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While recent studies have explored the dynamic restructuring of Cu centers in metal organic 
frameworks (MOFs) for photocatalysis, their electronic excitation processes remain poorly 
understood.1-2 In recent study (Nat. Comm. 2026) we investigated the light-driven behavior of a Cu-
metalated UiO-66-(COOH)2 framework (Fig. 1A) under various irradiation conditions, using 
complementary operando techniques. Gas-phase photocatalytic dehydrogenation of formic acid (FAc) 
under ambient conditions was employed as a model reaction. Notably, a photocatalytic logic-gate
behavior was observed for the first time (Fig. 1B). The MOF remained inactive (OFF) under either 
visible (390-720 nm) or near-infrared (NIR, >700 nm) irradiation alone, but exhibited a high H2

evolution rate (6.1 mmol g-1 h-1) when both irradiations sources were applied simultaneously (ON 
state). Operando FTIR and XAS analyses revealed that dual irradiations were required to induce 
restructuring of impregnated Cu2+ sites within the framework, leading to the formation of active 
Cu0/Cu+ binary center responsible for FAc dehydrogenation. Furthermore, XAS results indicated that 
visible and NIR irradiation selectively promote distinct photo-reduction pathways, generating Cu+ and 
Cu0 species, respectively, from the pristine Cu2+. A cascade mechanism involving alternating visible 
and NIR excitation cycles was demonstrated, in which both types of photons were essential for 
forming the active Cu0/Cu+ species and maintaining the dynamic photocatalytic redox cycle for H2

production. This dual-photon-driven logic-gate behavior is not unique to the MOF system, but is also 
observed in a reference Cu0/Cu2O photocatalyst. Overall, these findings provide new insights into 
multi-wavelength photocatalysis in metal-semiconductor systems and suggest new strategies for 
designing efficient photocatalysts for hydrogen generation. 

Figure 1. (A) Structure of UiO-66-(COOH)2 MOF and potential anchoring sites for Cu (II). (B) (i) Light sources 
irradiation spectra (inset left: light irradiation on pellet photocatalyst) (ii) operando FTIR surface spectra in the 
anhydride region during reaction under various irradiation condition (inset: spectra at steady state: under 
visible (blue), NIR (green) and visible+NIR (red)), (iii) corresponding H2 production at the steady state. (C) 
Schematic representation of CO2 and H2 formation under simultaneous visible and NIR irradiation.
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Green production of H2 through photocatalytic water dissociation into H2 and O2 is 
currently one of the most attractive processes for hydrogen generation, particularly due to its 
intrinsic sustainable nature.1 Titanium-based metal-organic frameworks are particularly 
attractive due to their stability and photoactive Ti-oxo clusters2 and the MOF2H2 project 
appears as a game changer in the sustainable production of hydrogen from water through 
photocatalytic overall water splitting (OWS).3 Among them, MIP-177-LT has demonstrated 
promising activity for photocatalytic hydrogen evolution from water.4 However, its performance 
remains limited by inefficient charge separation and transport. 
Herein, we report a polymerization strategy to incorporate an aniline-derived polymer within 
the pores of MIP-177-LT, forming a hybrid conductive MOF composite. Structural 
characterization by PXRD confirms retention of crystallinity, while porosity measurements 
indicate partial pore filling. FTIR and UV-Vis spectroscopy evidence the formation of the 
polymer, with a loading of 8-10 wt% as determined by thermogravimetric analysis. Electron 
microscopy reveals preserved morphology of the parent framework. 
Under light irradiation, the composite exhibits efficient overall water splitting with simultaneous 
H  and O  evolution in a near-stoichiometric ratio (~2:1), confirming true photocatalytic activity 
without sacrificial agents. The enhanced performance is attributed to improved charge 
separation and transport enabled by the integrated polymer, highlighting a viable strategy to 
overcome intrinsic limitations of Ti-MOF photocatalysts. 
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Defect engineering and metal coordination in MOFs are key to enhancing photocatalytic activity and 
stability. Recently, we reported (J. Am. Chem. Soc. 2025, 147, 48331-48351) multivariate UiO-66 
(MTV-UiO-66) frameworks with tunable BDC:BTCA linker ratios (x:y) (Figure 1A), followed by Cu 
post-metalation to investigate the role of free carboxylate groups in Cu coordination and in-situ
restructuring during photocatalytic formic acid (FAc) dehydrogenation. Operando FTIR and XAS
allowed real-time tracking of structural evolution in MTV-UiO-66-Cu and oxidation state changes at 
Cu centers under reaction conditions. FAc conversion enhanced with increasing BTCA content, from 
1.2 to 5 mmol·g 1·h 1 for UiO-66-Cu (12:0) to (0:12) (Figure 1B). Operando FTIR identified 
anhydride bridge formation between coordinated carboxylates of adjacent ligands (Figure 1C), 
evidenced by a characteristic 1855 cm ¹ band attributed to symmetric anhydride stretching, whose 
intensity scaled linearly with BTCA fraction (Figure 1D) and catalytic activity (Figure 1E) at steady 
state. XAS revealed that coordinated Cu2+ species undergo in-situ transformation to Cu+ and Cu0 under 
simulated solar irradiation and FAc exposure (Figure 1F). These results emphasize the influence of 
linker composition and dynamic metal coordination on photocatalytic performance, providing a 
pathway for light-driven formation of metal clusters within MOFs. Overall, this study highlights the 
role of metal coordination and in-situ restructuring in governing photocatalysis and proposes a 
photochemical strategy for nano-synthesizing MOF-embedded metal-clusters. 

Figure 1. (A) Schematic illustration of MTV-UiO-66 derivatives, (B) Photocatalytic performance of different 
samples in FAc reforming, (C) IR spectra (1900-1700 cm-1) of (0:12) sample and (D) anhydride band area 
evolution vs.time of the various samples, (E) Correlation of steady-state anhydride band area with the activity, 
and (F) Time-resolved Cu-XANES and H2 evolution
390 nm).
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Non-sustainable, fossil fuel-dependent processes still account for most of the worldwide 
hydrogen (H2) production.[1] Among alternatives, photocatalyzed water dissociation into H2 and O2 is 
particularly appealing owing to its intrinsic sustainable nature.[2] However, up till now reported 
catalysts for light-driven water splitting still do not meet the techno-economical requirements for 
industrial implementation as they suffer from either a lack of solar-to-hydrogen conversion (STH) 
efficiency and/or stability under operation, require complex synthesis processes and are in most cases 
inactive under visible light irradiation.[3]

Over the last few years, metal-organic frameworks (MOF) have drawn increasing interest as 
candidate catalysts, but most reported studies deal with either of the half reactions, i.e., the hydrogen 
and oxygen evolution reactions (HER and OER, respectively), thus requiring the use of sacrificial 
agents.[4] In this regard, the MOF2H2 project [5] is ambitious to be a game changer in producing 
hydrogen from water through a more sustainable process, the photocatalytic overall water splitting 
(OWS), using non-noble MOF-based catalysts.  

This project relies, so far, on two main families of MOFs. Inspired by nature, a MOF made of a 
multicopper-based metalloligand reminiscent of the active site of certain reductive enzymes was first 
selected and found to be an efficient catalyst for photo-induced water splitting reactions. Besides, the 
specific Ti12O15-based MOFs[6] are also being explored. While the first studies demonstrated the high 
potential of these MOFs for HER and OWS,[7,8] deeper photophysical and photocatalytic
investigations are on-going and driving the chemical modifications/optimization to reach higher 
performances. 

In this communication, we will present the MOF2H2 project concept as a whole. A specific 
highlight will be shed on the most recent advances leading to ground-breaking results in terms of H2

photo-induced production. Finally, our ongoing work directed at improving the MOF-based 
performances will also be discussed.
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CuZr-MOF can be synthesized on a gram-scale using a facile and fast synthesis approach. 
CuZr-MOF, on drying, loses crystallinity, but suitable chemical modifications can avoid the stability issue.
MIP-177(Ti)-LT can be synthesized on a gram-scale using a reflux approach. 

Results & Discussion

MI/II-MIII/IV-MOF was synthesized via a facile synthesis approach.
Suitable chemical modifications can avoid the stability issue and also improve the 

H2 production rate.
The structural modifications of MOF can lead to better efficiency.
Photoactive Ti-MOFs other than MIP-177 are also being explored in this project.

To explore promising photoactive Ti MOFs.
To explore the structural upgradation/modifications of MI/II-MIII/IV-MOFs and MIP-
177(Ti)-LT to achieve enhanced photoresponsive features and improved STH.
To conduct the photophysical studies and advance material characterizations to 
outline the structure-activity relationships.  
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Abstract: 

Producing green hydrogen (H2) by photocatalysis, which uses sunlight, photocatalysts and 
water, is a promising solution for the energy transition. A new approach to enhance H2

production is to promote interactions between confined water and the catalyst active sites, or 
to trigger the release of encapsulated reactants under external stimuli1,2. Azobenzene is a 

relaxation in the dark, accompanied by a length change from 9 Å to 
5.5 Å within the MOF structure2. Its nitrogen-substituted derivatives, azopyridines, can 
coordinate metal, offering the opportunity to develop photo switchable MOFs. In this project, 
we therefore designed a new copper azobipyridine iodine (Cu(AzoBiPy)(I)) MOF for 
photocatalytic H2 generation. First characterization works demonstrated a crystalline structure 
in which copper is coordinated to AzoBiPy ligands thanks to the nitrogen from the aromatic 
cycle (Fig. 1). Coordination via the nitrogen of the azo bond appears also possible. This 
Cu(AzoBiPy)(I) MOF was then associated with TiO2, by a physical mixing in EtOH, to form 
a composite material. Their photocatalytic H2 production performance was evaluated in a 
water/triethanolamine mixture (3:1) with a 150 W mercury lamp. A production rate of 3.9
mmol/g/h was obtained after 4h with the ratio of (1:10).

Figure 1. HAADF image (a), XRD pattern (b), and XPS N1s electronic binding energy spectra (c) of Cu(AzoBiPy)(I) MOF. 
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Abstract: 

Crystalline porous materials, such as Covalent Organic Frameworks (COFs), have emerged as 
promising candidates for photocatalytic and optoelectronic applications due to their tunable 
architecture and capacity to mitigate charge recombination. The incorporation of highly 
aromatic organic building blocks that promote self-assembly and columnar growth enables 
the formation of COFs with controlled layer thickness. However, the influence of interlayer 
stacking on the structural and optoelectronic behavior of these materials remains poorly 
understood. In this work, we combine experimental and theoretical approaches to elucidate 
the stacking-induced evolution of perylene Zn porphyrin COFs. Spectroscopic and 
microscopic analyses, supported by Density Functional Theory (DFT) calculations, reveal that 
self-assembly through AA stacking markedly modifies both geometry and electronic 
structure. The transition from non-planar 2D architectures to planar multilayered frameworks 
results in reduced band gaps, inversion of the frontier crystalline orbital delocalization, and a 
shift of absorption dominance toward the porphyrin units. These findings demonstrate that 
controlled layer stacking is a viable strategy to tailor the electronic and optical properties of 
stacked 2D COFs, paving the way for their integration into high-performance optoelectronic 
devices. 

Figure 1. Scheme of the evolution of the opto-electronic properties of the perylene Zn
porphyrin COFs due to the stacking of COF layers.
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INTRODUCTION                                     Crystalline porous materials, such as Covalent Organic Frameworks (COFs), have emerged as promising candidates for
photocatalytic and optoelectronic applications due to their tunable architecture and capacity to mitigate charge recombination. The incorporation of
highly aromatic organic building blocks that promote self-assembly and columnar growth enables the formation of COFs with controlled layer thickness.
However, the influence of interlayer stacking on the structural and optoelectronic behavior of these materials remains poorly understood. In this work, we
combine experimental and theoretical approaches to elucidate the stacking-induced evolution of perylene Zn porphyrin COFs. Spectroscopic and
microscopic analyses, supported by Density Functional Theory (DFT) calculations, reveal that self-assembly through AA stacking markedly modifies both
geometry and electronic structure. The transition from non-planar 2D architectures to planar multilayered frameworks results in reduced band gaps,
inversion of the frontier crystalline orbital delocalization, and a shift of absorption dominance toward the porphyrin units. These findings demonstrate that
controlled layer stacking is a viable strategy to tailor the electronic and optical properties of stacked 2D COFs, paving the way for their integration into high-
performance optoelectronic devices.

Stacking Effects on the Opto-electronic Properties 
of 2D Perylene-Zn-porphyrin-based COFs

Herein, a joint theoretical and experimental study of a novel Zn-porphyrin-perylene based COF displaying stacked structures due to columnar growth was carried out.
The 2D-COF exhibited low inter-node planarity, a marked  VIS absorption associated to the perylene group, a pronounced porphyrin-to-perylene CT behavior, and strong thermal stability.
Then, the few layer models (2-3) revealed that the columnar growth of the COF layers is mainly governed by AA stacking interactions, within large interlayer distances due to the torsion of
the benzene linkers. However, when a fourth PDI-ZnP-COF layer is added, steric impediment results in a globally planar layered structure where COF layers are closely packed with enhanced
interlayer orbital overlap, which translated to a band gap reduction, exchange of HOCO and LUCO positions on perylene and porphyrin fragments, respectively; thus interchanging the CT
directionality towards the porphyrin, and to an absorption dominated by the porphyrin group. To sum up, the results demonstrated the potential of stacking COFs combining functional
building blocks to finely tune their structural and opto-electronic properties, thus being able to target multiple functions.

[1] J. Phys. Chem. C 2026, DOI: 10.1021/acs.jpcc.5c08341
[2] J. Polym. Sci. Part A Polym. Chem. 2009, 47, 6280 6291

2-D COF PROPERTIES: EXPERIMENTS vs CALCULATIONS STACKING EFFECTS IN MULTILAYERED COFs

PDI

For the two- or three-stacked layers, the benzene linkers are rotated out of the COF original
plane, increasing the distance between layers up to approximately 4 Å. However, when
increasing up to four layers the large number of available degrees of freedom decreases,
thus promoting the formation of a globally flat structure and shrinks the interlayer COF
distances to 3.1 Å.

STRUCTURAL PROPERTIES
The Figure on the right
represents the evolution of
the COF structures due to
the stacking of layers, with
the lateral view of L2 and L4
multilayered systems.

ELECTRONIC STRUCTURE

From 1 to 3 stacked layers, HOCO is predominantly located in the ZnP region, while LUCO is
localized within the PDI units. When the number of stacked layers increases to 4 both HOCO
and LUCO are now located in the PDI zone. Lastly, from 5 layers onwards, HOCO and LUCO
exchange their positions with respect to the cases with fewer layers, i.e., HOCO moves to the
PDI area, while LUCO is delocalized along the ZnP region.

ABSORPTION PROPERTIES

ELECTRONIC STRUCTURE

STRUCTURAL PROPERTIES

ABSORPTION PROPERTIES

L2 simulated spectrum showed that the lowest
energy bright absorption bands corresponded to
PDI transitions located at 835 nm,
followed in energy by the ZnP transitions
located at 593 nm, thus demonstrating that
stacking leads to a pronounced enhancement of
porphyrin-dominated absorption bands.

Both spectra are dominated by three main absorption bands, the first one (located at 523 nm)
is attributed to the PDI transitions, being again in perfect agreement with the PDI
absorption bands observed at 520 nm in previous studies.[2] The higher energy bands centered
at 373 and 323 nm are related to PDI and ZnP transitions.

HOCO is mainly localized on the
porphyrin moiety, the LUCO is
predominantly located  in the
PDI region, thus leading in
principle to a marked ZnP-to-PDI
charge transfer (CT) character.
The resulting HOCO-LUCO gap
was equal to 1.59 eV. Energy
gaps of the two COF
components, in the case of PDI
it corresponded to the H-
1 gap with an estimated
value of 2.60 eV, whereas for
ZnP it corresponded to the

1 gap with a value
amounting to 2.92 eV.
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The remarkable
agreement between the  
experimental (top) and
simulated (bottom) IR
spectra and XRD
patterns, especially in
the high frequency
regions ( > 1500  cm-1)
of the IR spectrum , and
the XRD patterns located
at 6-10º, validated the
suitability of our COF
monolayer model (L1) to
reproduce the structural
features of the PDI-ZnP
COFs.

The overall shape of
the experimental
(right) absorption
spectrum is well
reproduced by the
simulated spectra of
the monolayer (L1)
(left panel).
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Abstract: 

A series of covalent organic frameworks constructed from 
5,10,15,20-tetrakis(4-aminophenyl)porphinato]cobalt(II) 

and the functionalized benzene dialdehydes 2,5-
dihydroxyterephthalaldehyde (TA-OH), 2,5-
dihexoxyterephthalaldehyde (TA-OHex), and 2,5-
dioctoxyterephthalaldehyde (TA-OOct) was prepared by 
solvothermal synthesis. Previous studies showed, that 
attachment of side chains to the COFs backbone can 
facilitate the solvent-assisted exfoliation.[1] Within this 
contribution, we present the use of time-dependent UV-Vis 
spectroscopy to rationalize the choice of solvent for the 
exfoliation procedure. From the time dependent extinction 
in the UV-Vis spectra, the colloidal stability of the 

nanosheets can be determined on the one hand and on the other hand the non-resonant region 
provides insights into the agglomeration of nanosheets within solution. This analysis reveals 
that isopropanol is the most suitable solvent for the exfoliation procedure. Statistical analysis 
of the atomic force micrographs of the exfoliated fraction deposited on freshly cleaved mica 
verifies that we obtain thin nanosheets with an average thickness of 20-25 nm. These sheets 
form stable dispersions, which can be used to align the obtained COF-Nanosheets on 
graphene modified carbon paper via the Langmuir-Blodgett method. The modified carbon 
paper can be used as an electrode for the elechtrochemical synthesis of hydrogen from H2O
under alkaline conditions. 
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next? 

Extend the fundamental knowledge to cobalt-based POM

Objective

2 H2O

O2 + 4 H+ + 4 e-

Co-based POM 
Oxo-metalate matrix 

doped with Cobalt

2 H2O

O2 + 4 H+ + 4 e-OER

Previous work 4

Chatenet, M. et al, Chem. Soc. Rev., 2022, 51 (11), 4583-4762.An, L. et al, Advanced Materials, 2021,33 (20), 2006328.

Feng, Q. et al, Journal of power sources, 2017, 366, 33-55.

What is a PolyOxoMetalate (POM) ?

To accelerate the transition to sustainable energy, this research project aims to make green hydrogen production more economical and viable by
developing alternative electrocatalysts for proton exchange membrane (PEM) water electrolysers. Currently, these electrolysers rely on expensive
and rare precious metals such as platinum and iridium. Our project aims at replacing them by abundant element-based catalysts, using oxo-
metallate matrices doped with active catalytic units (cobalt for the oxygen evolution reaction and {Mo3S4} for the hydrogen evolution reaction).
This approach exploits the stability and advantageous electrochemical properties of oxo-metallate matrices in an acidic medium, paving the way for
more accessible and competitive green hydrogen production. 1,2

Why using Hydrogen?

2H+ + 2e H2(g)

Cathode: Hydrogen Evolution Reaction (HER)

2H2O(l) O2(g) + 4H+ + 4e
Anode: Oxygen Evolution Reaction (OER)

2H2O(l) 2H2(g)+ O2(g)

Water electrolysis reaction: 

Water electrolysis, how does it work?

Compatible with power intermittency

High purity of H2 (99,999%) 

Green Hydrogen

Electrocatalysts: IrO2, Pt/C

Acidic media, pH < 1

What is a PEM water electrolyzer 3 ?

Cluster POM interaction 6 Electrocrystalisation

Materials stable at pH < 1

6Moussawi, M. et al, J. Am. Chem. Soc., 2017, 139 (36).

4Goberna-Ferron, S. et al, Inorg. Chem., 2012, 51 (21).
3Feng, Q. et al, Journal of power sources, 2017, 366.
2Chatenet, M. et al, Chem. Soc. Rev., 2022, 51 (11).

1An, L. et al, Advanced Materials, 2021, 33 (20).

Decarbonization of industry
H2 is massively used in industry

Renewable energy storage
Conversion of electricity produced from renewable
ressources into chemical energy (H2) in a reversible manner

Mobility
Hydrogen as a fuel for electric vehicles (heavy mobility)

References

25 µm

Stability and electrochemical activity for OER 

CV Ta6 Br12 HClO4 pH 0
Linear Sweep Voltammetry of 

{Co-POM}/CP blend 5 in H2SO4 , 1M.

25 µm

25 µm

25 µm

{MO4}n-
Acid polycondensation reaction :

H+

Isopolyanions 
{MyOp}n-

H+ + {XO4}x+

Heteropolyanions 
{XxMyOp}n-

Broad structural diversity

Polyanionic metal oxides with high 
oxidation metal (VV, MoVI, WVI): d0

10 µm

Stable at pH 0

Cyclic Voltammetry of 
{Ta6Br12(H2O)6}2+, 1mM 

in HClO4 , 1M.

5Blasco-Ahicarte, M. et al, Nature Chem, 2018, 10.

10 µm 1 µm
1 µm

1 µm
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Abstract: 
Harvesting renewable energy is very important to mitigate the growing demand for fossil 
fuels, and hydrogen is one of the most promising solutions for that purpose. Presently, the 
hydrogen production technologies in industries are mostly carbon-intensive. The carbon-free 
process, electrolysis, is a greener approach to producing hydrogen, but the upscaling demands 
a high cost. To overcome these limitations, photocatalytic hydrogen generation is one of the 
sustainable methods.1

The development of economically affordable hydrogen production by photocatalysis depends 
on several factors. The strategic design of the photocatalyst plays a crucial role in this 
purpose. The most important aspects for designing a catalyst are their (i) ability to absorb in
the visible range with efficient charge separation, (ii) appreciable lifetimes of charge carriers, 
and (iii) the proper alignments of conduction and valence bands.2

Among the variety of photocatalysts explored to date, metal-organic frameworks (MOFs) 
with tunable band alignments and band gaps secure a promising position for photocatalytic 
hydrogen production. In the context of the MOF2H2, our objective is to obtain a stable MOF-
based photocatalyst for solar-driven hydrogen production.  

In this stage, a titanium MOF, comprising a Ti12O15 inorganic building unit and a 
tetracarboxylate organic linker, has been selected because of its high stability and 
photoactivity, which will have a positive impact on the photocatalysis.3,4 Transitional metal 
ions with various compositions have been doped into the metal nodes to explore their effect 
on the band gap and photocatalytic activity. A correlation between the amount of doped metal 
ion and photocatalytic activity has been explored thereafter. 
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State of Art

Objective

Carbon Intense Method Electrolysis

Green H2

Industrial Process

Photocatalytic Hydrogen Generation

Solution

h+

e-

VB

CB

H2O

O2

H+

H2

One of the most efficient 
benchmark  photocatalyst 

reported so far

Absorbs in the UV-region only

Selection of MOF

High stability and 
photoactivityH2O

H2

Ability to absorb in the
visible range with
efficient charge
separation,
Appreciable lifetimes of

charge carriers,
The proper alignments
of conduction and
valence bands.

Metal Organic Frameworks(MOFs)

Positive impact 
on the 

photocatalysis

Modification to MIP-177(LT): Doping of metal ion to the inorganic building unit of MOF

Ti(12-x)MxO15-cluster

Transitional Metal 
Metal 1(M1)
Metal 2 (M2)

Hydrogen Evolution Reaction

M2/MOF-3

M2/MOF-2

M2/MOF-1

MIP-177(LT)

M2/MOF-1
M2/MOF-2
M2/MOF-3

MIP-177(LT)

MIP-177(LT)

M1/MOF-1

M1/MOF-2

M1/MOF-3

M1/MOF-4

M1/MOF-5

M2 (at.%)

PXRD
EDX Analysis

At.% of doped metal 
considering Ti

M1: 1-25 at.%
M2: 0.5-3 at.%

EDX Results Atomic%
M2 Ti

MIP-177(LT) 00 100
M2/MOF-1 0.54±0.2 99.46±0.2
M2/MOF-2 1.08±0.45 98.92±0.45
M2/MOF-3 2.03±0.86 97.97±0.86

Micro-GC Result

H2
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Two different transitional metal ions have been doped successfully to MIP-
177(LT).
The hydrogen evolution reaction has been studied using M2 doped MIP-
177(LT). It has been observed that ca. 1 at.% showed the highest oxygen
evolution.
The correlation between hydrogen evolution and M2 doping follows a bell-
shaped pattern.

MIP-177(LT): (MIP: Materials from Institute of porous solids of 
Paris, LT: Low Temperature) 




