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Dual-Photon-Driven Hydrogen Evolution over Copper-Based
Photocatalysts under Visible and Near-Infrared Light
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Mouchaham,’ Antony Beauvois,” Valerie Briois,* Christian Serre,” Mohamad Hmadeh,” Marco
Daturi,’ Mohamad EI-Roz*'

"Université de Caen Normandie, ENSICAEN, CNRS, Laboratoire Catalyse et Spectrochimie, 14000 Caen,
France;’Department of Chemistry, American University of Beirut, Beirut, Lebanon; *Institut des Matériaux
Poreux de Paris, Ecole Normale Supérieure, ESPCI Paris, CNRS, PSL University, Paris 75005, France,
4Synchr0tr0n SOLEIL, L’ Orme des Merisiers, Départementale 128, 91190 Saint-Aubin, France

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.' In recent study (Nat. Comm. 2026) we investigated the light-driven behavior of a Cu-
metalated UiO-66-(COOH), 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 H,
evolution rate (6.1 mmol g' h™) 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 Cu®" sites within the framework, leading to the formation of active
Cu’/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
Cu’ species, respectively, from the pristine Cu®". A cascade mechanism involving alternating visible
and NIR excitation cycles was demonstrated, in which both types of photons were essential for
forming the active Cu’/Cu’ species and maintaining the dynamic photocatalytic redox cycle for H,
production. This dual-photon-driven logic-gate behavior is not unique to the MOF system, but is also
observed in a reference Cu’/Cu,O 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.
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Figure 1. (4) Structure of UiO-66-(COOH), MOF and potential anchoring sites for Cu (Il). (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 H, production at the steady state. (C)
Schematic representation of CO; and H, formation under simultaneous visible and NIR irradiation.
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We investigate the lighl-induced activity of the Cu-metalaied metal—arganic framework (MOF), UiO-86(COOH -Cu using gas-phase
formic acld (FAc) dehydrogenation at amblant conditions as a model reaction. The material shows pholocatalytic logic-gate behavior:
it remalins inactive (OFF) under visible (>380-720 nm} or near-infrared (>700 nm) light alone, while H, Is produced (6.1 mmol:g'-h")
when both are applied. Operando FTIR and X-ray absorption spectroscopy reveal that dual imadiations drive the restructuring of the
coordinated Cu®*/Cu” info active Cu®/Cu® binary redox cenlers, enabling the photocalalytic reaction. Similar behavior was also
observed in a Cu?/Cu,0 refarence system, highlighting & generalized approach towards dual-photon-driven pholocatalysis,

Chamcmrimlion Wi0-66{CO0H), and umwcoonpm Operando XAS analysis
Crystal sinioture U:O-&G{GOOH), Cu Reaglion: Vi light Reagtion; NiR gt Reaction: Visihls + NIR light
aind Possibla Cu . { ;
A Tk anchofing o —
anchoring sites J s Tedatac ks g | E
L5l o ;{".“ J[E] ‘-".;B‘ﬁ‘;;-;:;"
oA | g 1 foa 4 'E
i ik g == ! 11
firivsh QIE:M i Similar octahedral morphalagy sfter Cu metalation e S L §
L] noar L) aEc ARG
Bimilar PXRD after Cu Sy mEE, Upon post-synihatic Ensigy {2}

e [

. Cu metalstion,
surface area and
// parme volume T
- . decreased from 239 § 3
- 1od2mig.end 032 5| st
i to 0.11 emifg. ;
i raspactivaly,
L T oE l: 18 I8 .25 @0

| metatalion

B I T

fo gl iy VO SR TO0

Insanasy {art snis)
' S

forihg A4y

|i el g
11 RN i A

Hy b 1ol
o ns B FEEEY

LR 2 l-: 1‘1 = £y L) CI ac s c Q 2 "5 Il'l 13 2_ T ;E 0-oad 10 Y8 3D-3H ad
ikl dekanoe LAy Mm%} Raniial distapezs (A
Evadunfir':g Iha restructunngmtr:y rmliurmg the anhydride formation Visitbie light pramotas NI promotes intial visible + NIF, promotes
] _‘g | sBUrcs spectia ace F r_-,gg;-t:!l;u initlal Cu* formation Cu fomrnation high Cu*/Cu? formation
i ] _ Wavelength dependent phutm:alalyuc actlvitles
- i
2 i i « firadiation wavelsngit-
¢ E - dapandant Hy
£ 'l g prochusticn
£ I e - Mgadirmum aetivity:
> A [ T : wigitila light + NIR
H6 4EN GO0 7EO W00 40sh. THG0 MO A0 TAI0 VITG w mA cunsemn O i S wm wo mw m em we om P 0yt by (Patrennal 00-7 R0
VAR (i) Warvonusriber {om ') 3 ol yrm) [ Pe— (YR
= No datectable anhydiide formation and acthity undar visible and NIR [rradistion alanhe EH " - = Fmie 1T rf.‘n‘m' £ (L
+ High anhydrida formation and 8.1 mmolg-'-h~* H, production undar both irradiation, also - b i 30 (Gemiconducior 5 Phu-‘n-lhwmul !
damansiialing & struclunsl restiuciuring gﬂ PIOKCWIB ('8 pé benavior § % ‘g & bmbuai " ¥
Ed ]
Tracking anhydride formation under periodic irradialions Joa - H L ’ g2 : =
T e T ¢ Shight ehmemaea i by E ]
Atter half visibio cycla i e e I o ki = £o | Bol= I
<o = P T "'." bands {1B00-18T0 om") S ame 300 W W0 Wb 0%
Cyele,, Cyclay,,, ki I 5 ncher visibie iht, 3 Wi Ay sy B e g : :‘Il. r‘::”:l'vﬂ s
: suggpesding pelial by slien T -‘hlrt_m'ﬂnmln-cu Jrmod L & ity 5 :
= | of anhydnda in the i * FRod sbochum| Mugmem ity il £ wo. iy wabaiion, VI famt T % | Haped MR jesseaily Eirminn
et LA = — Z ot watal vapat grobibly Photophysical and electrochemical characterizations
[, By 3 proekiced during the GL{OH) e . A ———
condenaation Caet® A Maioa oo T s Enhancad phasocument thsm
" i \ $hd pristine MOF indicales belier
After half NIR cyche S P i of e charga saparation oficiancy
y— bands atter sach NiR Tiewt wd e upon Cu meislagon
| frradiation tyela ‘_!“"f‘ e , e e = Possible charge iransfer from
a, Bal Puenl (B L+ Anhyride lormation mls in & e SO T S e e LROSE(COOH),
b3 Bjeay Bl 2.3 thes presier fiian th@« A SO ereased framewneh 4o the Cu center
hydratan reaction mmmmf Te = This pn:m?o\ps I'Tbc‘lll:l‘led Cu
Alter complete Visible-NIR cycle ¢ Burcenmive allnbiog g:wlurng uniest il
: cycies of visible and NIR .
= - il atons faci|tatod =~ e Mot docey
I slrfane evelulon SUgIEREAnEneRe HlIge
Lol I R T T O LT e Birgngly sviiense: sartier separaton attibuted
(b, -Ref} iyt N fa Antars: Vidle. 15 postible chargn ranafar

" light initiates the
o EEstructunng. and NI
jaracnoili it D lon

NF Cygthes AIoer, R SHectHT aNer actwatan
BT Wfler Ar il B W B s1slon e e

Proposed photocatalytic mechanism

Gharge transfer from Zr-clustar lo Cu (1) center Rearrangement of Cu centers Anhydride formation
- e w?.rl J;Jm l;nE. \'I = A q a
W wee W o S . -co; W &, ‘e w8 i
e ——— anumu :iflllu e Wi —— L e | —_— Sy _._ e i .:ﬂu-'
. |,-‘-,< .j'* #}Hc gt flv H 1 ) = [ ?-@ 2H0 ﬁ m
(N2 (1} n" ol b
|20
I~
£ .’:a«? Viatde % ”-.‘ M ﬁ_!ﬂ_lf__ | (..'_F L
P L0, A Tt ¥ o B I N
I . o
af LN ) : ! o~
an I + 1 | .:‘
& ) , 1
g - I
Bl I
¢ drpen-chiates comractad o ha
WICA inkar
- = Steady production of
Nat Comm, 17. 308 {2028/ 1 = Regremerdy ivm ol e i pingy .
] @CE0@Cu et Phalocatalyst at steady state yq}f H, and ©O, fom FAa

Conclusion
Photocatalytic logic-gate behavior for H, production from FAc was observed. Charge tranafer within framework induces metalated Cu restructuring. Visible and NIR initiates the
restructuring of coordinated Cu?™* into Cu* and Cu” formation, respeclively. Therefore, cascade double-photon irradiations are required for catalyst activation and H, production,
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Enhanced Photocatalytic Overall Water Splitting via Conductive Polymer
Integration in Ti-MOF MIP-177-LT

Vivekanand Sharma,? Ashish Kumar Kar,2 Juanjo Ramirez, Sergio Navalon,? Georges Mouchaham,?
Christian Serre2
alpstitut des Matériaux Poreux de Paris, Ecole Normale Supérieure, ESPCI Paris, CNRS, PSL University,
Paris, 75005 France.
bDepartment of Chemistry, Universitat Politecnica de Valencia, C/Camino de Vera, s/n, 46022, Valencia,
Spain.
e-mail: sharma.vivekanand @espci.fr

Keywords: Metal-Organic Frameworks (MOF), photocatalysis, overall water splitting, Polymer

Green production of H; through photocatalytic water dissociation into H; and O is
currently one of the most attractive processes for hydrogen generation, particularly due to its
intrinsic sustainable nature.! Titanium-based metal-organic frameworks are particularly
attractive due to their stability and photoactive Ti-oxo clustersz 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.* 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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Mechanistic Insights into the In-Situ Restructuring of Coordinated
Copper in Post-Metalated MOFs for Photocatalysis
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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'-h™" for Ui0-66-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™ ! 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 Cu*" species undergo in-situ transformation to Cu” and Cu” 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.
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Figure 1. (4) Schematic illustration of MTV-UiO-66 derivatives, (B) Photocatalytic performance of different
samples in FAc reforming, (C) IR spectra (1900-1700 cm™) 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 H, evolution (inset) during FAc dehydrogenation under visible light (1 >
390 nm).
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We studied Cu*-postmetalated LIO-68-{CO0H), derivates known as UJO-EE-(LDDH;;DU and |ts |n-5|tu restructuring during photocatalvtic fommic acid (FAc) dehydrogenation:
under simulated solar light, Multivariate Ui0-66 dervatives with vared linker ratiog (EDCBTCA, o)) were synthesized and post-metalated with Cu o examing how linker
camposition affects Cu coordination and therefore its rastructuring. The results demonatrate that photocatalytic activity increased with decreasing BODC:BTCA ratio, Cparanda
FTIR and XAS confirm the jn-sitt Cu®* restructuring, initially. bound to frea carboxylates, inta Gu* and Gu'. DFT calculations ravealad that the spatial arrangament of
carboxylates influancas Cu coordination stability and therefore the restructuring procass,
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Conclusions

LiO-BE8{CO0H)-Cu derivatives were synthesized to study Cu restructuring during photocatalysis, showing that lower BOC:BTCA ratio enhances Cu® restructuring and
therefare the photocatalytic dehydrogenation performance of FAe. Opersndo FTIR and XAS confirmed the in-situ restrucfuring of Cu® into CutCu® under solar simulated
sunlight. Also, DFT revealed that the {10.2) sample favors a stable tetra-coordinated Cu ervvironment. boosting performance. However, decroasing the BDC.BTCA ratio (2.9
{8:3) sample} ehows no significant impact on Cu* coordination. In summary, this study highlights how the uee of MOFs structural flaxibility can dhive the photocatalytic
dehydrogenation of FAC as a prominant source of H., ganaration. Most impartanthy, it examines the in situ structural changes ocaurring within tha Cu-metalated MOF structuras,
prometing tha undarstanding of thair machanism of action, thus guiding the future design of potant catalysts for clean energy procssses.
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Non-sustainable, fossil fuel-dependent processes still account for most of the worldwide
hydrogen (H,) production.[1] Among alternatives, photocatalyzed water dissociation into H, and O, 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 Ti;,O45-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 H,
photo-induced production. Finally, our ongoing work directed at improving the MOF-based catalysts’
performances will also be discussed.
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Since the Industrial Revolution, fossil fuel use has driven anthropogenic CO: emissions, causing
pollutionandglobalwarming(IPCC). CO: capture and its conversion into fuels via -catalytic
hydrogenation (e.g., methane, methanol) is a promising strategy for sustainable energy valorization.
Thus, in MOFPlasma project, we are focusing on developing new hybrid catalysts to improve the
conversion of CO, into CHy (i.e., selectivity, kinetics, productivity rate, lower temperature, pressure)
by means of Non Thermal Plasma (NTP)-assisted catalysis [1]. This, combined to sustainable catalytic
systems (higher stability /durability), is expected to enable a drastic decrease of the overall energy
penalties, in comparison with conventional thermal hydrogeneration [2,3]. This project specifically
relies on the rational design of new Metal-Organic Framework (MOF)-based catalysts carefully loaded
with catalytically active Ni-NPs.

Metal—organic framework materials, are a family of hybrid organic—inorganic crystalline porous solids,
built-up of inorganic building units (IBU) (isolated or multinuclear metal ions) linked together by
organic linkers (bridging ligands). The high and fine tunability of MOFs in terms of composition
(organic ligand, inorganic moieties) and geometrical features (pore size and shape), make them
appealing candidates for catalytic CO, conversion.

In this presentation, we will explain our strategy in designing MOF-based catalyst through eco-
compatible methodologies (Figurel). We will also share some results obtained with our in-house
developed catalysts.

Diffusion
Pre-concentration
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Introduction

Anthropogenic CO- emissions from fossil fuels necessitate innovative strategies for carbon
capture and valorization. The MOFPlasma project pioneers hybrid catalysts combining
Metal-Organic Frameworks (MOFs) and nickel nanoparticles (Ni-NPs) to convert CO- into
methane (CHs) via Non-Thermal Plasma (NTP)-assisted catalysis[2]. MOFs, with their
tunable porosity and composition, provide tailored active sites, while NTP enhances
reaction kinetics and energy efficiency under milder conditions (reduced
temperature/pressure) compared to conventional thermal hydrogenation[1]. This approach
prioritizes eco-friendly synthesis to ensure catalyst durability and sustainability. Preliminary
results highlight improved CO- conversion rates, selectivity, and stability, aligning with
goals to minimize energy penalties and advance circular carbon economies. By
transforming CO: into high-energy-density fuels like methane, the project bridges
environmental mitigation and renewable energy production, offering a scalable pathway for
climate change solutions. The integration of MOF-Ni-NP composites with plasma
technology underscores a novel, sustainable strategy to address global warming while
promoting resource-efficient CO: utilization[3].
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Non-Thermal Plasma (NTP)

Promising alternative to conventional thermal catalysis
1. Enhancement of electric field
2. Micro-discharges in pores of catalyst

3. Change in discharge type
4. Change of concentration of plasma species

PLASMA CATALYST

Energy

1. Change of physicochemical properties
2. Hot spot formation
3. Activation via photon radiation
4. Lowering activation barrier
5. Changing surface reaction pathways

Reaction coordinate Plug flow reactor

« Low Temperature and
Atmospheric pressure

« Dynamic equilibrium between
oxidation and reduction of metal

activation energy
ca. 29 kJ mol™" (NTP)

80 kJ mol™
(Thermalcatalysis)

Outer dieect
<

Decrease the energy penalty

Conclusions & Perspectives

= MOF-Ni-NP hybrids enable efficient CO. methanation via plasma

catalysis.
= Towards milder operational conditions reduce energy demands.

= Eco-friendly synthesis enhances catalyst stability and scalability.
= Preliminary data — to be continued...
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Abstract:

Producing green hydrogen (H,) by photocatalysis, which uses sunlight, photocatalysts and
water, is a promising solution for the energy transition. A new approach to enhance H,
production is to promote interactions between confined water and the catalyst active sites, or
to trigger the release of encapsulated reactants under external stimuli'”?. Azobenzene is a
widely used photochromic molecule undergoing reversible E — Z isomerization under light
and spontaneous Z — E relaxation in the dark, accompanied by a length change from 9 A to
5.5 A within the MOF structure’. 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 H, 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 TiO,, by a physical mixing in EtOH, to form
a composite material. Their photocatalytic H, 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).

o
—
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—
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Figure 1. HAADF image (a), XRD pattern (b), and XPS Nls electronic binding energy spectra (c) of Cu(AzoBiPy)(l) 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.
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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

wrformance optoelectronic devices.

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-
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STACKING EFFECTS IN MULTILAYERED COFs

STRUCTURAL PROPERTIES
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the COF structures due to
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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 A. 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 A.
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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 / L2 —
L2 simulated spectrum showed that the lowest Simulated absorption
energy bright absorption bands corresponded to spectrum

PDI m->n* transitions located at 835 nm,
followed in energy by the ZnP n->nt* transitions
located at 593 nm, thus demonstrating that
stacking leads to a pronounced enhancement of |
porphyrin-dominated absorption bands. 600
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Both spectra are dominated by three main absorption bands, the first one (located at 523 nm)
is attributed to the PDI m->m* transitions, being again in perfect agreement with the PDI
absorption bands observed at 520 nm in previous studies.!? The higher energy bands centered

at 373 and 323 nm are related to PDI and ZnP transitions.
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CONCLUSIONS

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
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Abstract:

H,O
®

CoPp-TA-OOct
o 00ct= Mg

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 H,O

under alkaline conditions.

References

[1] A. De, A. Schneemann, et al. Chemistry of Materials, 35 (2023) 3911 —3922.
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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 {Mo3S,} 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. "2

/ Why using Hydrogen?

g e Water electrolysis, how does it work? \
% i s,
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* Decarbonization of industry f o % Water electrolysis reaction:
H, is massively used in industry e e
? e 2H,0() — 2H3g* Oz
+ Renewable energy storage e — 8 8

Conversion of electricity produced from renewable
ressources into chemical energy (H,) in a reversible manner

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

Cathode: Hydrogen Evolution Reaction (HER)
2H* +2e” — Hyy
Anode: Oxygen Evolution Reaction (OER)
2H,0() — Oy + 4H* + de”

§ Janode  Cathode nl
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What is a PolyOxoMetalate (POM) ? \

Acid polycondensation reaction :

/ What is a PEM water electrolyzer 3?

{MO ™ Heteropolyanions
{X.M,0_ "

y \ o m
Isopolyanions t’ H* +{XO}** ‘ 8
{M, 0.}
= L: Broad structural diversity

Polyanionic metal oxides with high
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>High purity of H, (99,999%) Bipolar
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Green Hydrogen

»Compatible with power intermittency
»Acidic media, pH <1
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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.'

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.’

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 Ti;»O;s 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.** 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 ) Photocatalytic Hydrogen Generation
Carbon Intense Method Electrolysis v A 4
/One of the most efficient\
N benchmark photocatalyst

reported so far

Industrial Process

\\Absorbs in the UV-region ony

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

K Ability to absorb in thh
visible range with
efficient charge
separation,

* Appreciable lifetimes of
charge carriers,

* The proper alignments
of  conduction and
valence bands
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High stability and
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Positive impact
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Metal Organic Frameworks(MOFs) ptar TiygOy-cluster photocatalysis

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

T~ —; J wees| & EDX Analysis
%ranSItlonal Metal \ § JLw M1/MOF4 % M2/MOF-3
|2 2 o,
- » \ Metal 1(M1) ’5 J mi/mor3 | E M2/MOF-2 At.% of fdeP(_Ed r_nr_EtaI
, ' - ‘ Metal 2 (|v|2) & I wimorz| B considering Ti
g g M2/MOF-1
%“" g i M1/MOF-1 g ‘
w,“\_ﬁ_gfﬁ - ____MIP-177(17) | v, MIP-177(LT) ‘ I\l\:: ;-:ssatif;
. S i . :0.5-3 at.%
Tl(lz_x)Mxols-cluster 5 10 15 20 25 30 5 10 15 20 2 20
2 Theta (°) 2 Theta(®)
Hydrogen Evolution Reaction . Micro-GC Result
——— MIP-177(LT) 16000
H2 —— M2/MOF-1 P
M2/MOF-2
EDX Results Atomic% soaeen] g T Meimers 12000 { \
M2 Ti g z
= / | <
MIP-177(LT) 00 100 2 L £ 8000+
M2/MOF-1 0.54+0.2 99.46+0.2 20009
M2/MOF-2 1.08+0.45 98.92+0.45 i . 4000
M2/MOF-3 2.03+0.86 97.97+0.86 (S I A S s
33.0 33.2 33.4 33.6 33.8 34.0 34.2 344 346 0.0 0.5 1.0 1.5 2.0
Retention time (second) M2 (at.%)
Conclusions References
Two different transitional metal ions have been doped successfully to MIP- | [1] S. Wang, T. Kitao, N. Guillou, M. Wahiduzzaman, C. Martineau-Corcos, F. Nouar, A.
177(LT). Tissotl, L. Binet, N. Ramsahye,S. Devautour-Vinot, S. Kitagawa, S. Seki , Y. Tsutsui, V.

Briois,N. Steunou, G. Maurin, T. Uemura, C. Serre, Nat. Commun.,9,2018,1660

[2] A. Kuila, V. Diez-Cabanes, A. Melillo, J. Gosch, A. Dhakshinamoorthy, S. Yao, G.
Mouchaham, C. Serre, H. Garcia, S. Navalon, J. R. Durrant, G. Maurin, Y. Paz, Small, 21,

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. 2025, 21, 2407273
The correlation between hydrogen evolution and M2 doping follows a bell- | [3]s. Yao, K. Heinzerling, S.A.J. Hillman, F. Podjaski, T. He, A. Garcia-Baldovi, Y. Baghdadi,
Shaped pattern. K. Dassouki, H. Garcia, S. Eslava, N. Steunou, S. Gonalez-carrero, S. Navalon, G.

Mouchaham, C. Serre, J.R. Durrant, Adv. Mater., 38, 2026,e17595



THANK YOU

= @ x

mof2h2.eu HE MOF2H2 HE MOF2H2

mof2h2-wks-2026.sciencesconf.org

UNIVERSITE: P Maastricht
wontPELLIER < University

—
TECHNION e - :
g Israel Institute _ ) e ik QeUqu uallty

of Technology AWARRANT HUB COMPANY

This project has received funding from the European Union’s Horizon Europe research and innovation programme under grant agreement No.
101084131. This output reflects only the author’s view and the European Union cannot be held responsible for any use that may be made of the
information contained therein.




