. proposed to dope UiO-66(Ce) with Ti to introduce lower-lying, unoccupied 

states.46 This led to research exploring trimetallic Zr/Ce/Ti systems through metal 

substitution, and Melillo et al. showed that trimetallic UiO-66 (Zr/Ce/Ti) indeed outperforms 

its bimetallic counterparts in photocatalytic oxygen evolution.47 

 

2.4 Grafting in new bands 

 

The exchange of linker and (or) metal functionality, held in place by an at least 

somewhat rigid framework in solution, presents a chemical environment specific to MOFs. 

The other one involves the grafting of molecular species onto molecular pores. With ample 

volume and surface area, a large number of MOFs can host a diversity of useful molecules, 

with tailoring possibilities toward charge-carrier interaction with the framework.  

Grafting is different from metal or linker exchange in the sense that actual new 

bands are added by a moiety exhibiting only weak interaction with the MOF. In synthesis, 

this distinction through interaction with the framework may not be so clear, as for instance 

the case with Ti4+ incorporation into UiO.15 Overall, grafting may be just as effective as 

metal exchange, when it comes to the incorporation of different functionalities into MOFs.48 

 

2.5 Band alignment for composite materials  

 

Band alignment is important for solid-solid interfaces too. One area of MOF 

photocatalysis looks at composite materials, where the MOF itself is used as an antenna. 

Upon photo-excitation, the charge is then transferred from the MOF to a second material 

through a heterojunction. This entity, the co-catalyst, can be a different semiconductor, or 
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metallic nanoparticles. Intriguing recent developments look, for instance, at 

MOF/perovskite heterojunctions.49 The catalysis is then performed on the surface of the 

co-catalyst, the aim a better performance than that of the MOF photocatalyst alone.50,51 

Figure 6 illustrates the principles of this concept for three examples. The left-hand 

graph depicts a simple example by Spoerke et al., an interface (heterojunction) between a 

porphyrin pillared framework (PPF-4) and a TiO2 electrode.52 It is clear that, upon photo-

excitation, an electron is energetically favored to jump from the CBM of PPF-4 to that of 

TiO2. The middle and right graphs in Figure 6 denote, schematically redrawn in energy, an 

example by Falletta et al.,53 where the concept is put to work in catalysis. In detailed 

calculations, that take the role of water as solvent at the interface into account, the authors 

study the interface between NH2-MIL-125 and both NiO and Ni2P. Defining an intermediate 

state in catalysis (referred to as * in Fig. 6), they outline the steps in the reaction, and the 

corresponding rates (which eventually favor NiO as co-catalyst). Arguments based on the 

Bell-Evans-Polyani principle, linking the rate to the thermodynamic driving force, work well 

in this case. Thus, k1 is larger for the composite featuring Ni2P, as compared to the one 

with NiO (and the other way around for k2). We believe that band conductivity, reflected 

by dispersion at the edges (and treated in the next section) is important for these 

composites in promoting k1 and rates of energy transfer across the interface more 

universally. 

The building in of heterojunctions can be essential to targeting specific redox 

reactions. The examples in Figure 6 show the transfer of an excited electron to the co-

catalyst; hole transfer is obviously equally important, and composites based on MOFs offer 

the possibility to promote both oxidation and reduction in tandem. We refer herein to a 
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review by Lu et al., which extensively treats the method in regard to photocatalytic 

hydrogen production.54  

 

 

Figure 6. Examples of MOF composites. Left: PPF-4/TiO2. Middle: NH2-MIL-125/NiO. Right: NH2-

MIL-125/Ni2P. The H+/H2 potential is shown in orange, * denotes an intermediate state, k1-3 rates of 

electron transfer and ζ the reaction coordinate.  

 

2.6 Strategies for new MOFs 

 

The implementation of particular linker or cluster features to set a certain band 

alignment for a photocatalytic reaction, is sometimes best done through the creation of a 

new MOF. The unique thing about MOF chemistry, of course, is that it offers unprecedented 

ways to crystal-engineer a new material. A fine case is the work by García-Sánchez et al., 

who sought to build in a thiophene π-system to align the band edges for hydrogen 

evolution.55 The new MOF, named IEF-5, works efficiently as ‘molecular’ catalyst, with no 

dominant exciton recombination rates, despite ligand-to-ligand charge transfer upon 

excitation.  

Ti4+ presents low-lying, vacant d bands, and the synthesis of new Ti-based MOFs 

remains a pursued challenge. As is well known, the Ti-O bond hydrolyzes easily (compared 

to e.g. oxo bonds for Zr and Hf, from the same group), and the development and 
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application of new (dynamic) cluster chemistry may be required to realize substantial 

progress in synthesis. Once the in-situ generation of a new Ti-based cluster is under 

control, further adaptations via the linker can push photocatalytic performance beyond the 

common standards for MOFs. This was shown by Nguyen and Yaghi et al., who applied 

in-situ bond formation to generate a Ti6O6 building block and create a new MOF 

photocatalyst, MOF-901.56 Isoreticular MOF-902, with a larger linker featuring more 

conjugation, was subsequently developed by Nguyen et al. and showed better performance 

in catalysis.57 

Important work, certainly from the application perspective, involves the 

development of new Ti-based MOFs that bring an improved stability in catalytic reactions. 

Predicted in computation by Mancuso and Hendon, there is some robustness to the Ti 3d 

band alignment with respect to linker identity.40 One way to improved stability is to employ 

stronger metal-ligand bonds. Along that line, Pereira et al. suggested to use hydroxamic 

acid linkers rather than carboxylic acid linkers. They implemented these linkers through 

solvent-assisted ligand-exchange, as strong metal-ligand bond formation in crystallization 

quickly leads to amorphous frameworks;58 the bond strength versus crystallinity trade-off 

presents a general challenge in crystal engineering.59 Padial et al. met the latter synthetic 

challenge, by developing a one-pot synthesis for a new, hydroxamate-based MOF, named 

MUV-11. This MOF photocatalyst shows good chemical stability in acid conditions.60 

An ingenious path to stability was developed by Yuan et al., who built upon the 

familiar hexanuclear [Zr6O4(OH)4(COO)12] cluster, found in UiO-66 and several other MOFs 

since.61, 62 The authors created a [Ti8Zr2O12(COO)16] unit, analogous to Zr6O4(OH)4(COO)12, 

with a D4h Ti6Zr2 core replacing the Oh Zr6 one.63 Two new MOFs were constructed via the 

cluster, and showed good stability in photocatalytic HER, for which it has its bands aligned 
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through the presence of Ti in its node. It is likely that more MOF materials can be 

synthesized from this cluster. 

There is a way to obtain targeted alignment by teaching old dogs new tricks, and 

the MOF literature presents a massive number of structures that have not been inspected 

for photocatalytic application. High-throughput screening methods are effective here.64, 65 

Shi et al. recognized MOFs based on copper and bipyridine, that were synthesized in the 

1990s,66, 67 to be of interest.68 Specifically, Cu-I-bpy (with I being iodide and bpy bipyridine) 

presents a good band alignment with the water energy levels. On top of that, the material 

is inexpensive, easy to synthesize, and it requires no co-catalyst in hydrogen evolution.  

 

3. Band Dispersion 

 

3.1 The challenge in engineering band dispersion with MOFs 

 

Photocatalysis by molecules and semiconductors involves two distinct fields (like 

homogeneous and heterogeneous catalysis). MOFs have paved the way for a bridge 

between these two fields, but one crucial concept from semiconductor physics remains 

relatively ill-studied. That concept is dispersion, which has been mentioned a couple of 

times before at this point.  

 The band dispersion is important to conductivity. The effective mass of a charge 

carrier is inversely proportional to its carrier mobility, and also inversely proportional to 

the band curvature (Fig. 3). Thus, this curvature can be a controlling factor in charge carrier 

recombination rates upon EHPS, and also in charge transport to solid-solid interfaces in 

photocatalytic applications that employ those (as discussed in 2.5). 

10.1002/ange.202106342

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie

This article is protected by copyright. All rights reserved.



 19 

For the sake of simplicity, the dispersion is varied around both the VBM and CBM, 

in the depiction in Fig. 3. For MOFs, it is usually more straightforward to promote 

conductivity upon photo-excitation along the CB (as compared to the VB). The reason is 

that the orbital which constitutes the VBM resides typically on the ligand, which, 

electronically, likes to behave like an insulated entity. Dispersion at the VBM i.e. hole 

conductivity upon photoexcitation, would require some significant hybridization of metal 

and linker orbitals (reflective of covalent bonding). This is something realized only for a 

handful of cases,69-71 and the resulting material may feature no gap at all.72 The 

development of methods to control band dispersion in MOFs is required to obtain and 

guide semiconductor-like charge transport upon photo-excitation. And ultimately, a 

disperse band with low-effective mass charge carriers is desirable in most electronic 

devices, as noted by Hendon et al., who justifiably consider the promotion of band type 

conductivity to be ‘one of the grand challenges in contemporary MOF chemistry’.10 

 

3.2 A case for low-d substructures 

 

The metal clusters that construct the CBM can however be part of a substructure 

of lower dimensionality.73 1D chains are often observed in MOFs, but 2D substructures 

exist too.74-76 We think dispersion can be engineered in larger ‘0D’ clusters as well; even 

MIL-125 brings some visible dispersion to its CBM in computed band structures.31 We do 

note here that MOFs with large unit cells have correspondingly low Brillouin Zones (in 

reciprocal space). This renders an actual calculation of effective masses necessary for even 

qualitative measures of the dispersion around the edges. 
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In recent work, we showed how 1D chains favor dispersion and electrical charge 

transport.17 Figure 7 shows the structure and bands of ACM-1, an efficient photocatalyst 

that combines an electron-rich linker with infinite, 1D, Ti-oxo chains. The linker offers high-

lying, flat bands, made up by delocalized π-electrons in the pyrene-like unit. The chains 

offer mobility upon photoexcitation, reflected by dispersion around the CBM (along the 

1D crystallographic direction parallel to the chains). Not only does the dispersion help to 

separate electrons efficiently from the hole, which remains strongly localized on the linker, 

it also improves charge transport along the chains to Pt nanoparticles, boosting catalytic 

activity.  

 

Figure 7. ACM-1 (top) and its band structure (bottom). Note the dispersion around the CBM. 
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One would look for general ways to create such chains in MOFs. In a search for 

stability in Ti-based MOFs (see: section 2.6), Wang et al. looked at Ti-O based units with a 

high condensation degree. They developed a new MOF, MIL-177, which contains a Ti12O15 

building block, and exists in two temperature forms.77 Calcination at 280o C transforms the 

low-temperature form into a high-temperature one, a structural change that welds the 

Ti12O15 units into (infinite 1D) Ti6O9 nanowires (Figure 8, top). The condensation degree for 

the high-temperature structure is 1.5, the highest among Ti-based MOFs, and the porous 

material shows photoresponsive behavior similar to that of TiO2. It is also exceptionally 

stable, much due to that high condensation degree.  

Another interesting way is to replace, in the metal-ligand bond, oxygen by sulfur. 

This leads to bonds with stronger metal-linker orbital hybridization (covalency) and better 

conductivities – it is a known approach in literature.11 It can also lead to new types of 

secondary building units, connectivities, and low-d substructures. In the chalcogenide 

literature, metal sulfides are known to have a relative preference for low-d substructures. 

On the basis of this principle, Kamakura et al. developed a MOF constructed by Pb-S 

bonds, KGF-1, involving Pb-S chains interconnected by building blocks (Figure 8, bottom).78  

Figure 8. (Left) MIL-177 and its calcination that transforms Ti12O15 units into (infinite 1D) Ti6O9 

nanowires. The Ti ions are shown as white octahedra. (Right) KGF-1, where the Pb atoms are shown 

in black, with interconnected polyhedra. The unit cell is outlined in black. 
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4. Remarks on experiments 

 

4.1 Measuring the gap  

 

The determination of the band gap can be done in various, reasonably accurate 

ways. The Tauc method is a simple and powerful method to measure the gap from a UV-

Vis absorption spectrum. Known be robustly accurate for nonmolecular semiconductors, 

the method appears to work for organic molecular solids as well.79, 80  Approaches based 

on the Tauc method to separate direct from indirect gaps are not as likely to be accurate 

in a general sense; the distinction between direct and indirect gaps is not really there for 

materials with flat bands (see: section 3.2). And even for materials with disperse bands, it 

can lead to a misinterpretation of the data.81 Also, some MOFs feature pre-edge absorption 

in reported spectra, which alters the required approach for an accurate estimate of the 

gap.82 It is therefore recommended to use a combination of techniques.  

A tried and tested approach for the determination of the valence band edge i.e. 

the VBM, involves a combination of XPS, UPS and PESA.39, 83-85 The experimental 

determination of the CBM is possible as well, by inverse PES (IPES) (Figure 9).86 
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Figure 9. Example of UPS and IPES for the VB and CB energies of CuTCPP MOF.86 

 

Cyclic voltammetry (CV) can measure the energy levels of a material in an indirect 

manner, via its redox properties.87, 88 CV is an established method to estimate band 

alignments for quantum dots,89 organic metal complexes90 and organic semiconductors.91 

This supports its utilization for MOF materials as well.92 

 

4.2 Measuring the alignment by Mott-Schottky analysis 

 

The Mott-Schottky (M-S) analysis is commonly used to obtain band alignment 

values for MOFs experimentally. The focal point of the M-S analysis is a region of charge 

depletion near the surface of the semiconductor, which is balanced by a layer of opposite 

charge in solution. Transport phenomena are responsible for this phenomenon, as charge 

carrier densities in the solid state are much smaller than those in the solution.93, 94 M-S 

analyses are usually performed for doped semiconductors, and Figure 10 shows the 
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electronic energy equilibrium between the solution and both an n- and p-type 

semiconductor.  

 

Figure 10. (Left) Representation of an n-type and p-type semiconductor. (Right) Electronic energy 

equilibrium between both semiconductors and solution.  

 

As mentioned before, an n-type semiconductor contains extra electrons brought 

upon by a dopant, to shift the Fermi level toward a position near the CBM. The difference 

between the CBM and EF is ΔE, and it is both intuitive and generally established that ΔE 

scales strongly with conductivity e.g. ΔE values for oxide semiconductors of 0.1, 0.2, 0.3 

and 0.4 were measured to correspond to conductivities of <10, 102, 103 and 104 S cm-1 

respectively.95, 96 In an n-type semiconductor with EF > EF(redox), electrons flow from the 

semiconductor to the solution, and the sheet of negative charge ‘bends’ the electronic 

bands of the semiconductor downwards, near the interface. For a p-type semiconductor 

the exact same scenario occurs, but with electrons flowing from the solution to the 

semiconductor (or holes from the semiconductor to the solution)97 – the sheet of charge 
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in solution near the surface is now positive and ΔE separates EF from the VBM. The potential 

required to even out the mass transfer effects, and nullify band bending, is the flat band 

potential Vfb. 

The M-S equation employs Gauss’ law to describe the locally induced electric field 

in the space charge region (SPR), in order to solve the Poisson equation that relates charge 

density to a potential difference. The result is an equation, which takes the form of  

 

                             
1

𝐶2
=

2

𝜀𝜀0𝐴
2𝑒𝑁𝐷

(𝑉 − 𝑉𝑓𝑏 −
𝑘𝐵𝑇

𝑒
)    (1)iv 

 

In semiconductor physics, (1) is frequently used to determine ND from experiment; the 

doping density of the material.98 In a plot of 1/C2 vs V, Vfb, the flat band potential is the 

intercept value at the V-axis, and can as such be determined as well. 

Note that as early as 1975, deGryse et al. discussed the interpretation of eq. (1) and 

possible corrections. They show that in systems with a high density of donors, the 

determination of the flat band potential requires knowledge of the differential capacitances 

across the Helmholtz layer in solution. They also conclude, on the basis of previously 

reported work, that a linear slope is no guarantee for the assumptions behind the MS 

analysis to be correct.99 

Sitting between molecules and solids, it is hard to imagine the combination of a 

space charge region with its Helmholtz layer and a MOF. If photo-electrocatalysis takes 

                                                      
iv C is interfacial capacitance, ε the dielectric constant, ε0 the permittivity of free space, A the surface area, e 

the electronic charge, ND the number of donors, V the applied voltage, Vfb the flat-band potential, kb 

Boltzmann’s constant and T the temperature.  
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place inside of the pores, one may expect nanoscale effects to hold great sway over the 

shape of the SPR, and therefore, the profile of the M-S plot; this has been documented 

on before.100 The more porous an empty MOF, the lower its dielectric constant ε – there 

is continued interest in MOFs with ultralow ε’s - and we should expect the solvent to be a 

factor here as well.101 

More troublesome yet is the assumption of the MOF being a n-type semiconductor, 

with an approximation attached that sets the conduction band minimum 0.1 or 0.2 eV up 

in energy from the flat band potential. Not only was this approximation established, 

empirically, from materials with high doping densities, the very assumption that MOFs are 

strongly doped should at least be inspected more carefully. It is, for instance, far from 

assumable that any targeted semiconductor MOF would display the same conductivities 

as those materials that are doped enough to push Vfb that close to the CBM. More 

generally, although there is certainly a case to make for metal-substituted MOFs that 

introduce midgap states,102 most MOFs can simply not be considered as being intrinsically 

doped.  

Even though the reported analyses show, typically, a good agreement with whatever 

different tool of measure, it has been remarked that the M-S approach should be used for 

the very small fraction of MOFs that can be considered semconductors.103 It is, indeed, a 

question whether the M-S approach will stand up to scrutiny when its underlying 

assumptions are tested for the broader range of MOFs that have been subjected to it, and 

error analyses are included.  

 

5. Challenges for theory 
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5.1 Bridging the gap with experiment  

 

The computation of band alignment energies, at reasonable accuracy, is possible 

through methods such as those developed by Butler, Hendon and Walsh.14 The fact that 

we now have many numbers from theory, but not much reliable data from experiment, 

shows that bridges between theory and experiment have to be built.   

Recent times have shown promising developments herein. We highlight the 

synthesis of cerium-based UiO-66 by Lammert et al.,104 ensued by a computational study 

of Wu, Gagliardi and Truhlar, who showed that charge separation can be established 

through the low-lying empty orbitals of Ce4+, and only Ce4+ from a set of metal ions also 

containing Zr4+, Hf4+, Th4+, Ti4+ and U4+.45 This approach has led to the development of 

UiO-66(Ce) as photocatalysts for a multitude of reactions,105, 106 Ce’s empty orbitals were 

purposefully used as part of a MOF-76 photocatalyst as well,107 and recent times have seen 

a development of lanthanide-based MOF photocatalysts.108  

Another study, by Sygantszeva et al., combined theory with experiment to show 

how a rationale-based method to metal substitution can give control over band gap and 

band alignment.109 Smart methods to screen for structures with the right properties for 

photocatalysis are expected to help as well, as the number of MOF materials by now is 

overwhelmingly large, and growing.64, 65  

Several challenges for theory relate specifically to the (hybrid) nature of MOFs. 

Below, we briefly identify and discuss two of these. 

 

5.2  The solvent  
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A MOF photocatalyst operates with solvent in its pores. Unlike zeolites, MOFs offer 

a porous medium that engages naturally into a variety of interactions with the solvent. To 

the very least, we can expect the solvent to affect and even shape the electric field within 

the pore. This affects not only the electrochemical properties described in 4.2, but also the 

band energies.110-112 We know these effects to be very real, through e.g. the dependency 

of C=O vibrational modes.113 

An interesting question regarding solvent effects considers charge carrier lifetimes 

upon EHSP. One wishes for long-lived charge carriers, to prevent recombination rates. As 

discussed in section 2, band conductivity and effective masses are important here, but 

indeed solvent effects and framework flexibility as well. As most MOFs do not feature a 

significant degree of dispersion, these ‘supramolecular effects’ may well be more important. 

The construction of a good model, including analysis of coupled processes that include 

solvent effects, is challenging.  

One elegant approach that may help to push the field forward was suggested by 

Smit and co-workers in several papers. It looks at the electron-hole binding energy, which 

is a measure of the likelihood of recombination – one wishes for a repulsive interaction to 

separate the charge carriers proficiently. The approach looks at photo-excitation from the 

polaron modelv and involves three calculations.114, 115 In the first, an electron is injected 

into the conduction band, and the energy associated with the ensuing geometry 

optimization of the structure (driven by the screening of the charge), is defined as E-
rel, the 

polaronic binding energy. Analogously, E+
rel is defined by injecting a hole into the valence 

band and doing the same. The electron-hole interaction energy is then defined as Eint = 

                                                      
v The purpose of the polaron, as defined by Landau originally, is the reduction of a multibody to a one-body 
problem. Rather than modelling the coupled entities of the electron and its surroundings, one can define the 
electron and its surroundings as one particle with an effective mass associated with it. Lemeshko 

10.1002/ange.202106342

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie

This article is protected by copyright. All rights reserved.



 29 

ET
rel – (E

+
rel + E-

rel), where ET
rel is the relaxation energy associated with optimizing the triplet 

state. The concept is summarized in Figure 11. Computed values for Eint show a significant 

difference between MIL-125 (-0.04 eV) and NH2-MIL-125 (+0.46 eV),116 which can be used 

to explain the different lifetimes observed by ultrafast spectroscopy techniques.117 The 

same approach was applied to explain the photocatalytic activity of a ruthenium-based 

(porphyrin) MOF, Ru-TBP-Zn.12 Depending on the level of theory used, we think this 

approach may work to include (polaronic) effects of the solvent and the (flexible) 

framework. These would include the screening of charges and spins.  

 

Figure 11. Summary of the approach for electron-hole interaction by Smit and co-workers. 

 

5.3  Flexibility 

10.1002/ange.202106342

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie

This article is protected by copyright. All rights reserved.



 30 

Another aspect that makes MOFs different from semiconductors regards their 

flexibility. MOFs display unusually large changes in band gap, and alignment, in response 

to ‘breathing’ deformations. This was initially shown for MIL-53, the lozenge-shaped MOF 

most widely investigated for its breathing properties, by Ling and Slater; the magnitude of 

band gap fluctuations was computed to in the order of magnitude of an eV.118  

As Butler et al. point out, the flexibility provided by MOFs provides a unique 

playground toward the control of energy levels and gaps via lattice mismatch and strain.119 

Certainly with modern computational methods available, this field requires a more 

collaborative effort between theory and experiment to realize its potential.  

 

6. Conclusions 

 

MOFs are more than the sum of their components, and not all of their properties 

can be broken down into those of molecules and clusters. In photocatalysis, they show 

both molecular and nonmolecular properties. The alignment of the bands that set the gap 

can be controlled through molecular principles. Bands can be controlled through ligand 

modification, in the same manner HOMO-LUMO gaps are controlled for such linkers in 

solution. The solubility of the linker can, in fact, be employed to exchange it for a 

functionalized analogue with the same connectivity. The adjustment of the metal clusters 

follows the same (molecular) principles.  

This proximity to the solution state, which is emphasized by the inherent porosity 

and routine presence of solvent molecules in the pores, conflicts with a standard 

semiconductor picture like that assumed for the M-S equation. The validity of the M-S 

approach needs to be assessed before it becomes standardized as an accurate measure 
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of the band gap for MOFs. Overall, theory is ahead in the domains of band gap and 

alignment, and accurate tools have been developed to compute MOF band alignments 

with good accuracy. In a recently published discussion between a group of scientists from 

the MOF photocatalysis field, there was a call for more accurate experimental measures of 

the band alignment via X-ray techniques such as XPS/UPS.120 Those methods are required 

to confirm the, by now, many numbers by theory. A combination of X-ray techniques and 

high-level theory should, in principle, give a satisfactory measure of the alignment 

parameters for most cases.  

The nonmolecular properties are, arguably, what make MOFs exciting for 

photocatalysis. These allow for MOFs to be used as composite materials in a photocatalytic 

cell, where the combination with molecular control offers unique flexibility. The paramount 

nonmolecular property of semiconductors, namely conductivity, is however not explored 

much in the frame of photocatalysis with MOFs. As significant progress is being booked 

in the young field of metallic MOFs, we hope that lessons learned there, can be applied 

to MOF semiconductors as well. Control over band dispersion and thus, band conductivity, 

would be highly desired for MOF photocatalysts, where it opens up a well-known avenue 

for efficient EHPS. If semiconductor-like conductivity becomes available for MOFs, even 

functionalities that are implemented in a ‘molecular’ way can make a difference. For 

example, solvent-assisted post-synthetic functionalization can be employed to engineer 

trap states, which with a conductive framework around, can increase performance 

drastically. A unique aspect of the MOF field is the large number of new materials that 

appear on yearly basis. With their unparalleled potential for control over properties via 

crystal structure, we hope more focus will be placed on the creation of low-d inorganic 

sublattices to increase (band) conductivity. Theory stands central in this pursuit for new 
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MOF materials. With the options in experimental characterization often limited, theory 

should be an essential component of the analysis in most cases. The continuing efforts in 

targeting the complex interplay between solvent and framework by computation are 

expected to help us understand MOF photocatalysts, and their dual nature, better.  
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