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Introduction

Carbon dioxide reduction catalyzed by

a photoactive bimetallic zirconium/cerium metal-—
organic framework built with a (thieno)thiophene
linker
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The development of efficient and stable photocatalysts for CO, reduction remains a major challenge in
solar fuel production. Herein, we report the synthesis and characterization of the novel bimetallic
zirconium/cerium metal-organic framework [Zrsg5Ceg 0404(OH)g(H20)4(TTp)yl [HTTp = (thieno)
thiophene-2,5-dicarboxylic acid, Zr/Ce_TTp] used for CO, reduction under UV-visible light irradiation.
Crystal structure characterization confirms the formation of a mixed-metal framework of fcu topology
with uniform element distribution. The material is porous (BET SSA = 1054 m? g~ and shows a good
thermodynamic affinity for CO, [Qg = 23.0 kJ mol™Y]. Optical and electrochemical characterization
studies reveal enhanced light-harvesting ability and superior charge separation properties compared to
the monometallic analogues Zr_TTp and Ce_TTp. Under simulated solar irradiation, Zr/Ce_TTp displays
significant photocatalytic activity for CO, reduction to CO (5.8 umol g=* h™) with no need of auxiliary
co-catalysts, while no activity is observed for the individual metal-based materials. The improved
performance is attributed to the synergistic interaction between the redox-active Ce centers and the
robust Zr nodes, as well as the light-absorbing capability of the H,TTp linker. Periodic DFT calculations
support the experimental findings, highlighting the role of open Ce" sites in CO, activation and the
improved spatial separation of the frontier orbitals in the bimetallic framework that reduces e—h*
recombination with respect to its homometallic analogues. These results highlight the potential of
heterometallic MOFs featuring m-conjugated heterocyclic linkers as promising platforms for solar-driven
CO,, valorization.

temperature. This warming is linked to serious environmental
consequences, including sea-level rise, shifts in precipitation

The increasing concentration of atmospheric CO, resulting
from fossil fuel combustion poses severe environmental chal-
lenges. As a greenhouse gas, CO, absorbs and re-emits infrared
radiation, thereby reinforcing the greenhouse effect and
contributing to a sustained increase in global average
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regimes and water cycles, degradation of ecosystems, ocean
acidification and increased frequency and intensity of extreme
weather events. The 30th United Nations Climate Change
Conference (COP30) held in Belém (Brazil) in November 2025
(ref. 1) broke new ground by explicitly referencing fossil fuels in
its final agreement. The final declaration also emphasized the
need for urgent action to keep the 1.5 °C goal of global
temperature increase by 2050 within reach. While waiting for
alternative energy sources to be prevalent in driving the world
economy, huge efforts are being made to reduce CO, concen-
tration in the atmosphere far below the current 430 ppm value
(recorded in April 2026). Among the emerging strategies to
address this issue, Carbon Capture and Utilization (CCU) is an
innovative approach to mitigate climate change by capturing
CO, emissions from industrial sources or the atmosphere and
converting them into valuable products.** CCU aims to
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transform CO, into fuels, chemicals, building materials, or
polymers, creating a circular carbon economy. This strategy not
only reduces greenhouse gas emissions but also provides
economic incentives by turning waste CO, into commercially
useful resources, bridging environmental sustainability with
industrial innovation. The photocatalytic conversion of CO,
into value-added fuels or chemicals using solar energy repre-
sents a highly attractive and sustainable solution.® However, the
chemical inertness of CO, and complex multielectron transfer
processes required for its activation remain a major obstacle in
achieving high efficiency and selectivity in relevant photo-
catalytic systems.® In recent years, Metal-Organic Frameworks
(MOFs) have garnered significant attention as promising pho-
tocatalysts for CO, reduction, owing to their high surface area
(and related CO, adsorption capacity that increases their local
concentration in proximity of the catalytically active sites),
tunable pore architecture and the modularity of their building
blocks.”™ The relevance of MOFs in contemporary chemistry
and materials science has been brought to worldwide attention
after the assignment of the Nobel Prize in Chemistry 2025 to
Susumu Kitagawa, Richard Robson and Omar Yaghi for their
pioneering work in this area.”® Both metal nodes and organic
linkers in MOFs can be rationally designed to optimize light
absorption, charge separation, and catalytic activity. In partic-
ular, zirconium-based MOFs such as UiO-type frameworks'®*’
have shown excellent structural stability, water tolerance and
chemical robustness, while cerium-containing MOFs offer the
additional benefit of redox-active centers due to the Ce™/Ce™
couple, which can enhance charge carrier dynamics.>*>* Several
studies have highlighted the potential of combining two metals
to create heterometallic MOFs with improved photocatalytic
properties,>® but systematic investigations on such systems
remain limited. Equally crucial to MOF photoactivity is the
choice of the organic linker. While conventional aromatic di-
carboxylates provide structural integrity, they typically exhibit
poor visible light absorption. The incorporation of hetero-
aromatic units such as thiazole- or thiophene-based linkers has
emerged as an effective strategy to enhance light-harvesting
capabilities through m-conjugation extension and sulfur-
mediated electronic effects.”” Nevertheless, the synergistic
combination of photoactive linkers and redox-active hetero-
metallic nodes in a single MOF architecture is still underex-
plored, particularly for photocatalytic CO, reduction. Herein, we
report the design and synthesis of the novel bimetallic MOF of
minimal formula [Zrs96Ce(.0404(OH)s(H,0)4(TTp)a]  (Zr/
Ce_TTp) built with (thieno)thiophene-2,5-dicarboxylic acid
(HoTTp, Scheme 1) as the organic linker. This framework inte-
grates the structural stability of [Zre] clusters found in all
zirconium-based MOFs, the redox versatility of the cerium
centers and the light-harvesting capability of the H,TTp
linker.?®° Through a combination of structural, spectroscopic,
and electrochemical characterization, we demonstrate that Zr/
Ce_TTp exhibits enhanced optical absorption, efficient charge
separation and significantly improved photocatalytic CO,
reduction performance under simulated solar light compared
to its monometallic analogues Zr_TTp and Ce_TTp. Overall, this
study highlights the potential of heterometallic MOFs with
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Scheme 1 Molecular structure of the linker used in this study: (thieno)
thiophene-2,5-dicarboxylic acid (H,TTp).

heterocyclic m-conjugated linkers as next-generation photo-
catalysts for solar fuel production.

Experimental section
Materials and methods

Zirconium chloride/oxychloride (ZrCl,/ZrOCl,), cerium ammo-
nium nitrate [(NH,),Ce(NOj3)s, CAN], trifluoroacetic acid (HTFA)
and N,N-dimethylformamide (DMF) were purchased from
Sigma-Aldrich and used as received. The glycinate-capped
cluster [CegO4(OH)4(HGly)g(NO3)4(H,0)6Clg]-8H,O (HGly =
NH;CH,COO)* and the heterocyclic ligand thieno[3,2-5]
thiophene-2,5-dicarboxylic acid (H,TTp)** prepared
following literature procedures. FT-IR spectra (KBr pellets) were
recorded on a PerkinElmer Spectrum BX Series FTIR spec-
trometer, in the 4000-400 cm ™ range, with a 2 cm ™" resolution.
UV-vis absorption diffuse reflectance spectra of H,TTp, Zr_TTp,
Ce_TTp and Zr/Ce_TTp in the solid state were recorded from
250 to 600 nm with a Jasco V-770 spectrophotometer equipped
with a 60 mm integrating sphere and a PbS detector (ISN-923),
using an interval wavelength of 1 nm. Photoluminescence
spectra of the linker and MOFs in the solid state were recorded
with a JascoFP-8300 spectrofluorometer equipped with a 150 W
xenon arc lamp. The samples were irradiated at the wavelength
corresponding to their maximum absorbance, as revealed by
the absorption spectrum. The optical band gaps of Zr_TTp,
Ce_TTp and Zr/Ce_TTp in the solid state were determined from
the onset of their absorption spectra. The values are 3.4, 3.0 and
3.4 eV, respectively. Elemental analyses were performed using
a Thermo FlashEA 1112 Series CHNS-O elemental analyzer with
an accepted tolerance of +2% on carbon (C), hydrogen (H),
nitrogen (N) and sulfur (S). ICP analyses were performed with an
ICP OES Agilent 5800 instrument, by dissolving 50 mg of sample
in 3 mL of a HCI aqueous solution 37% m/m and 6 mL of
a HNO; aqueous solution 65% m/m, followed by dilution to
a total volume of 50 mL. Zirconium and cerium were quantified
considering their absorption at 343.823 and 418.659 nm,
respectively. Thermogravimetric analyses (TG-DTG) were per-
formed under a N, flow (100 mL min~") at a heating rate of 5
K min~" with an EXSTAR Thermogravimetric Analyzer Seiko
6200. The latter was coupled with a ThermoStarTM GSD 301T
mass spectrometer for mass analysis of the volatile species.
Scanning Electron Microscopy (SEM) images were acquired
using a Tescan GAIA 3 FIB/SEM equipped with an EDS-X-ray
microanalysis system (EDAX, AMETEK, USA) and with the
TEAM EDS Basic Software Suite TEAM™. For the sample

were
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preparation, a spatula tip of the powder was dropped on a stub
covered by adhesive SEM tape. Excess (unadhered) sample was
then removed by applying a gentle flux of Ar on the surface of
the stub. The as-prepared sample was analyzed without further
conductive coating, using an e-beam energy of 10 keV. Scanning
Transmission Electron Microscopy (STEM) High-Angle Annular
Dark Field (HAADF) images were acquired using a Thermo
Fisher Scientific Talos F200X G2 microscope equipped with
a high-brightness X-FEG field emission gun (80-200 keV),
operated at an accelerating voltage of 200 kV. Images were
collected with a Panther annular STEM detector using
a convergent beam with a semi-angle of 10.5 mrad and a camera
length of 330 mm. Energy-Dispersive X-ray Spectroscopy (EDS)
maps were obtained with a Super-X spectrometer equipped with
four 30 mm? silicon drift detectors, providing a total collection
angle of 0.7 srad. All electron microscopy characterization
studies were performed at the CeME electron microscopy
facility (CNR-ICCOM, Florence). The nature and purity of all the
batches employed for the functional characterization were
assessed through powder X-ray diffraction (PXRD). PXRD
preliminary measurements were carried out in the 2-50° 26
region with a Panalytical X'PERT PRO diffractometer equipped
with a Ni filter in the diffracted beam, a PIXcel® solid state
detector and a sealed X-ray tube (Cu Ka, A = 1.5418 A). Slits were
used in both the incident (Soller slits aperture: 0.25°; divergence
slit aperture: 0.5°) and the diffracted (anti-scatter slit aperture:
7.5 mm) beam. The generator was operated at 40 kV and 40 mA.
X-Ray fluorescence (XRF) spectra of a powdered sample (ca. 5
mg) of Zr_TTp were acquired in air using a PANalytical Minipal2
instrument equipped with a sealed X-ray tube having a Cr-
anode. The generator was set to 30 kv and 3 pA. The XPS
characterisation was carried out in a UHV chamber (10°/10*°
mbar) equipped with non-monochromatized Al radiation (hv =
1486.6 eV, VSW-TA1) combined with a hemispherical electron/
ion energy analyser (VSW-HA100 with a 16-channel detector).
The operating power of the X-ray source was 144 W (12 kV and
12 mA), and photoelectrons were collected normal to the
sample surface, maintaining the angle between the analyser
axis and the X-ray source fixed at 54.5°. All samples were
adsorbed on carbon tape, and the XPS spectra were acquired in
the fixed analyser transmission mode with a pass energy of
44.0 eV. The CasaXPS software was used to analyse the spectra,
and a linear or Shirley function was used for the background
correction.*® The deconvolution of XPS spectra has been per-
formed by applying a combination of Gaussian and Lorentzian
functions (70/30 ratio) for S 2p and Zr 3d and a Lorentzian
asymmetric lineshape for Ce 3d. All the binding energies (BE in
eV) were calibrated upon fixing C 1s of the carbon tape at
285.1 eV.* X-ray Absorption Spectroscopy (XAS) measurements
were performed on Zr_TTp and Zr/Ce_TTp powdered samples.*
Data collection was performed at room temperature in trans-
mission mode at the BM31 beamline of the European
Synchrotron Radiation Facility (ESRF) by using Si(111) mono-
chromator crystals, a beam size of 10 mm x 0.6 mm, and Ar-
filled ionization chambers to measure the incident and trans-
mitted X-ray intensity. Energy calibration was performed using
metallic Zr foil. For each sample, two consecutive energy scans
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were collected and merged, centered on the Zr K-edge, from
17.85 KeV to 19.0 KeV, so as to cover both the XANES and EXAFS
ranges. The resulting averaged spectra were normalized and
background-subtracted by using Athena and Artemis, respec-
tively, included in the Demeter XAS suite (ver. 0.9.26).>* EXAFS
fitting was based on theoretical scattering paths generated by
the Free Energy Force Field (FEFF) from two structural models:
a regular octahedral [Zrs] cluster (derived from the crystal
structure of Zr_TTp, disregarding the presence of missing
linkers) and an axially distorted octahedral [Zrg] cluster (ob-
tained from DFT calculations, vide infra). While the former
model consists of six Zr atoms with identical chemical envi-
ronments, the latter features two Zr atoms in a different
chemical environment compared to the four Zr atoms in the
equatorial plane. The structure including the axially distorted
model also contains [Zr;Ce] inorganic units, in which one of the
Zr atoms along the direction of distortion is replaced by a Ce
atom; the latter was used to account for the contribution of Ce-
containing scattering paths in the fit. The first-shell coordina-
tion of the Zr atoms is very similar in each of the models
included in both the PXRD-retrieved and DFT-optimized
structure and consists of eight O atoms surrounding each Zr
atom at distances ranging from 2.1 to 2.3 A. Only single scat-
tering paths showing a contribution over 10% of the total EXAFS
signal of the model (rank parameter calculated by using the
FEFF) were considered for the fitting. Data below 1.2 A in the
direct space were removed from each dataset and k-weights of 3
and 2 were used for background removal of Zr_TTp and Zr/
Ce_TTp, respectively. EXAFS data were fitted in the reciprocal
space at a k-weight equal to 2 and over the range of 2.5-14.5 A™*
(Zr_TTp) and 2.6-12.0 A~* (Zr/Ce_TTp). The range of the direct
space considered for the fitting was 1.2-4.0 A for both samples.
The same amplitude reduction factor (S,?) and edge shift (AE,)
were used for all paths, whereas interatomic distances and
Debye-Waller factors were refined. Coordination numbers were
set according to the structural model. Co-refining of the back-
ground spline was also performed at the end of the fitting
procedure.

Synthesis of Zr_TTp

ZrCl, (FW = 233.02 g mol ™", 0.104 g, 0.44 mmol), 0.5 mL of
trifluoroacetic acid and H,TTp (FW = 228.0 g mol %, 0.102 mg,
0.44 mmol, 1 equiv.) were dissolved in 12 mL of DMF. After 15
minutes of stirring under ambient conditions, the solution was
transferred into a 19 mL Teflon-lined stainless-steel container
and heated to T'= 403 K for 72 hours. After cooling, the off-white
powder of Zr_TTp-DMF was collected, washed with ethanol
(EtOH, 3 x 10 mL) and petroleum ether (3 x 10 mL) and finally
dried under a nitrogen stream at room temperature. Yield:
0.112 g {82%, based on the minimal formula [ZrsO,(OH)g(H,-
0)4(TTp)4] 2(DMF)}. Elemental analysis caled. (%) for [ZrsO,(-
OH)3(H,0)4(TTp)4] 2(DMF), C33H;3gN,034S5Zrs (MW = 1870.53 g
mol™'): C, 24.4; H, 2.0; N, 1.5; S, 13.7; Zr, 29.3. Elemental
analysis found (%): C, 24.1; H, 1.6; N, 1.3; S, 14.0; Zr, 29.0 (ICP).
IR bands (KBr pellet, cm ™", Fig. S1): 1640(s), 1577(vs), 1482(vs),
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1395(vs), 1325(vs), 1176(m), 1099(w), 1059(w), 897(w), 861(w),
762(m), 688(m), 648(m), 466(m).

Synthesis of Ce_TTp

Following the synthetic protocol described by the group of Stock
for the preparation of other Ce"™ MOFs starting from pre-formed
[Ceg] clusters,*” H,TTp [FW = 228.0 g mol ™~ '; 0.061 g, 0.26 mmol,
6 equiv.] was dissolved in DMF (14 mL) and the resulting yellow
solution was brought to T'= 373 K under magnetic stirring. The
glycinate-capped cluster [CesO4(OH),(HGly)s(NO3)4(H,0)6Clg]-
8H,O [FW = 2349.1 g mol™%; 0.104 g, 0.044 mmol] was sus-
pended in distilled water (1.5 mL), and the suspension was
slowly added to the linker hot DMF solution. Immediate
formation of a yellow solid precipitate of Ce_TTp-DMF was
observed. Stirring at 7= 373 K was maintained for an additional
15 min to complete the reaction. After that time, the reaction
mixture was cooled to room temperature and the solid was
recovered after centrifugation (4000 rpm, 5 min), washed with
EtOH (3 x 10 mL) and petroleum ether (3 x 10 mL) and finally
dried under a nitrogen stream at room temperature. Yield:
0.102 g {85%, based on the minimal formula CesO,(OH),(-
Gly),(TTp)s 6 (DMF)}. Elemental analysis caled. (%) for CeqO4(-
OH),(Gly),(TTp)s 6 (DMF), Cq,Hg,035NgS;10Ces (FW = 2690.51 g
mol™"): C, 27.7; H, 2.4; N, 4.2; S, 11.9, Ce, 31.2. Elemental
analysis found (%): C, 27.4; H, 2.3; N, 4.2; S, 11.8; Ce, 31.5 (ICP).
IR bands (KBr pellet, cm™*, Fig. S1): 1654(vs), 1563(vs), 1484(vs),
1383(vs), 1325(vs), 1225(m), 1174(m), 1101(m), 1061(m), 893(w),
865(w), 766(s), 684(m), 565(s), 522(m), 430(m).

Synthesis of Zr/Ce_TTp

ZrCly (FW = 233.02 ¢ mol ™%, 0.051 g, 0.22 mmol) and CAN (FW
= 548.22 g mol ™, 0.120 g, 0.22 mmol) were dissolved in 8 mL of
DMF. Then, 0.25 mL of trifluoroacetic acid and H,TTp [FW =
228 g mol ™ ; 0.050 g, 0.22 mmol, 1 equiv. with respect to each
metal] were added to the solution. After 15 minutes of stirring
under ambient conditions, the solution was transferred into
a 19 mL Teflon-lined stainless-steel reactor and heated to T =
403 K for 72 hours. After cooling, the light yellow powder of Zr/
Ce_TTp-DMF was collected, washed with EtOH (3 x 10 mL) and
petroleum ether (3 x 10 mL) and finally dried under a nitrogen
stream at room temperature. Yield: 0.085 g {82%, based on the
minimal formula Zrs¢sCeg 0404(OH)s(H,0)4(TTp)s 2(DMF)}.
Elemental analysis caled. (%) for
Zt5.96Ce0.0404(0H)5(H20)4(TTp)4 2(DMF),
C35H33034N,85Zr5 06Ce0.0s (FW = 1872.5 g mol '): C, 24.4; H,
2.0; N, 1.5; S, 13.7; Zr, 29.0; Ce, 0.3. Elemental analysis found
(%): C, 25.0; H, 1.4; N, 1.4; S, 12.0; Zr, 28.1 (ICP); Ce, 0.2 (ICP). IR
bands (KBr pellet, cm ™, Fig. S1): 1624(m), 1569(s), 1488(vs),
1399(s), 1204(w), 1176(m), 1111(w), 1005(w), 897(w), 861(w),
783(m), 764(s), 694(m), 656(s), 470(m).

Powder X-ray diffraction structure characterization of Zr_TTp

and Zr/Ce_TTp

Powdered samples of the two MOFs (ca. 20 mg) were deposited
in the cavity of a silicon zero-background sample holder 0.2 mm
deep. The PXRD pattern for the structural characterization of
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Zr_TTp was acquired under ambient conditions in the 26 range
of 5.0-105.0° with steps of 0.02° and a time per step of 10 s
using a Bruker AXS D8 Advance vertical-scan 6 : 4 diffractometer
equipped with a sealed X-ray tube (Cu K,, A = 1.5418 A),
a Bruker Lynxeye linear position-sensitive detector, Soller slits
(aperture = 2.5°) in the primary and secondary beam, a fixed
divergence slit (aperture = 0.5°), an anti-scatter slit (aperture =
8 mm) and a filter of nickel in the diffracted beam. The gener-
ator was set to 40 kV and 40 mA. The PXRD pattern for the
structural characterization of Zr/Ce_TTp was acquired under
ambient conditions in the 26 range of 1.5-105.0° with the
diffractometer quoted in the Materials and Methods section but
equipped with a divergence slit of aperture 0.125°. All the data
treatments described in the following section were carried out
using the software TOPAS-R v.3.*® The purity and crystallinity of
the samples were assessed by performing a whole powder
pattern refinement with the Le Bail method* employing, as
a starting point, the space group (Fm3m) and unit cell parameter
of Ui0-66.*° The instrumental contribution to the peak profile
was described with the fundamental parameters approach
(FPA).** The sample contribution to the peak profile was
modelled convoluting Lorentzian and Gaussian functions. The
background was described with a Chebyshev polynomial func-
tion. During the first steps of the structure characterization, the
atoms of the node were assigned the fractional coordinates of
the corresponding atom in UiO-66. For simplicity, the OH™
ligands were described as oxygen atoms. In Zr/Ce_TTp, given
the very low amount of cerium retrieved by elemental analysis
(Zr:Ce = 5.96:0.04), the Zr: Ce molar ratio was fixed to that
value, the presence of Ce™™ (36%, as from XPS) was disregarded,
and the cerium and zirconium atoms occupying the same
octahedral vertex were assigned the same fractional coordi-
nates. In both MOFs, the independent portion of TTp?~ (% of the
linker) was modelled as a rigid body with idealised bond
distances and angles.*” Its centre of mass was located in [0.25
0 0.25] (Wyckoff letter d). The vicariant C-H group and sulphur
atom were superimposed, halving their site occupation factor
(s.0.f.). The orientation of the linker, initially assigned based on
the crystal structure of UiO-66, was refined (consequently
adjusting the s.o.f. of the atoms reproduced by symmetry). A
refined, isotropic thermal displacement factor, B(M), was
assigned to the metal atoms, while that of the other atoms was
calculated to be B(M) + 2 A% The instrumental contribution to
the peak profile was modelled with the FPA. The sample
contribution to the peak profile was described convoluting
a Lorentzian function to spherical harmonics. The smeared
electron density in the pores was modelled with a DMF mole-
cule, built as a rigid body with idealised bond distances and
angles*® whose position and orientation were found with the
simulated annealing approach,* and whose s.o.f. was refined.
The presence of missing-linker defects was verified at this stage
for both MOFs refining the s.o.f. of the linker atoms, except that
of the oxygen atom, which is present as a OH /H,O ligand when
TTp>~ is missing to guarantee electroneutrality (the presence of
chloride anions derived from the zirconium salt used in the
synthesis was excluded based on XRF, Fig. S2). During the
structure refinement, carried out with the Rietveld method,*
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the unit cell axis and the coefficients of the Chebyshev function
and of the functions describing the sample contribution to the
peak profile were refined, together with the non-special frac-
tional coordinates of the atoms of the cluster and of the centre
of mass of the DMF molecule. Its orientation and that of the
linker were refined too. The graphical result of the final stage of
the Rietveld refinements is shown in Fig. S3. As for Ce_TTp, the
very limited degree of crystallinity discouraged any attempt of
PXRD characterization of its average crystal structure.

Crystallographic information for Zr_TTp,
Zrg04(OH); 5(H20)3.5(TTp)4.1 - 3DMF, Cy1 sH44.6N303555.2Z16, FW
= 1959.28 g mol ™', cubic, Fm3m, a = 23.1754(4) A, V =
12447.5(7) A%, Z=4,7 = 0.021, p = 1.0 g cm >, F(000) = 3870.4,
Rprage = 0.4%, R, = 1.3%, R,p = 1.7%, for 4965 data and 54
parameters in the 5.7°-105.0° 26 range. CCDC no. 2536450.

Crystallographic information for Zr/Ce_TTp,
Zr5.96C€0.0404(0H);7.4(H20)3.4(TTp)4 5 - 3.3DMF,
Ca4.3H45.0N3 3035555 6Z15.06C€0.04, FW = 2014.39 g mol ", cubic,
Fm3m,a =23.1379(4) A, V=12387.2(7) A%, Z=4,7 = 0.021,p =
1.1 g em*, F(000) = 3982.1, Ryragg = 1.2%, R, = 3.1%, Ryp =
4.0%, for 4975 data and 49 parameters in the 5.5°-105.0° 264
range. CCDC no. 2536451.

N, and CO, adsorption isotherms

A powdered sample (ca. 40 mg) of Zr/Ce_TTp was activated at T
= 423 K under high vacuum (107° torr) for 24 h before the
measurement. The Brunauer-Emmett-Teller (BET) specific
surface area, pore size distribution and pore volume (V. and
Vimicro) Were estimated by volumetric adsorption with an ASAP
2020 Micromeritics instrument, using N, as the adsorbate at T
= 77 K. For the BET specific surface area calculation, the 0.01-
0.1 p/p, pressure range of the isotherm was used to fit the data.
Within this range, all the Rouquerol consistency criteria*® are
satisfied. The material (micro)porosity was determined from the
N, adsorption isotherm using a NLDFT method (Tarazona
approximation) and assuming a cylindrical pore shape (typical
of metal oxides). CO, adsorption isotherms were recorded at T
=273 K, 298 K and 323 K at a maximum pressure of 1.2 bar. The
CO, isosteric heat of adsorption (Qs) of Zr/Ce_TTp was calcu-
lated from the three isotherms according to the differential
form of the Clausius-Clapeyron equation:***

d(lnp) |
@),

where R is the gas constant (8.314 J K~ mol ™).

Ost
--= (1)

Photoelectrochemical measurements

Photocurrent (PC), Mott-Schottky (M-S) plots, linear scan
voltage (LSV) and electrochemical impedance spectroscopy
(EIS) were measured with a Princeton 2273A potentiostat/
galvanostat, using a standard 3 electrode system composed of
a Ag/AgClg,(KClg,) as the reference electrode (RE), a platinum-
wire counter electrode (CE) and a catalyst-coated FTO glass as
the working electrode (WE) (with an area of about 2 cm?). All
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tests were conducted in a 0.5 M Na,SO, aqueous solution as the
electrolyte. The WE was prepared by dropcasting 1 mL of pho-
tocatalyst ink solution (1 mgcac mLiso_pmpanofl) on the FTO
support. A 300 watt Xe lamp (mKs-Newport) was used as the
light source with an intensity of 100 mW c¢m > to perform PC
measurements. PC analyses were performed by registering the
current at an applied potential of 0.6 V vs. Ag/AgClg,(KClg,). M-
S plots were recorded without light at an arc amplitude of 10 mV
and frequency of 1 kHz, while EIS measurements were carried
out from 1000 kHz to 0.01 Hz at a potential of —1.1 V vs. Ag/
AgClg,(KClg,,). LSVs were registered at 10 mV s~ between —0.6
and —1.2 V.

CO,, photoreduction tests

The photocatalytic carbon dioxide reduction experiments were
performed in a cylindrical quartz reactor (volume 18 mL) at
ambient temperature (7 = 298 K). 5 mg of catalyst was ultra-
sonically dispersed in 5 mL of degassed MilliQ water. 99. 999%
pure CO, was injected into the reaction system for 30 min to
remove air and saturate the solution with CO, only. Finally, the
reactor was closed with a rubber cap equipped with a silicone
septum. A 300-W Xe lamp (mKs-Newport) was used as the light
source with an intensity of 100 mW c¢cm 2. Stirring was started
when the sample was irradiated with light (UV-vis region). The
evolved gas was sampled after five hours and analyzed using an
off-line gas chromatograph (Shimadzu GC-2010) equipped with
a thermal conductivity detector (TCD) and a molecular sieve (5
A) column. Finally, Zr/Ce_TTp was used for a photocatalytic
recycling test where the evolved gas was sampled every 5 h
irradiation time. After the end of each run, fresh CO, was
bubbled in the reactor for 15 min, the quartz Schlenk was closed
and the system was irradiated again. Additional control exper-
iments were conducted under identical conditions, including
dark tests, blank runs without a catalyst, irradiation of the free
H,TTp linker, experiments under an inert He atmosphere and
tests with a 1: 1 physical mixture of Zr_TTp and Ce_TTp using
the same total catalyst loading.

Computational details

Periodic DFT calculations were performed at the PBEsol0-3c
level of theory,” as implemented in the CRYSTAL code.*
PBEsol0-3c is a cost-effective composite method that has been
successfully applied to predict several properties of MOFs.** It is
based on the PBEsol** exchange-correlation functional hybrid-
ized with 25% of Fock exchange and combined with a double-
zeta quality basis set for solid-state systems. It is also
augmented with the D3 (ref. 53) and gCP** corrections to
account for van der Waals interactions and to remove the basis
set superposition error (BSSE), respectively. For the numerical
integration of the exchange-correlation term, 75 radial points
and 974 angular points (XLGRID) in a Lebedev scheme were
adopted. The SCF convergence was set to 10”7 and 10~ '* hartree
during geometry optimization and vibrational frequency
calculations, respectively. The Pack-Monkhorst/Gilat shrinking
factors for the diagonalization of the Kohn-Sham matrix in
reciprocal space were set to 2. The truncation -criteria
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(TOLINTEG) for the bielectronic integrals (Coulomb and
exchange series) were set to 7 7 7 7 25. On the optimized
structures, vibrational frequencies were calculated at the T’
point from a mass-weighed Hessian matrix obtained by
numerical differentiation of the analytical first derivatives.
From the vibrational frequencies, the zero-point vibration
energy (Ezpy) and the thermal contribution to the enthalpy, Hy,
at T=298 K and standard pressure p were calculated. The JMol*®
software was used for plotting the frontier orbitals (HOCO and
LUCO) and the electrostatic potential (ESP) maps.

Results and discussion

Synthesis and preliminary characterization of Zr_TTp, Zr/
Ce_TTp and Ce_TTp

With the aim of preparing MOF materials with a photoactive
linker that may act as antenna for UV-visible light absorption
and harvesting, we chose the bicyclic fused (thieno)thiophene
aromatic core. (Thieno)thiophene-2,5-dicarboxylic acid has
previously been used by other groups for the construction of
rare-Earth->>® or 3d-metal-based®**>-MOFs and coordination
polymers. The zirconium MOF Zr_TTp of cubic fcu topology
typical of the UiO-6x family®® was prepared as an off-white
microcrystalline powder through a conventional solvothermal
synthesis carried out in N,N-dimethylformamide (DMF) and
starting from either zirconium chloride (ZrCl,) or zirconium
oxychloride (ZrOCl,) as the metal source in the presence of
trifluoroacetic acid (HTFA) as the crystal modulator. The cer-
ium(wv) analogue Ce_TTp was instead prepared using a milder
approach. The reaction between H,TTp and a pre-formed [Ceg]
glycinate cluster was carried out in a round-bottom flask at
ambient pressure, leading to immediate precipitation of the
deep yellow product upon mixing the reagents in hot DMF (T =
373 K). This synthetic methodology was developed by the group
of Stock and co-workers in 2018 (ref. 37) and it proved to be very
efficient and versatile for the preparation of many Ce' MOFs
that would be otherwise inaccessible using traditional starting
materials like cerium ammonium nitrate (CAN). Indeed, in our
attempts at a direct solvothermal synthesis using CAN as the
starting salt under the same experimental conditions used for
Zr_TTp the reaction provided a completely different white
crystalline phase (presumably, a Ce™ coordination polymer
with an unknown crystal structure). Finally, the mixed-metal
sample Zr/Ce_TTp was prepared by co-dissolving ZrCl, and
CAN together with H,TTp under the same solvothermal condi-
tions used for Zr_TTp. This strategy allows the simultaneous
incorporation of both metal ions into a single phase. To assess
the robustness and reproducibility of the synthetic method, the
preparation of Zr/Ce_TTp was independently repeated three
times, yielding consistent results in terms of yield and
morphology. In particular, the amount of cerium present in
different Zr/Ce_TTp batches is very low but consistent with
a relative Zr/Ce atomic ratio equal to 197 £ 17 as estimated
through EDX data (Fig. S4-S6). Different relative ZrCl,/CAN
stoichiometric ratios were also explored; however, only the
equimolar Zr/Ce precursor ratio afforded a photo-catalytically
active MOF. In the IR spectra (Fig. S1), the typical »(COO)
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stretching bands of carboxylate groups at 1640, 1654 and
1624 cm ™" for Zr_TTp, Ce_TTp and Zr/Ce_TTp, respectively, are
indicative of the linker presence in the solid. A small red shift
with respect to the free linker (1667 cm™' for H,TTp) is
observed, typically occurring after carboxylate coordination to
a metal center. As inferred from a comparison of the relevant
PXRD data (Fig. S7), the three MOFs are isostructural and show
the typical UiO-66 pattern with intense, and well-defined
reflections below 26 = 10° and a well-resolved pattern up to
45°. Small differences in the peak maxima are found, reason-
ably due to the different ionic radii of Zr'¥ (72 pm) and Ce™" (103
pm) that mirrors the slightly larger unit cell dimensions for
Ce_TTp in comparison with those of Zr_TTp and Zr/Ce_TTp.
Given the very low cerium content in the latter (vide infra), the
peak positions of Zr/Ce_TTp are practically indistinguishable
from those of Zr_TTp. In contrast, Ce_TTp exhibits significantly
broader and less intense diffraction peaks, unveiling the limited
crystallinity of this material. Indeed, the presence of diffuse
scattering, particularly in the low-angle region, might indicate
short-range ordering or the formation of nanocrystalline
domains. This behavior is commonly observed in cerium-based
MOFs, where Ce™/Ce™ redox dynamics, larger ionic radii and
different coordination preferences often result in crystal struc-
tures with a limited long-range order;* though to a lower extent,
diffuse scattering also characterizes the PXRD patterns of the
other two MOFs. Notably, no PXRD peaks attributable to cerium
oxide or Ce-MOF phases were detected in the Zr/Ce_TTp
pattern, indicating the formation of a single-phase bimetallic
MOF without phase segregation. This was also confirmed by
Scanning Transmission Electron Microscopy (STEM) imaging of
solid samples, combined with Energy-Dispersive X-ray Spec-
troscopy (EDS) elemental analysis (Fig. S8). As shown in Fig. 1,
scanning electron microscopy (SEM) and STEM-high angle
annular dark field (HAADF) images revealed that the material
consists of slightly aggregated polyhedral micro and nano-
crystals with sizes ranging from 100 to 400 nm and exhibiting
smooth surfaces and uniform shape. The crystal size retrieved
on processing the images perfectly matches with that inferred
from the application of the Debye-Scherrer equation on the
main peak at 20 = 6.66° of the PXRD pattern (=110 nm).
Elemental mapping recorded for a single nanocrystal confirms
the presence of all the expected elements Zr, Ce, and S,
uniformly distributed throughout the entire particle volume. In
particular, the overlapping EDS maps of Zr and Ce indicate
a homogeneous incorporation of both metal centers within the
MOF framework, with no evidence of phase segregation or core—
shell architectures. The even distribution of S and C further
confirms the successful integration of the TTp®~ linker into the
MIXMOF. For completeness, elemental distribution maps were
further collected for more than five nanocrystals, confirming
the overall homogeneity of the sample. These results provide
strong evidence for the formation of a true mixed-metal
framework rather than a physical mixture of Zr- and Ce-based
phases and support the structural integrity of the Zr/Ce_TTp
material at the nanoscale.

Thermogravimetric analysis (TGA) combined with mass
spectrometry (MS) of the exhaust reveals that Zr/Ce_TTp is
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500 nm

Fig. 1
chemical composition analysis of Zr/Ce_TTp.

thermally stable until T4, = 733 K, with this temperature
falling in the typical range of other zirconium MOFs.*® After an
initial weight loss (T < 383 K) due to physisorbed humidity and
residual washing solvents (ethanol and petroleum ether),
another loss of ~8.0 wt% (Fig. S9a) is recorded in the 413-623 K
range, ascribed to clathrated DMF coming from the synthesis
(theoretical weight loss = 7.8 wt%). This is further confirmed by
the presence of the typical DMF peak at m/z = 73 a.m.u.
observed in the mass spectra of the volatiles in the same
temperature range (Fig. S9b). Intriguingly, DMF loss takes place
at two different temperatures (first loss at 7= 490 K; second loss
at T = 724 K, close to Tg4ec). This reveals that part of the DMF
molecules may be coordinated to the Ce™ centers present in the
sample, to fill the coordination vacancy that forms after cerium
partial reduction (vide infra). Elemental CHN-S and ICP analyses
provide a lower C and S content with respect to the theoretical
value expected for the ideal [MgO4(OH),(L)s] formula unit. The
best compromise can be found if we consider a defective MOF
with missing linker defects where the [Mg] nodes are 8-coordi-
nated: [MgO4(OH)g(H,0)4(L),]. The defective coordination sites
are thus saturated by -OH/H,0 couples. This formula is also in
line with the TGA-MS results and with the metal content coming
from ICP analysis. The values found for Zr/Ce_TTp-DMF lead to
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(a) SEM and (b and c) TEM (HAADF) images of Zr/Ce_TTp; (d—h) STEM-EDX element (Zr, Ce, S, C, and O) mapping distribution for the

the final formula [ZrssCe.0404(OH)g(H,0)4(TTp)s] 2(DMF)
(theoretical wt% Zr = 29.0; experimental = 28.1; theoretical
wt% Ce = 0.3; experimental = 0.2). In order to assess the
oxidation state of zirconium, cerium and sulphur in the MOFs,
a high-resolution X-ray Photoelectron Spectroscopy (XPS) char-
acterisation was carried out on samples of the three materials.
Ce_TTp contains both Ce and ce™ in a 69%:31% ratio
(Fig. S10 and Table S1), in line with the relevant literature;***
the sulphur atoms of the (thieno)thiophene ring were found to
be in the sulphide form (S>7), with a single component centred
at a Binding Energy (BE) of 164 eV as expected;***® the semi-
quantitative analysis also revealed values in line with what was
expected (Table S1). In contrast, Zr_TTp is mostly composed of
Zr™Vo7° a5 predicted for this kind of material with a single
component, plus its spin-orbit coupling at BE = 183.0 eV;
sulphur is in the sulphide form as expected for a thiophene
moiety (at BE = 164.2 eV) as found in Ce_TTp. The semi-
quantitative analysis is reported in Table S1. Finally, XPS char-
acterisation of Zr/Ce_TTp (Fig. 2) reveals a hybrid behaviour
intermediate between the Ce_TTp and Zr_TTp homometallic
reference systems. As expected, zirconium is present as Zr' (BE
= 183.0 eV), while cerium exhibits a mixed-valence state, with
Ce™/Ce™ contributions of approximately 64% and 36%
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Fig. 2 High resolution Ce 3d (a), S 2p (b) and Zr 3d (c) XPS spectra of Zr/Ce_TTp.

respectively, as reported in Table S1. The sulphur atom was
found to be in the same sulphide oxidation state as those of
Ce_TTp and Zr_TTp with a component centred at BE = 164.1 eV.
The semiquantitative analysis of Zr/Ce_TTp shows good agree-
ment with the theoretical one, as reported in Table S1.

Crystal structure characterization from combined PXRD
diffraction and EXAFS analysis

A successful in-house PXRD structural characterization
confirmed that both Zr_TTp and Zr/Ce_TTp are isostructural
with UiO-66. As suggested in the previous section based on
a visual comparison of their diffraction patterns (Fig. S7), the
two materials show comparable unit cell axis values [23.1754(4)
and 23.1379(4) A for Zr_TTp and Zr/Ce_TTp, respectively], in
agreement with the very low cerium content in the latter. In
addition, due to the longer length of the TTp®~ linker with
respect to the terephthalate linker of pristine UiO-66, the unit
cell axis of the latter is ca. 10% shorter [20.700(<1) A, deter-
mined at room temperature].*’ As in UiO-66, in Zr_TTp and Zr/
Ce_TTp the nodes are composed of six Zr" or Zr/Ce"™ ions
(Fig. 3a) arranged at the vertices of an octahedron of 3.5 A edge.
Each M" ion is coordinated by eight oxygen atoms, four
belonging to the u*-0*> /OH™ ligands [Zr-O distance = 2.150(4)
A in both MOFs] and four belonging to the carboxylate groups of
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TTp>~ [Zr-O distance = 2.223(9) A and 2.216(2) A in Zr_TTp and
Zr/Ce_TTp, respectively]. In a non-defective UiO6x-type mate-
rial, the [Zrs] nodes are connected to twelve other clusters by

Fig. 3 Graphical representation of the crystal structure of Zr/Ce_TTp:
(a) the node; (b) portion of the packing visualized along one of the
crystallographic axes. For clarity, (i) an ideal crystal structure was
employed, disregarding the missing linker defects and removing the S/
C—H vicariance; (ii) the clathrated DMF molecules hosted in the pores
were omitted. Element colour code: C, grey; H, light grey; O, red; S,
yellow; Zr/Ce, light blue. The crystal structure of Zr_TTp is not
distinguishable to the eye from that of Zr/Ce_TTp.
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tetradentate TTp>~ spacers. This occurrence results in a 3D
open framework (Fig. 3b) featuring tetrahedral and octahedral
cavities which, in the present case, show diameters of ca. 5.3
and 10.5 A, respectively.”* In the real materials, the presence of
missing linker defects was confirmed by the figures of merit
lowering upon refining the linker site occupation factor:
a percentage of missing linkers amounting to 32% and 28% was
retrieved for Zr_TTp and Zr/Ce_TTp, respectively, correspond-
ing to the presence of 4.1 and 4.3 TTp>~ linkers per cluster,
respectively, in fair agreement with the result of the elemental
analysis. The missing linkers were counterbalanced with OH ™/
H,O0 ligands, as the XRF qualitative analysis (Fig. S2) ruled out
the presence of chlorine in the form of CI"™ anions deriving from
the Zr" precursors used in the synthesis and potentially coor-
dinated to the metal nodes. In Zr/Ce_TTp, the space-group
imposed symmetry implies uniformly distributed metal ions,
in agreement with the actual Zr/Ce distribution disclosed by
STEM-EDX. DMF solvent molecules are hosted in the tetrahe-
dral cavities. Disregarding them, the empty volume amounts to
ca. 55% of the unit cell volume for both materials.”

The XAS and EXAFS spectra of Zr_TTp and Zr/Ce_TTp are
shown in Fig. S11. EXAFS data (Fig. S11b) show a negligible
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contribution from the noise even at high wavenumber, indi-
cating good quality for both samples. In both MOFs, the
Fourier-transformed data (Fig. S11c) show a main peak at ~2.1
A, consistent with the expected Zr-O distance in the first-
coordination shell of the Zr atoms in the two materials, and
a second peak at ~3.6 A, indicative of a well-defined second
coordination shell populated by heavier atoms, representing
the intra-node Zr-Zr distances expected for the materials under
investigation.

For both MOFs, based on the average crystal structure
retrieved by PXRD, the absorber atoms (Zr) are expected to be
located at the vertices of an octahedron, with each absorber
coordinated by eight O atoms in the first coordination shell.
While the relative arrangement of Zr atoms is known, it remains
unclear whether the actual octahedron is regular or axially di-
storted, and whether the presence of Ce affects it. Therefore,
both regular and axially distorted octahedral [Zrs] nodes were
used for the EXAFS fitting, and their agreement with the
experimental data was evaluated using the R-factor statistics.
Regardless of the MOF, the distorted polyhedron consistently
yields a better R-factor than the regular one (with a reduction of
1.1% for Zr_TTp and 2% for Zr/Ce_TTp), suggesting that the
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Fig. 4 EXAFS fitting results shown in the direct space (a and b) and reciprocal space (c and d) for Zr_TTp (a and c) and Zr/Ce_TTp (b and d). The
observed data are represented by red dots, and the result of the fit is shown in black and dark green for Zr_TTp and Zr/Ce_TTp, respectively.
Fitting windows are shown in cyan. Data are shown by using a k-weight of 2.
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distorted octahedron provides a better description of the
experimental data. This occurrence is in line with the defective
MOF nature derived from the CHN-S and ICP elemental anal-
yses and the PXRD structural characterization. Additional fits
were attempted to include the contribution of Ce in the fitting
for Zr/Ce_TTp. Considering for simplicity only one Ce/Zr
replacement in the node and that the minimal formula ob-
tained from elemental/ICP analysis is
[Zr5.96Ce0.0404(OH)g(H20)4(TTp)a], 96% of the EXAFS signal is
expected to arise from [Zre] octahedra and the remaining 4%
from [ZrsCe] octahedra. However, the very low molar fraction of
[ZrsCe], including the contribution from the Zr-Ce path in the
fit did not produce any appreciable change in the results. The
results of the fitting procedure obtained by using the axially
distorted octahedral [Zrg] cluster model are shown in Fig. 4
while the fit statistics, along with global and structural param-
eters resulting from the fitting are shown in Table S2.

The fitting procedure performed on the Zr atoms along the
octahedron distorted axis [see “Structural parameters (axial Zr
atoms)” in Table S2] gave a first coordination shell consisting of
eight O atoms at 2.1 A (Ro_gistz.1 and Ro_gisez.3) in the case of
Zr_TTp and four O atoms at 2.3 A (Ro_gisz.1) plus four at 2.8 A
(Ro_aistz.3) in the case of Zr/Ce_TTp. Although current XAS data
cannot be exploited to confirm direct Ce/Zr replacement in Zr/
Ce_TTp, the difference observed in the first shell suggests that
the presence of a Ce atom moves the oxygen atoms away from Zr
in Zr/Ce_TTp compared to Zr TTp. An opposite trend is
observed for the C atoms in the second coordination shell,
whose distance relative to the axial Zr atoms (Rc_gist.3)
decreases from 3.2 A in Zr_TTp to 2.7 A in Zr/Ce_TTp. Similarly,
the C-Zr distance relative to the equatorial Zr atoms (Rz; qist3.6)
decreases from 3.5 to 3.3 A in the presence of Ce. Focusing on
the Zr atoms on the equatorial plane [see “Structural parame-
ters (equatorial Zr atoms)” in Table S2], the fitting procedure
provides very similar first shell coordination spheres for Zr_TTp
and Zr/Ce_TTp, consisting of four O atoms at 1.8 A (Ro_dist2.1)
and four O atoms at 2.2-2.3 A (Ro_gistz.3)- The C atoms in
the second shell are moved farther away in Zr/Ce_TTp,
increasing the Zr-C distance (R¢_gists.3) from 3.0 A in Zr_TTp to
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Fig. 5
isotherms collected at T = 273, 298 and 323 K on Zr/Ce_TTp.
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3.7 A in Zr/Ce_TTp. The distance between two equatorial Zr
atoms (Rzy_eq_dists.6) i quite similar for the two materials (~3.5
A). The high thermal factors observed for each path in both
MOFs, despite the low amplitude reduction factor used in the
fitting, may be due to the measurements being performed at
room temperature. In summary, although the distorted octa-
hedral model provides a better description of XAS data, the
distances found between two equatorial Zr atoms and that
between equatorial and axial Zr atoms is very close in Zr_TTp
(3.56 against 3.54 A) and slightly different in Zr/Ce_TTp (3.53
against 3.31 A). Interestingly, for both MOFs the distance
between equatorial and axial Zr atoms is lower than that
between two equatorial Zr atoms, suggesting that the geometry
distortion causes a compression of the octahedron. This effect
is more pronounced in Zr/Ce_TTp. Moreover, these results
suggest that the presence of Ce atoms increases the disorder of
the first coordination shell for the axial Zr atoms and leads to
a reduction of all Zr-Zr distances.

Textural property assessment through N, adsorption.
Collection of CO, adsorption isotherms at variable
temperatures

The porosity of Zr/Ce_TTp was analysed through N, volumetric
adsorption at T = 77 K on a pre-activated powdered sample
(Fig. 5a). The isotherm shape is of Type I, typical of microporous
materials. The BET specific surface area after sample washing
followed by thermal activation equals 1054 m”> g™ '; it is
comparable to that of UiO-66 (BET SSA = 1187 m* g ")* and
[Zn,(TTp),(bpy)] published by Fedin and co-workers in 2022
(bpy = 4,4"-bipyridine; BET SSA = 952 m* g~ ')* but much lower
than that of [Zn,O(TTp);] (IRMOF-20; BET SSA = 3409 m” g~ )*
or the mixed-linker MOF [Zn,O(TTp)(BTB),;3] (BTB®~ = 1,3,5-
benzene(tribenzoic) acid, UMCM-2; BET SSA = 5200 m* g ').*!
The total pore volume at p/p® = 0.98 equals 0.45 cm® g~ . The
micropore size distribution evaluated through NLDFT methods
has disclosed the presence of two main micropore sizes at w =
15 and 19 A, slightly larger than those found in UiO-67 (ref. 73)
but with the same dual nature (Fig. S12). The activated material
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(a) N, adsorption isotherm collected at T = 77 K on Zr/Ce_TTp. Empty symbols denote the desorption branch. (b) CO, adsorption
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has been tested for CO, adsorption at p,.x = 1.2 bar and at
variable temperatures: T = 273, 298 and 323 K (Fig. 5b). The CO,
uptake at pco, = 1 bar and T = 298 K is 6.6 wt% (1.5 mmol g~ ),
much higher than that found in the zinc analogue [Zn,(-
TTp),(bpy)] (2.3 wt%).*® The CO, isosteric heat of adsorption at
zero coverage (Qs) has been calculated from the isotherms
collected at the three temperatures applying the Clausius—Cla-
peyron equation. The value of 23 k] mol " found is lower than
that of [Zn,(TTp),(bpy)] (31 kJ mol *),*® because of the absence
of a basic group (present in bpy) that is well-known to have
a beneficial effect on the (acidic) CO, thermodynamic affinity of
MOFs.”*7¢ However, the enrichment of the microporous surface
with polarizable sulphur atoms present in TTp>~ improves CO,
adsorption through formation of multiple C-O--S stabilizing
contacts, as proven by DFT calculations performed on [Zn,(-
TTp),(bpy)].*® The same kind of C-O---S interactions are also
present in the DFT optimized structure of [CO,@Zr/Ce_TTp]
(vide infra).

Optical properties

The optical properties of Zr_TTp, Ce_TTp and Zr/Ce_TTp were
investigated by UV-vis diffuse reflectance spectroscopy (DRS)
and photoluminescence (PL) spectroscopy to elucidate their
light absorption capabilities and charge recombination
dynamics. The UV-vis DRS spectra (Fig. S13a) reveal that all
materials exhibit strong absorption in the UV and visible
regions. Zr_TTp and Zr/Ce_TTp show comparable absorption
onsets at A ~ 365 nm, corresponding to a bandgap of approxi-
mately 3.4 eV, as determined from the Tauc plots (Fig. S13b and
d). Ce_TTp displays an extended absorption tail reaching into
the visible region, with a narrower bandgap of ~3.0 eV
(Fig. S13c). This red shift can be attributed to ligand-to-metal
charge transfer (LMCT) transitions from the sulfur-containing
TTp>~ ligand to the Ce' centers. Such transitions are charac-
teristic of Ce-based MOFs and contribute to their visible-light
harvesting ability.® Photoluminescence (PL) measurements
were conducted to evaluate the recombination behavior of
photoinduced electron-hole pairs, using a slightly different
excitation wavelength for Ce_TTp with respect to that used for
Zr_TTp and Zr/Ce_TTp, due to their different absorption edges
as revealed by the UV-vis DRS spectra (Fig. S13). As shown in
Fig. S14a, Zr/Ce_TTp exhibits a PL intensity and pattern
comparable to those of Zr_TTp, with only minor differences.
This similarity suggests that the incorporation of a small
amount of Ce" does not significantly affect the overall recom-
bination dynamics of the material. This is further supported by
the nearly identical band gap values observed for the two MOFs,
indicating that the electronic structure remains largely unper-
turbed by cerium insertion. In contrast, Ce_TTp displays
multiple emission peaks (Fig. S14b) at A = 432, 468, 586, and
620 nm. The multiple emission peaks observed in the PL
spectra may reflect the presence of complex excited state path-
ways, including possible contributions from cerium-related
electronic states and/or ligand-to-metal charge transfer
(LMCT) processes.?*””’® While informative for the under-
standing of the photophysical features of Ce_TTp, the strong

This journal is © The Royal Society of Chemistry 2026
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recombination-related luminescence suggests a limited photo-
catalytic efficiency for this material, consistent with its negli-
gible activity in CO, reduction. Taken together, the optical
characterization supports the conclusion that the improved
photocatalytic performance of Zr/Ce_TTp does not stem from
dramatic changes in light absorption or recombination
behavior, but rather from subtle electronic effects introduced by
the presence of the Ce"/Ce™ couple.

Photoelectrochemical properties

The photoelectrochemical behaviour of the synthesized MOFs
was systematically evaluated to assess their ability to generate
and transport photogenerated charges. Transient photocurrent
responses under chopped light irradiation (Fig. 6a) clearly show
that Zr/Ce_TTp exhibits a significantly higher and more stable
photocurrent density compared to both Zr_TTp and Ce_TTp.
This enhancement in photocurrent is indicative of a more effi-
cient separation and transport of charge carriers, directly linked
to the synergistic interaction between the Zr" and Ce™™ metal
centers in the mixed-metal framework. In contrast, the single-
metal MOFs generate only weak photoresponses, highlighting
the importance of bimetallic cooperation in achieving efficient
light-driven charge dynamics.

The electrochemical activity of MOFs was verified through
LSVs in CO, sat. 0.5 M Na,SO, aqueous solution between —0.6
and —1.2 V. The analyzed samples show an onset potential of
around —1.1 V (Fig. §15) for CO, reduction. For this reason, the
potential of —1.1 V has been chosen to perform EIS analysis. A
Randles equivalent circuit (inset of Fig. 6b), with a CPE constant
phase element (Q), was used for the fitting analysis, as shown in
Fig. S16.72% The Nyquist plots (Fig. 6b) reveal that Zr/Ce_TTp
has the smallest semicircle among the three materials, indi-
cating the lowest charge transfer resistance (Rqr) for the
electroreduction process (Table S3). On the other hand, Ce_TTp
exhibits the largest impedance response, pointing to sluggish
charge transport and poor conductivity, while Zr_TTp shows
intermediate activity. These results agree with the
photoelectrochemical behaviour. Mott-Schottky (MS) analysis
(Fig. 6¢) was used to determine the flat-band potentials (V,) and
estimate the position of the conduction band (CB). All three
MOFs show positive slopes in their MS plots, confirming their n-
type semiconducting behavior. The extrapolated Vg, values (vs.
Ag/AgClg,) are approximately —1.0 V (Zr_TTp), —1.3 V (Zr/
Ce_TTp), and —0.7 V (Ce_TTp). These values translate to
—0.80 V, —1.10 V, and —0.50 V vs. NHE, respectively, after
conversion (+0.197 V). Assuming that the conduction band lies
~0.1 V more negative than Vy, for n-type materials, the CB
positions are estimated to be —0.90 V for Zr_TTp, —1.20 V for Zr/
Ce_TTp, and —0.60 V for Ce_TTp (vs. NHE). The significantly
more negative CB position of Zr/Ce_TTp implies a stronger
thermodynamic driving force for CO, photoreduction, consis-
tent with its observed catalytic activity. The energy position of
the valence-band could then be calculated according to:

EVB = ECB + Eg (2)
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Fig. 6

where E, is the band gap of the semiconductors. From these
experimental magnitudes, the level diagram reported in Fig. S17
could be derived.

Photocatalytic CO, reduction performance

The photocatalytic CO, reduction activity of the three MOFs was
evaluated under simulated solar irradiation using a 300 W
xenon lamp. In a typical experiment, 5 mg of catalyst were
dispersed in 5 mL of deionized water within a quartz Schlenk
tube. After bubbling CO, for at least 30 minutes to ensure
saturation, the system was sealed with a rubber septum and
irradiated under continuous stirring. Gas-phase products were
sampled after five hours of irradiation and analyzed using gas
chromatography (GC). Among the tested materials, only bime-
tallic Zr/Ce_TTp exhibited detectable photocatalytic activity,
producing carbon monoxide (CO) as the sole product with
a total apparent quantum yield (AQY %) of 0.001% (see the SI).
The formation rate was determined to be 5.8 umol g~* h™%,
indicating selective CO,-to-CO conversion. No CHy, H,, or other
gaseous products were observed under the employed condi-
tions. Control experiments were performed to assess the origin
of the detected product and to exclude possible artefacts. No CO
formation was observed in the dark, confirming that the process

J. Mater. Chem. A

(a) I-t curves, (b) EIS Nyquist plots and (c) Mott—Schottky plots of Zr_TTp, Ce_TTp and Zr/Ce_TTp.

is light-driven. Similarly, no gaseous product was detected in
the blank experiment performed under UV-vis irradiation in
a CO,-saturated reaction medium and in the absence of a cata-
lyst, ruling out direct photochemical CO formation from the
reaction medium or reactor environment. The free H,TTp linker
did not produce CO under the same reaction conditions,
excluding linker photodegradation as the origin of the detected
product. Moreover, Zr/Ce_TTp did not generate CO under an
inert He atmosphere, confirming that product formation
requires the presence of CO,. To further assess the role of the
framework, the
analogues and their physical mixture (PM) were tested under
CO, and no photocatalytic products was detected for Ce_TTp or
Zr_TTp taken individually, while their PM afforded a CO
production rate of 2.1 pumol ¢! h™" (Fig. 7a). Although active,
the physical mixture reached only ca. 36% of the activity of Zr/
Ce_TTp, indicating that the improved photocatalytic perfor-
mance cannot be explained by a simple additive contribution of
the two homometallic phases. This comparison further
supports the beneficial role of integrating Zr and Ce centers
within the same framework. The catalytic results are consistent

bimetallic corresponding monometallic

with literature reports on similar bimetallic Zr/Ce, Zr/Ti and Ce/
Ti MOFs or MOF composites applied in photocatalytic CO,

This journal is © The Royal Society of Chemistry 2026
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(a) Comparison of the CO production rate of Zr/Ce_TTp and the physical mixture of Zr_TTp and Ce_TTp. (b) Recycling runs of

Zr/Ce_TTp. CO gas was sampled after five hours of reaction for each cycle.

reduction (Table S4),”#"% but to the best of our knowledge we
present for the first time a bimetallic Zr/Ce MOF photocatalyst
built with an heterocyclic organic linker. The incorporation of
Ce into Zr-based frameworks has been shown to enhance charge
separation, light absorption, and redox activity through the
formation of Ce™/Ce"™ redox pairs and improved ligand-to-
metal charge transfer (LMCT) processes.>>**** The observed
photocatalytic behavior confirms that cerium incorporation not
only modifies the electronic structure but also creates catalyti-
cally active sites capable of selectively reducing CO, to CO under
mild aqueous conditions and without the need for sacrificial
agents or co-catalysts. Furthermore, the S atoms present in the
(thieno)thiophene linker improve the catalyst CO, absorption
capacity,® strengthening the potential of TTp-based Zr/Ce-
MOFs as efficient, noble-metal-free photocatalysts for sustain-
able CO, valorization. The stability of Zr/Ce_TTp was assessed
through recycling tests; a 35% drop of CO production was
recorded after three consecutive runs (for a total working time
of 15 h), highlighting good stability under the chosen catalytic
conditions (Fig. 7b). The structural and chemical stability of Zr/
Ce_TTp after photocatalysis was further evaluated through
PXRD, FT-IR and UV-vis spectroscopy (Fig. S18). The PXRD
pattern recorded after the catalytic test retains the main
reflections of the pristine material, particularly in the low-angle
region, indicating that the framework is largely preserved under
the reaction conditions. No additional reflections attributable
to secondary crystalline phases are detected. In agreement with
this, the FT-IR spectrum collected after photocatalysis main-
tains the characteristic vibrational features of the coordinated
TTp”~ linker, without the appearance of new intense bands or
the disappearance of the main framework-related signals. The
UV-vis spectrum also preserves the overall absorption profile of
the pristine material, although a slightly more extended
absorption tail in the visible region is observed after catalysis.
Overall, these results indicate that Zr/Ce_TTp retains its main
structural, chemical and optical features after photocatalysis.

This journal is © The Royal Society of Chemistry 2026

With the aim of improving the photocatalytic performance of
Zr/Ce_TTp, the catalytic trials were also conducted in the pres-
ence of different sacrificial agents or electron donor compounds
such as triethanolamine (TEOA), triethylamine (TEA) and the
sulfide/sulfite couple (Na,S/Na,SO;); unfortunately, the MOF
undergoes extensive decomposition in all cases before the start
of the photocatalytic reaction.

—~

DFT analysis of the electronic properties of Zr/Ce_TTp and its
interaction with CO,

A realistic model structure for the monometallic Zr_TTp and
Ce_TTp MOFs has been obtained by removing two (thieno)
thiophene-2,5-dicarboxylate groups from the Inorganic
Building Unit (IBU) of the experimental CIF file and solving the
S atom disorder on four equivalent positions in the TTp>~ linker
generated by using the cubic crystal symmetry. Subsequently,
the coordination vacancies were saturated with H,0 and OH™
groups to ensure the overall model electroneutrality. The
bimetallic counterpart Zr/Ce_TTp is obtained by replacing one
Zr atom in the IBU with Ce, resulting in two Ce atoms per unit
cell. This choice was made to have the lowest possible cerium
content in the model, given that in the real sample the number
of cerium atoms is 0.04 per formula unit. First, the resulting
structures were fully relaxed. Then, on top of the optimized
structures, the highest occupied (HOCO) and lowest unoccu-
pied (LUCO) crystalline orbitals were plotted, and the funda-
mental band gap was predicted.”® Both monometallic Zr_TTp
and Ce_TTp systems are characterized by the HOCO and LUCO
that are delocalized on both the organic linker and the metal
centers, with the HOCO dominated by the electronic levels of
the TTp”~ linker, while the LUCO is mainly located on the metal
node (Fig. S19-S22). The same composition is found in the
bimetallic Zr/Ce_TTp, but, at odds with the homometallic
materials, the frontier crystalline orbitals are more localized
(Fig. 8). This different frontier orbital composition and shape
may explain the difference in the photochemical activity shown
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(a)

Fig. 8

by Zr/Ce_TTp towards CO, reduction with respect to its homo-
metallic counterparts. Indeed, photocatalytic activity in MOFs is
strongly influenced by the nature and spatial distribution of
their frontier orbitals. Although the concept is not to be
considered of universal validity, it is commonly assumed that
systems in which the HOCO and LUCO are spatially localized
favor ligand-to-metal or metal-to-ligand charge transfer upon
photoexcitation. This spatial separation promotes longer-lived
charge-separated states and suppresses rapid electron-hole
recombination, thereby enhancing interfacial redox reactivity.
In contrast, MOFs featuring highly delocalized metal-ligand
frontier orbitals often exhibit band-like electronic states that
facilitate fast recombination, resulting in short excited-state
lifetimes and limited photocatalytic efficiency.®® The DFT pre-
dicted band gaps are in good agreement with the experimental
data, especially for Ce_TTp and Zr/Ce_TTp, with computed
values of 3.13 eV and 3.48 eV respectively, while Zr_TTp shows
a slightly larger value of 4.15 eV. Finally, CO, adsorption was
investigated on Zr/Ce_TTp with Ce™ ions as catalytically active
sites. Since the XPS analysis (vide supra) reveals the presence of
ca. 36% Ce™ in Zr/Ce_TTp, it is very likely that the cerium atoms
in a lower oxidation state (generated by a partial electron
transfer from TTp>~ after visible light irradiation) trigger CO,

Fig. 9 Optimized unit cell of [CO,@Zr/Ce_TTpl. Main gas-framework

distances reported (A). Atom colour code: H, white; C, grey; O, red; S,
yellow; Zr, turquoise; Ce, sand.
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(a) Highest occupied crystalline orbital (HOCO) and (b) lowest unoccupied crystalline orbital (LUCO) of Zr/Ce_TTp.

reduction, as observed in other literature studies.”®%"#»838 The
computational model was created by removing a OH™ group
from Ce" and changing its atomic charge from +4 to +3,
retaining the framework neutrality and creating a Ce™ exposed
metal site. A closer inspection of the electrostatic potentials,
reported in Fig. S23-525, reveals positive (acidic) regions
around the metal centres and negative (basic) regions on the
carboxylic groups of the TTp>~ organic linkers. As expected, CO,
interacts with the Ce'™ Lewis acidic site through its oxygen
atoms via non-covalent interactions as shown in Fig. 9 with an
equilibrium d(O=C=0---Ce) = 2.863 A. It interacts with the
surrounding oxygen atoms of the carboxylic groups [optimized
d(Orrp++Ceo,) = 2.799 A] and interacts through its O atom with
TTp>  sulphur atoms [optimized d(S:+:Oco) = 3.440 Al.
Intriguingly, the S atoms on the linker bear a weakly positive
charge that witnesses the ligand-to-metal electron transfer and
concomitant Ce™ — Ce™ reduction. The optimized Ce™---0O=
C=0 angle is 121.4°. The computed adsorption energy for the
CO, interaction evaluated as E(CO,@MOF) — [E(CO,) + E(MOF)]
is —33.72 kJ mol . To make a more reliable comparison with
experimental results, we included the zero-point energy (Ezpg)
and the thermal correction to the enthalpy (H;) at T = 298 K,
which account for 5.88 kJ mol ™. This gives a final interaction
energy of —27.84 k] mol ™", which is in good agreement with the
experimental Qg value of 23 k] mol ™.

Conclusions

This work reports the synthesis and comprehensive character-
ization of a novel bimetallic Zr/Ce-based MOF incorporating
a m-conjugated (thieno)thiophene dicarboxylate linker and
demonstrates its effectiveness as a photocatalyst for CO,
reduction under simulated solar irradiation and in the absence
of co-catalysts. The integration of structurally robust [Zrs] oxo-
clusters with redox-active cerium centres and a photoactive
heterocyclic linker results in a well-defined, microporous
framework exhibiting high surface area, favourable CO,
adsorption affinity and enhanced photoelectrochemical prop-
erties. Compared to the corresponding monometallic
analogues, the bimetallic system shows significantly improved
photocatalytic activity and selective CO formation, highlighting
the critical role of synergistic electronic interactions between Zr
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and Ce centres. Experimental spectroscopic and electro-
chemical analyses supported by periodic DFT calculations
reveal that cerium incorporation promotes improved charge
separation, more favorable conduction band energetics and the
formation of Ce™ catalytically active sites capable of stabilizing
and activating CO, molecules. The combined structural
stability, efficient charge carrier dynamics and noble-metal-free
composition represent key strengths of this material and
underscore the potential of heterometallic MOFs incorporating
conjugated heterocyclic linkers as promising platforms for
solar-driven carbon dioxide conversion. Future development in
our laboratories aims at further optimizing the photocatalytic
performance through precise control of metal composition,
defect density, and the metal node electronic structure, as well
as through the rational design of linkers with extended conju-
gation and enhanced visible-light absorption.
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