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Abstract

Ce®* presence and formation in Ce-based UiO-66 Metal Organic Framework (MOF) still presents a debated evaluation
between the employed characterization techniques. In this work, we have prepared a defective UiO-66(Ce) and
investigated the nature of Ce3* sites on the CeOx clusters. Laboratory techniques (EPR, XPS, UV-Vis and FTIR
spectroscopy) were compared with operando Ce Ms-edge NEXAFS to study Ce® accessibility. All the employed
techniques presented different degrees of accessibility or reliability (e.g., sample damage or not sufficient sensitivity).
Among the obtained results, EPR, UV-Vis and NEXAFS spectroscopies unraveled Ce**—Ce® conversion during the
sample dehydration. The MOF structure was not damaged by neither water loss nor the beam, directly relating Ce
oxidation state to the water content, opening a new route to both synthesis of stable and active MOFs and non-invasive
characterization strategies. Finally, laboratory measurements considerations were exploited for studying Ce%*

formation in Zr-doped UiO-66(Ce) samples.
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1. Introduction

Metal-organic frameworks (MOFs) are a class of crystalline materials characterized by a high structural versatility,
which allows them to be designed and synthesized with high surface areas, tunable pore sizes and permanent
porosity.[1-4] Unfortunately, some MOFs present limitations due to their poor stability, which limits their practical
applications.[5,6] In this sense, tetravalent Zr-MOFs have been identified as having superior chemical, thermal and
mechanical stability.[7-10] Concretely, the first Zr-based MOF reported was the UiO-66 (UiO stands for University
of Oslo),[11] whose 3D structure consists in terephthalate ligands connected by secondary building units (SBUs) of

Zrs04(0OH)4 leading to a face-centered cubic (fcu) topology.[12]

In the last years, Ce(IV) has also been used to synthesize MOFs with identical topologies to those reported for the Zr-
MOFs,[13,14] but with compromised chemical, thermal and mechanical stability compared to the Zr-based
counterpart.[15-18] Ce special electronic property[19] could be employed to prepare MOF-based redox catalysts
because of the relatively high abundance and low cost of Ce and the inherent switching tendency between Ce** and
Ce®. In fact, since in 2015 Lammert et al.[20] reported the first synthesis of UiO-66(Ce), several groups have reported
the importance of having this redox couple on the cluster for application in oxidative catalytic reactions,[21-23]
supercapacitors[24] and for colorimetric sensing[25], among others. However, and despite its growing in this research
field, the presence and the nature of the reduced Ce®* species in the subnanometric clusters of MOFs is still unknown
and just has been tentatively described by different spectroscopic techniques including access-limited ones, i.e., X-
Ray Absorption Spectroscopy (XAS)[26] or more invasive such as X-Ray Photoelectron Spectroscopy (XPS),[27]
where Ce sites can be partially reduced during the measurement.[28] Since to unravel the redox properties of the Ce-
MOFs materials is necessary to know the character of their oxidized and reduced species, we have focused in
understanding the nature and the amount of the Ce**/Ce3* species and how they are generated on the UiO-66(Ce)
clusters through different hand able spectroscopic techniques including FT-IR, Electron Paramagnetic Resonance
(EPR) and UV-Vis and more advanced as NEXAFS. The results obtained for pure UiO-66(Ce) sample were then used

for interpretation of results over UiO-66(Ce/Zr) materials discussed in the last part of the present manuscript.



2. Experimental section

2.1. Synthesis of MOFs

The UiO-66(Ce1-xZrx) compounds were synthesized using Pyrex glass vessel reactor (maximum volume 14 mL).
Terephthalic acid (H,BDC, 255.2 mg) and N,N-dimethylformamide (DMF, 6.8 g) were transferred into the glass
reactor. Subsequently, formic acid (HCOOH, 100 %, 2.51 g) and a known amount of aqueous solutions of
(NH4)2Ce(NOs)s (0.296 g/g) and ZrO(NO3),-H20 (0.125 g/g) was added to reach the desired Ce:Zr stoichiometry (see
Table 1 for details). The pure UiO-66(Ce) was synthesized in a similar way. Terephthalic acid (H.BDC, 255.2 mg)
and N,N-dimethylformamide (DMF, 8.5 g) were transferred into the glass reactor. Subsequently, 3 g of an aqueous
solution of (NH.).Ce(NOs)s (0.296 g/g) were added. The glass reactors were heated under stirring for 15 min at 100
°C in an oil bath equipped with a thermocouple. After the synthesis, the glass reactors were cooled down to room
temperature and the precipitates were isolated by centrifugation. The mother liquor solutions were decanted off and
the MOFs were re-dispersed and centrifuged two times in DMF and two times in acetone. Finally, the samples were

dried in an oven at 80°C during 1 hour in order to remove the residual solvent molecules.

Table 1. Amount of Ce and Zr solutions employed for the synthesis of the UiO-66(Ce1.xZryx) materials

Sample Ce solution (g) Zr solution (g)
Ui0-66(Ceo.5Zr0.5) 1.77 0.61
UiO—66(C€0Aoszr0A95) 0.21 2.20

2.2. Characterization techniques
2.2.1. Standard characterization

The XRD measurements have been carried out using the Bragg—Brentano geometry with a PANalytical PW3050/60
X’Pert PRO MPD diffractometer with a Cu anode (Ka = 1.5418 A) and an X’Celerator detector. Thermogravimetric
analysis (TGA) data were recorded with a TA Instruments Q600 thermobalance in air flow (100 mL/min) with a ramp
of 5 °C/min from RT to 600°C working with about 5 mg of sample in an alumina crucible. Isothermal N physisorption
measurements at liquid nitrogen temperature were performed on a Micromeritics ASAP 2020. Prior to the
measurement, the powders were degassed overnight at 120 °C. Specific surface areas using the Brunauer—-Emmett—
Teller model were calculated following the Rouquerol’s criterion. Pore size distribution was obtained by applying the

N2-Cylindrical Pores-Oxide Surface DFT model.



2.2.2. Infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy in transmission mode was instead employed to characterize surface
properties of the materials by following the adsorption/desorption of CO wused as probe molecule.
Absorption/transmission FTIR spectra were collected using a Bruker Vertex 70 spectrophotometer equipped with a
Mercury Cadmium Telluride (MCT) cryo-detector in the 4000-600 cm™ range with 2 cm™ resolution. Powders were
pressed in self-supporting discs (~4 mg/cm?) and placed in quartz IR cells suitable for thermal treatments in controlled
atmosphere and for spectra recording at liquid nitrogen temperature (nominal LNT). Before IR measurements,
catalysts were activated from RT to 110 °C at 5 °C/min holding at 110 °C for 2h. Spectra were treated using Bruker

OPUS spectroscopy software. The reported spectra of CO desorption were normalized to pellet mass and area.
2.2.3. UV-Vis Diffuse Reflectance Spectroscopy (DRS)

DR UV-Vis spectra were measured with a Varian Cary5000 spectrophotometer, equipped with a diffuse reflectance
sphere. The samples were measured in powder form, in a homemade cell with a window in optical quartz (suprasil),
which allows performing treatments in a vacuum and/or in the presence of gases. The materials were measured as-
prepared, after an activation process at 110°C under dynamic vacuum and after be re-exposed to the atmosphere when
they were pretreated. The spectra were collected in a reflectance mode and successively converted as Kubelka—Munk

F(R) function.
2.2.4. Electron Paramagnetic Resonance (EPR)

EPR experiments were run on a CW-EPR Bruker EMX spectrometer operating at X-band (9.5 GHz), equipped with
a cylindrical cavity operating at 100 kHz field modulation. Spectra at 77 K were obtained by keeping the sample in
liquid nitrogen using a finger Dewar set in the EPR cavity. The O adsorption experiments were performed in EPR
cells that previously were connected to high vacuum systems. O, adsorption was carried out after an activation process
of the samples at 110°C during ~2h under dynamic vacuum. For all the experiments, 10 mbar of oxygen was dosed in

the EPR cell at room temperature, and then the temperature was lowered to 77 K by immersion in liquid nitrogen.
2.2.5. X-Ray Photoelectron Spectroscopy (XPS)

XPS spectra were collected on a SPECS spectrometer equipped with a 150 MCD-9 detector and a non-monochromatic

MgKa (1253.6 V) X-ray source. Spectra were recorded with 30 eV analyzer pass, an X-ray power of 50 W and under



an operating pressure of 10—9 mbar. During data processing of the XPS spectra, binding energy (BE) values were
referenced to C 1s peak (284.8 eV). Spectra treatment has been performed using the CASA software. Ce (3d) peak
were fit using 6 and 4 Gaussian-Lorentzian (50:50) functions for Ce** and Ce®* species, respectively. Spin-orbit
splitting (As.,=18.5 eV) was used to constrain peaks position whilst spin-orbit couples were forced to the same FWHM

values. Spline Shirley function was employed to describe background.
2.2.6. Ambient Pressure Near Edge X-Ray Absorption Spectroscopy (AP-NEXAFS)

AP-NEXAFS spectra were measured at APE-HE beamline of the Elettra Italian Synchrotron radiation source. Ce-
Ui066 sample was placed in a specially designed reactor cell allowing thermal treatments in the RT-400°C range
under a 1 bar gas atmosphere.[29-31] TEY mode was used to record the experimental spectra. Ce Ms spectra were
collected from 880 to 910 eV with 0.01 eV energy resolution. The sample heating (RT-110°C) was provided by an
electric resistance while He (99.99999%) stream (50 mL/min) was kept constant during the measurement. Spectra
were energy aligned to a reference CeO, measured simultaneously with the Ce-UiO66 sample. Thorondor software
was employed for background subtraction and intensity normalization.[32] A 6" order polynomial was used for
background subtraction. Ce®*/Ce** spectral pure components and their concentration evolution were extracted using
MCR-ALS implemented in MATLAB with 99.5% of variance explained.[33] Spectra and concentration was

constrained to positive values whilst closure condition was applied to concentrations.
3. Results and discussion
3.1. Synthesis and general characterization

The UiO-66(Ce) material studied in this work has been synthesized following a previous receipt described in the
literature.[20] The resultant sample shows the characteristic PXRD pattern of the UiO-66 fcu-type structure (see Figure
S1). However, in the low 26 region, a very broad peak was detected in the pure UiO-66(Ce) (see Figure 1). The
diffractions at 2-7° are attributed to the 100 and 110 reflections of the reo topology of UiO-66 and the intensity of
these reo reflections is correlated with the concentration of missing cluster defects.[34,35] The presence and number
of structural defects in the UiO-66, in this case cluster missing defects, depends on several factors including the pH
of the mother solution, the presence of modulators and the reaction temperature, among others.[36] In our case, the

possible degradation of DMF during the synthesis to produce formic acid causes a decrease on the pH value.[37] This



fact disfavors the ligand deprotonation and therefore its interaction with the Ce clusters, so more cluster missing

defects are formed.
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Figure 1. PXRD patterns of the simulated UiO-66(Ce) (black line) and as-synthesized UiO-66(Ce) (orange line). Pore

size distribution of the UiO-66(Ce) material is reported in the right side inset.

We have also determined the thermal stability of the Ce-MOF by thermogravimetric analysis (see Figure S2). The
TGA curve indicates that the UiO-66 framework is stable in air up to 300 °C. Finally, the textural properties of the
MOF were measured by N, adsorption isotherm. Type | isotherm was observed, which is characteristic of microporous
materials (see Figure S3). The calculated BET area for the UiO-66(Ce) material synthesized in this work (~1132 m?/g)
is comparable to those previously reported for well-crystallized UiO-66-type materials.[11,22] The pore size
distribution obtained by applying a DFT model (see experimental section and Figure S4 for more details) was shown
in the inset of Figure 1. The classical fcu topology distribution, based on two different pore size (0.8 and 1.1 nm), is
presented in the sample.[38] Moreover, a contribution of 1.8 nm pore is observed, which corresponds to the UiO-66

with missing cluster in the reo topology.[39] This reo topology creation is in accordance with the XRD findings.



3.2. Ce* formation in the UiO-66(Ce) material: a multi-technique study

FTIR spectra of CO adsorption has been employed to investigate the chemical nature of surface Ce sites (see Figure
2), available in particular in the case of defective samples. In fact, in an ideal 12-connected building unit we do not
expect to have accessible Ce sites. First, we have analyzed the high frequency range since the different nature on the
hydroxyl groups that could be achieved (see Figure 2, left panel). In the IR spectrum of pure UiO-66(Ce) activated
(110°C, 5E-04 mbar), the band at 3645 cm™ is assigned to the v(OH) stretching mode of (u3-OH)Ces cluster (see
Figure 2, left panel, red spectrum).[40] The other peaks and shoulders observed in the v(OH) region could be ascribed
to the -OH/-OH, generated on the Ce cluster during the missing linker process. When CO was introduced in the cell
at nominal Liquid Nitrogen Temperature (LNT), the v(OH) stretching bands were substantially consumed whilst a
broader band associated to interacting -OH groups was parallelly formed at ~3563 cm™ (see Figure 2, left panel). At
the highest CO coverage, two minor components at lower frequency with respect to the 3645 cm band are still

present, testifying this fraction of sites are not accessible to CO.

On the other hand, we have focused on the CO region to better unravel the nature of the Ce sites (Figure 2, right panel).
The observed intense band at 2153 cm™! follows the same (opposite) kinetic of the v(OH) components, confirming the
band association to CO-OH interaction.[41,42] Contrarily, for frequency position and formation stability at higher
pressures, the band at 2136 cm™' was related to physisorbed CO.[43] Moreover, even though the observed band at
2127 cm is often ascribed to the CO-Ce3* interaction,[44] its kinetic is very similar with the one at 2153 cm™ (CO-
OH) making this assignment not trivial. Conversely, there is not clear evidence of the presence of Ce**-CO adducts
(band at 2173 cm'?),[22] since the tails observed at both sides of the major components, are due to the tails of hindered

rotators inside the MOF cages.



0.005 ‘ 0.005
2153
4
i
@ i
8 Bco z Oco [l
c @© 1 \I
8 3563 2 Il
S . ? 1
2 2 ||| 2136
<< ,’ ; < i l\ /‘/‘,\\
| AN [\
{‘ | v.\ },, : \\
| \ i v \\_
/::' \ \ v 2127
4 'l,:\’.:“. ///' /’ ",\\\\
N I I 1 N N 1 N T
3700 3650 3600 3550 3500 2200 2160 2120 2080
Wavenumber (cm™) Wavenumber (cm™)

Figure 2. FT-IR spectra of CO desorption at LNT on UiO-66(Ce) focused on OH (left panel) and CO (right panel)

regions.

UV-Vis Diffuse Reflectance Spectroscopy (DRS) experiments reported in Kubelka—Munk units in Figure 3 show a
broad band between 350 and 500 nm assigned to a ligand-to-metal charge transfer i.e., from the 2p valence band of
O? to the 4f levels, empty localized states, belonging to Ce**.[45] After sample activation (110°C, 5E-04 mbar), the
absorption edge presented a slight red-shift which was previously assigned to Ce®* and oxygen vacancies
increment,[46-48] suggesting a Ce** partial reduction during the dehydration (even with the possible removal of
neutral OH, O~ and O atom from the cluster to generate Ce®* species). The decrease on the band gap from ~2.9 to ~2.7
eV is associated with an increase in the Ce®* concentration (see Figure S5).[49] Interestingly, the absorption edge was

blue-shifted after further exposure to air (Figure 3) highlighting a reversible redox character of the metallic clusters.
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Figure 3. DRS UV-Vis spectra of the as-synthesized (solid line), activated at 110°C (dash line) and re-exposed to the
atmosphere (dash dot line) UiO-66(Ce) material. EPR spectra recorded at 77K of the UiO-66(Ce) material previously
activated at 110°C under dynamic vacuum and then exposed to 10 mbar of O (solid line), after outgassing at room

temperature (dash line) and after re-adsorption of 10 mbar of O, (dash dot line) are reported in the inset.

The presence of paramagnetic Ce3* ions cannot be directly monitored by EPR because of different reasons: first Ce3*
is EPR silent due to its low relaxation time,[50] secondly in the temperature range covered by our experiments it is
almost impossible to observe any cerium ions signal, finally because of the strong spin-orbit interactions occurring in
the case of f-orbitals a strong heterogeneity of the g tensor is expected and for this reason a very broad and spread
signal is present but impossible to be detected. Indeed, even if is not observable Ce®* ions, their existence can be
probed indirectly by the formation of superoxide O, species. After contacting the activated UiO-66(Ce) material with
oxygen, a signal from O2~ was observed at ~333 mT and in the region of g values about 2.025 in the EPR spectrum,

unveiling the presence of Ce3* based on the following reaction (Figure 3 inset). [51,52]
O (gas) + Ce** (surf) — Oy - Ce** (surf)

Interaction with O, was reversible since the observed signal was consumed and re-formed after a consequent O,
desorption/re-adsorption cycle (Figure 3 inset). Generally, the formation of superoxide species on a cation site is a
chemical reaction so irreversible, in the case of cerium ions we can observe a physisorption of molecular oxygen

forming a reversible surface interaction.



Ce® quantification was further on attempted by Ce(3d) XPS spectra fitting. As observed in Figure S6, Ce3*=5% was
estimated for UiO-66(Ce) sample. Moreover, it should be noticed as even though XPS is commonly used for Ce®*
quantification, it is also well reported as this type of band deconvolution can lead to several errors.[28] For instance,
even though constrains have been applied to the fit (see Sl), half of the Ce®" bands were too weak to be visible,
suggesting as the estimated Ce®*" concentration might be resulting from charging effects. Indeed, UiO-66(Ce)
operando Total Electron Yield (TEY) Ce Ms-edge Near Edge X-ray Absorption Fine Structure (NEXAFS) spectra in
Figure 4a showed as the as-prepared sample presented only Ce** spectra with fingerprints as 895 and 899 eV, whilst
Ce® signal at 892 and 893 eV started to be visible during thermal activation. Due to the complex band convolution,
MCR-ALS was applied to the reported dataset to extract Ce**/Ce®" pure spectral components and concentration
profiles (Figure 4b). The obtained spectral components were in good agreement with those measured from reference
Ce0; and CeF; (Figure S7) suggesting the successful exploitation of MCR-ALS routine. Moreover, the evaluated
concentrations showed as Ce®* increased (=9%) during the first 30” of degassing at 25°C/He and raised to 40% during
heating to 110°C. Ce* was almost fully recovered (Ce**=12%) after further exposure to air (Figure 4a inset),

ultimately confirming the relation between Ce3* formation and UiO-66(Ce) dehydration.
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exposure to air is reported in the inset (green curve). Weighted Ce** and Ce** components are indicated in orange and
brown, respectively. b) Ce®*" (brown squares) and Ce** (orange circles) components concentration evolution with

temperature.

This result, even though of difficult accessibility due to the use of synchrotron radiation, confirmed as laboratory
measurements such as UV-Vis and CO adsorption FT-IR spectroscopies can led to the same qualitative information

without accessing species quantification.
3.3. Zr-doping effect on the Ce®* nature: corroborating the potential of the laboratory techniques

In order to verify the potential of laboratory measurement towards Ce3* evaluation, we have prepared and applied the
aforementioned consideration to Zr-doped UiO-66(Ce), commonly known to introduce Ce atoms on the ZrOy
clusters.[53] UiO-66(Ce/Zr) samples denoted as UiO-66(CeosZros) and UiO-66(CeosZro.95) Were synthesized
following the procedures reported previously.[54] The molar stoichiometry Ce:Zr of both MOFs determined by ICP
analysis was 0.43:0.57 and 0.04:0.96, respectively. Moreover, the basic characterization of these materials, including
X-Ray Diffraction (see Figure S1), TG analysis (see Figure S2) and N, adsorption (see Figure S3), correlates well
with the literature data (see the Supporting Information for characterization details). Even though EPR presented a
clear Oz signal for the UiO-66(Ce) sample, UiO-66(CegsZros) and UiO-66(CeoosZrogs) materials showed a flat
baseline. Moreover, XPS spectra, previously controversial due to possible charging effects contribution, was barely
observable for UiO-66(CeosZros) and undetectable for UiO-66(Ceo.05Zr0.95) (See Figure S6). In all these cases, the
employed techniques face a compromise between the amount of Ce®* respect to the total Ce (lower than pure UiO-

66(Ce)) and the detection limit of instrument.

Contrarily, UV-Vis spectra (see Figure S8) presented the same (reversible) absorption edge red-shift after Ce/Zr-
MOFs thermal activation as previously reported for UiO-66(Ce). Moreover, the decrease on the band gap corroborates
the Ce®* increment during the activation (Figure S8 insets). This highlights that despite of lower Ce content, UV-Vis

spectroscopy still allows to probe electronic bands variations induced by Ce3* formation.

Finally, the hybrid materials have been characterized by CO adsorption followed by FTIR spectroscopy (see Sl for
details). Interestingly, even when we decrease dramatically the amount of cerium, the band at 2127 cm™', above
suggested to originate from CO-Ce®" interaction, is still clearly observable, testifying that in this sample a substantial

portion of the Ce present is accessible and reduced (see Figure S9). Moreover, when the amount of Zr was increased
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the band at 2127 cm™' is now more stable during the evacuation process. This stability could be related to the Ce3*
dispersion in the catalyst. Indeed, it was demonstrated by Lomachenko and coworkers the presence of isolated Ce
atoms on the Zr clusters with Ce<17%.[53] This suggests as in pure UiO-66(Ce), the CO-Ce®* might be weaker due
to Ce%* dispersed among mostly Ce**. Contrarily on UiO-66(Ceo0sZro.9s5) with Ce=5% the CO-Ce%* interaction is
stronger (see inset in Figure S9) since Ce is introduced on (us-OH)CeZrs cluster having then important applications

as metal support or in catalysis.[55,56]
4. Conclusions

In summary, the employment of different hand able techniques showed as UV-Vis is generally the most
accessible/reliable technique to qualitatively verify Ce®* formation. XPS, even being efficient to detect and quantify
Ce® in pure UiO-66(Ce), is not sufficiently sensitive for UiO-66(Ce/Zr) samples. While, UV-Vis and XPS are able
to provide direct evidence of Ce®*, FTIR and EPR have been used to prove Ce indirectly. CO band at 2127 cm™,
which is assigned to Ce**-CO adduct, is clearly visible also in the sample with a very diluted amount of cerium e.g.,
Ui0-66(Ceg.05Zr0.95). Finally, as far as we could verify, we have reported for the first-time operando Ce Ms-edge
NEXAFS to determine and quantify the amount of Ce3* species formed during the UiO-66(Ce) dehydration. These
species could be re-oxidized simply by an ambient exposure, doing the Ce®*/Ce** interconversion reversible. This

finding opens a new opportunity to apply these hybrid materials as metal support or in catalysis.
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