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Abstract We report an X-ray absorption spectroscopy (XAS) study of the UiO-67 Pt-
functionalized metal organic frameworks (MOFs), demonstrating that, in proper conditions, at
least two types of catalytically active sites can be formed in the cavities of the MOF, including
isolated Pt-complexes and Pt nanoparticles (Pt-NPs). Both pre-made linker synthesis (PMLYS)
and post-synthesis functionalization (PSF) methods were adopted. The classic UiO-67 linker
is the biphenyl-dicarboxylate (bpdc) while for grafting a transition metal to the MOF bipyridine
(bpydc) linkers are employed. In PMLS, both Hobpdc and PtCl>-(H2bpydc) are included in the
MOF synthesis to yield a mixed linker MOF as product. Conversely, PSF method consists in
the synthesis of UiO-67-bpdc already with a percentage of substituted bpydc linkers that,
afterwards, can react with KyPtCls. XAS was used to monitor the temperature-dependent
behaviour of UiO-67-Pt while heating from RT to 623 K, in different gas feeds (pure He,
3%H2/He and 10%H2/He). We collected static in situ Pt Ly XANES and EXAFS spectra at
RT before and after the thermal treatment, as well as spectra acquired under operando
conditions upon heating. The in situ EXAFS analysis, for all the series of samples at RT,
demonstrates that the Pt atoms are grafted to the bpydc-linkers in square planar coordination
with two Cl and two N atomic neighbours. In 10% H/He, the Fourier-transform EXAFS
spectra clearly show the loss of Cl and N scattering contributions, while the rising of an intense
signal associated to the Pt-Pt contributions, unambiguously indicates Pt-NPs formation. The
Pt-NPs formation has been followed with a parametric EXAFS analysis of the data collected
during temperature programmed Hz-reduction (TPR), using the Einstein model to predict the
temperature dependence of the Debye-Waller factors. Conversely, in pure He flow, the only
significant change observed during TPR is the progressive decrease of the Pt-Cl single
scattering contribution, leading to the conclusion that the Pt grafted to the bpydc-linkers
remains naked. Advanced EXAFS/TEM analysis allowed us to quantify the fraction of the Pt
in form of Pt NPs, values that have been quantitatively confirmed by linear combination
analysis of the XANES spectra. Operando XANES experiments were supported by quasi
simultaneous X-ray powder diffraction (XRPD) data collection testifying the resistance of the
UiO-67 framework to TPR. In situ XANES/EXAFS study were supported by ex-situ XRPD
and BET analyses, confirming the framework stability and testifying a loss of the internal
volume after TPR due to the formation of Pt NPs insides the MOF pores, more relevant in the
sample where smaller Pt NPs were formed.
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1. INTRODUCTION

In the last decades, the discovery of new types of metal organic framework (MOFs) raised
exponentially.**” In particular, in the present work, we focused our attention on their
employment as support for active metal sites in heterogeneous catalysis.*®-?2 However, metal
sites in most of the MOF structures show at maximum one coordination vacancy (and only
after removal of the solvent, see e.g. the HKUST-12*24 and the CPO-27%2), therefore limiting
their application in catalysis, where at least two coordination vacancies are required. In this
regard, the functionalization of MOF materials is one of the main challenges driving the MOF
community,?# to make newer and newer structures, with specific functionalities.

Among the many classes of MOFs, the UiO-66/67/68 family*?°2 shows an incredible thermal
and chemical stability. The UiO-66/67/68 frameworks are obtained by connecting the 12-fold
coordinated ZrsO4(OH)4 inorganic cuboctahedron with organic linkers of increasing length 1,4-
benzene-dicarboxylate, (bdc), 4.,4'-biphenyl-dicarboxylate (bpdc) or 4,4'-terphenyl-
dicarboxylate (tpdc) respectively.*? Because of the high stability, this class of materials is an
attractive candidate for a variety of applications in the fields of catalysis,?3%! Ha,* CHa,%2 63
and CO°®% %45 yptake, proton conduction,® ¢’ removal of air®® and water®® contaminants, gas
separation,’®"? sensor applications,” and for radioactive waste scavenging.’

Also in the case of Ui0O-66/67/68, functionalization has played an important role in enhancing
the material potentialities. Among all, we mention: functionalization by insertion of other
metals in the inorganic cornerstone MxZrsxO4(OH) (M = Hf, Ce, Ti);"*"® functionalization by
controlled defect engineering (missing linkers, metal centers or inorganic cornerstones);: 4%
50, 53,54, 64, 77-80 hromo, nitro, and naphthalene functionalization of UiO-66/67;2% 883; proline
functionalization of UiO-67/68%; functionalization by use of biphenyl-, terphenyl-, and
quaterphenyl-based linkers;® N-quaternization of the pyridine sites of UiO-67.%

With this respect, there are multiple choices of relatively easy ways to functionalize the linker
of the UiO-67 with metal sites by substituting a fraction of the standard bpdc linkers with
bipyridine-dicarboxylate (bpydc) linker, as described in the experimental section. In such a
way, Fe(11),%8 Ni(11),8” Cu(11),2892 Ru(11),% Rh(111),%* % Pd,% Re(1),%® Ir(111)% % pt(11),92 979
and Pt(1V),%> % % have already been successfully grafted to the two N atoms of the
functionalized bpydc linker of different MOFs. In this paper, we present a study done on UiO-
67 functionalized with Pt, metal chosen for its extensive and interesting chemistry in catalysis.
Indeed, Pt-based catalysts are used in a wide range of industrial applications, which include
proton exchange in membrane fuel cells,'® industrial synthesis of nitric acid,'®* oxidation of
CO and NOx in the exhaust gases from vehicles (Pt is one of the components of the catalytic
converter),192 19 hydrogenation of nitro compounds to amines'® and from ketones to
alcohols.% In many of these reactions, a central role is covered by zero-valent Pt nanoparticles,
usually supported on high surface area oxides, zeolites or carbons. In general, the catalytic
activity per metal atom increases while decreasing the size of metal particles, therefore
development of an experimental procedure to lower the metal particles to nano-, subnano- and
even single-atom size is a very attractive topic.1%. Due to their extraordinarily high surface
area and well-defined pore structure, MOFs can be used for the stabilization of metal



nanoparticles with adaptable size and narrow size distribution. % 1% The important fact is that
the embedded metal nanoparticles are still accessible for other reagents due to the high porosity
of the MOF systems. Moreover, Na et al.??® have shown how Pt NPs deposited on the UiO-66
and UiO-67 or embedded in their cavities achieved different products and selectivity during
the reaction with methylciclopentane. In this study, we found out that tuning the H> flow during
the thermal treatment of the UiO-67-Pt allows tuning the nature of encapsulated Pt-species,
from isolated framework Pt(1l) exhibiting two coordination vacancies (potentially interesting
for C—H bond activation)*'%* to very small Pt NPs hosted inside the MOF cavities, potentially
interesting for hydrogenation reactions.'*® In addition, we compared during the same treatment
the behavior of UiO-67 functionalized with different Pt contents and two synthesis methods.
The former involves premade linker synthesis (PMLS) in which PtClx(H2bpydc) is used as
organic secondary building units in the MOF synthesis, and the latter concerns in a post
synthesis functionalization (PSF) where a platinum chloride solution is reacted with UiO-67
with open bpydc sites.®® We performed XAS spectroscopy for all the samples in situ and
operando conditions; by means of X-ray absorption spectroscopy near-edge structure
(XANES) we monitored the oxidation state of Pt, while analyzing extended X-ray absorption
fine structure (EXAFS) we observed the loss of Cl ligands during the thermal treatment and
the formation of Pt NPs, also confirmed by TEM measurements. Operando XANES
experiments were supported by quasi simultaneous X-ray powder diffraction (XRPD) data
collection testifying the resistance of the UiO-67 framework to the temperature programmed
Ho-reduction (TPR). In situ XANES/EXAFS study were supported by ex-situ XRPD and BET
analyses. The former confirmed the framework stability while the latter testified a loss of the
internal volume due to the formation of Pt NPs insides the MOF pores.

In summary, herein we verify that Pt functionalized UiO-67 can lead to either bpydc-Pt(0)
linker, already studied by @ien et al.,®® or to Pt-NPs, discussed in more details in this work,
and that the relative ratio between the two species can be tuned by controlling activation
conditions. Moreover, we compare the Pt-NPs formation in Pt functionalized UiO-67
synthetized in different ways (PMLS or PSF) and with different Pt content (2.8% wt. and 5.5%
wt.).

2. EXPERIMENTAL AND METHODS
2.1 Materials synthesis.

We investigated a series of UiO-67 MOFs functionalized with Pt precursors. Pre-made linker
synthesis (PMLS) and post-synthesis functionalization (PSF) were adopted for incorporating
the Pt in the MOFs.%® The classic UiO-67 linker is the biphenyl-dicarboxylate (bpdc),* while
for grafting a transition metal to the MOF, Pt in this work, bipyridine (bpydc) linkers are
employed.®® A detailed description of the synthesis and functionalization procedures follows.

DMF and demineralized H>O were added to a 250 mL Erlenmeyer flask with a magnetic
stirring bar. ZrCls; was slowly added to the solution, and completely dissolved. The slow
addition was found to be particularly important, as it reacts exothermically with water. Then,
the benzoic acid was added and dissolved rapidly. The flask was then heated up to 110 °C while



stirring. bpdc and bpydc linkers (or (PtClz)bpydc in the case of PMLS) were added
simultaneously and gradually over a short period (~30 seconds). A clear solution was obtained
shortly after the addition. Afterwards, the stirring bar was removed and the flask was placed in
an oven at 120 °C for two days. The solvent was removed using vacuum filtration and the
residual, white (or yellow) slurry was added back into the flask. About 50 mL of DMF was
added to the flask together with a stirring bar. The mixture was then stirred overnight to remove
residual modulator at 40 °C. The solvent was then removed by using a vacuum filtration setup.
50 mL of THF was then added, and the mixture was stirred for two to three hours. THF was
removed using a vacuum filtration setup and an extra 30 mL of THF was used to wash the
powder on the filter. After filtrating, the powder was collected in an uncovered glass vial and
put in an oven at 60 °C overnight to remove THF. The next day the temperature was increased
to 200 °C to remove any residual high boiling point species, and the white (or yellow in case
of PMLS) powder was recovered after drying overnight.

For the PSF method, 1 g of the parent UiO-67-bpy (5-10%) was mixed with 150 mL DMF in
a 250 mL round bottom flask. The mixture was then sonicated for one hour to disperse the
UiO-67-bpy powder. Afterwards, the round bottom flask was transferred to a hotplate with an
oil bath. While stirring, K2PtCls (in a 25 % molar excess in respect to the expected number of
bpy sites) was slowly added. A reflux condenser was then connected to the flask and the
mixture was heated up to 100 °C overnight. Within the first few hours the red crystals were
observed to dissolve to give a red slurry. The next day, the MOF slurry had turned yellow,
which indicated the coordination of platinum to the bpydc linker. The powder was collected
using a vacuum filtration setup. Any remaining powder inside the flask was mixed with 30 mL
DMF and added to the filtration. The yellow slurry residual was transferred back into the round
bottom flask and 50 mL DMF was added. The mixture was then stirred for one hour under
heating at 100 °C using the oil bath and reflux condenser again. The purpose of this washing
step was to remove any excess K>PtCly that is not coordinated to the bpydc linker. Afterwards,
the powder was collected again through a vacuum filtration setup. This washing step with hot
DMF was repeated once. 50 mL of THF was then added, and the mixture was stirred for 15
minutes. THF was removed using a vacuum filtration setup and an extra 30 mL of THF was
used to wash the powder on the filter. This step was repeated twice. After filtrating, the powder
was collected in an uncovered glass vial and put in an oven at 60 °C overnight to remove THF.
The temperature was increased to 150 °C and the yellow powder was recovered after drying
overnight.

Table 1. Abbreviation names, and quantitative synthesis details for the samples.

5PMLS 10PMLS 10PSF
Chemical Molar ratio Mass (g) Molar ratio  Mass (g) Molar ratio Mass (g)
DMF 300 94.4 300 94.4 300 94.4
ZrCly 1 1.003 1 1.003 1 1.003
H20 3 0.23 3 0.23 3 0.23
Benzoic acid 10 5.258 10 5.258 10 5.258
bpdc 0.95 0.991 0.9 0.939 0.9 0.939
(PtCl2)bpdc 0.05 0.11 0.1 0.22 - -
bpydc - - - - 0.1 0.105



K2PtCly - - - - 0.125 0.022

Yield (g) 115 113 1.18
Yield (%) 73% 69% 72%
Pt W% 2.8 55 55

In particular, the samples investigated in this work are: UiO-67-5%H:bpydc-PtCl,> (PMLS)
with 2.8% wt. of Pt, UiO-67-10%Hzbpydc-PtCl, (PMLS) with 5.5% wt. of Pt and UiO-67-
10%Hzbpydc-PtCl> (PSF) with 5.5% wt. of Pt (where 5% and 10% indicates the employed
percentage of bpydc-linkers). For the sake of brevity, in the following we will use the
abbreviated names listed in Table 1 for the samples labelling: (5PMLS, 10PMLS and 10PSF).

2.2. Laboratory characterization set-ups: N2 adsorption isotherms, XRPD and TEM.

PXRD patterns were acquired using a Bruker D8 Discover diffractometer with Cu K-
radiation in reflection geometry. Nitrogen sorption measurements were performed on a
BelSorp mini Il instrument at 77 K. All samples were measured in 9.001 cm? glass cells. Prior
to adsorption measurements the samples were pretreated (activated) under vacuum for 1h at
80°C and 2 h at 200°C. Brunauer-Emmett-Teller (BET) surface areas!'’ were calculated by
fitting the isotherm data in the p/po range 0 - 0.1, meeting the established consistency criteria.®

Transmission electron microscopy (TEM) and high resolution TEM (HR-TEM) measurements
were performed by using a Jeol 3010-UHR electron microscope operating at 300 kV, equipped
with a LaBs filament and with an Oxford Inca Energy TEM 300 EDS X-rays analyzer by
Oxford Link. Digital micrographs were acquired by means of a (2k x 2k)-pixel Gatan Ultrascan
1000 CCD camera and processed by Gatan digital micrograph. Before the experiments, the
reduced powders were milled in an agate mortar and deposited on a copper grid covered with
a lacey carbon film. A statistical evaluation of the size of the Pd particles was carried out for
each material. Histograms of the particle size distribution were obtained by considering at least
>1250 nanoparticles on the collected images, and the mean particle diameter (dm) was
calculated as dm = Zdini/Znj, where n; was the number of particles of diameter di. The counting
was carried out on electron micrographs acquired starting from 100000x magnification, where
roundish Pt nanoparticles contrasted with respect to the support were detected.

2.3. Operando XANES using a capillary reactor.

We performed operando XANES experiments at the BM01B beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France, now moved to port BM31)!19: 120
aiming to monitor the dual behavior of UiO-67 Pt functionalized MOFs upon the thermal
treatment from room temperature (RT) to 623 K and in different gas feeds (0, 3 and 10 %
H>/He) and to simultaneously check the structural stability of UiO-67-Pt framework by XRPD.
The beamline allows a rapid (about 30 s) plug and play switch between X-ray absorption and



X-ray diffraction setups, allowing to both EXAFS and XRPD on exactly the same sample
conditions.*?!

The operation energy at the ESRF was 6 GeV with ring current ranging from 200 to 160 mA
(and a lifetime of about 50 h). The white beam, coming from the bending magnet, was
monochromatized by water-cooled double crystal Si(111) monochromator and shaped by a
horizontal slit according to the length of catalytic bed and detuned to avoid the third harmonic
contribution.*?? We worked in transmission mode at Pt Li-edge (11564 eV). We employed 30
cm-ionizations chambers to measure the incident, lo, and transmitted, I1, intensities, with N2
and Ar gases to guarantee 12% and 75% of absorption, respectively. The intensity I»
transmitted by a Pt reference foil located after the second ionization chamber was measured
simultaneously using a third ionization chamber, and the resulting spectra were employed for
energy alignment.?

X-ray powder diffraction was measured using A = 0.51353(1) A radiation, selected by a Si(111)
channel-cut monochromator. CMOS-Dexela 2D detector which covered the 26 range up to 32°
(dmin = 0.93 A), the values below 4° were not used in the refinement because the scattered
intensity was affected by the beam-stop. The A value, the sample to detector distance and
detectors tilts have been optimized by Rietveld refinement of NIST LaBs and Si samples and
kept fixed in the refinement of the UiO-67 patterns. For better statistics 20 diffraction images
and 20 dark images (without X-ray beam) with acquisition time of 1 second were collected at
each of the external conditions. 2D XRPD patterns were processed by PyFAI*?* software which
executes fast averaging, background subtraction and integrating of images to obtain 1(26)
patterns. Rietveld refinement was performed in Jana2006 code.'?®

The as-prepared powdered MOF samples were packed into 1.5 mm quartz glass capillaries
with quartz wool supporting both sides of the bed and additional tubing was accommodated to
control the gas stream. The capillary diameter was optimized for XRPD, resulting in an edge
jump at the Pt Lj-edge of Aux = 0.08 only, still allowing good quality XANES spectra to be
obtained. The catalytic bed was packed to be about 5 mm long, which resulted in sample mass
of ca. 3 mg. An electronic flow meter was used to adjust the flow through the bed in order to
have typically 1 ml/min for each 2 mg of catalyst. Gas controlled system (mass flow controller,
valves) was driven and monitored in remote from the control room.

2.4. In situ static XANES and EXAFS experiments before and after TPR using a cell for
pelletized samples.

Based on the results obtained in the experiments at the BM01B beamline, we repeated the
temperature-programmed reduction (TPR) in the RT-623 K range in 10% H> for the all series
of samples, using a different ad hoc cell designed for high-quality EXAFS data collection on
pelletized samples using a home-designed reaction cell,!® see Figure S8 of the ESI for a
photographic description of the set-up.

We collected the data at 1811 beamline in Max Lab Il (Lund, Sweden),'2” 128 gperating at 1.5
GeV with a current ranging from 250 and 100 mA. A liquid He-cooled superconducting
wiggler was employed to produce the white beam, subsequently monochromatized by a
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horizontally sagittally focused double-crystal Si(111) monochromator, detuned to 20% to
minimize the third harmonic at around 35 keV.'?? We performed the experiment in
transmission mode at the Pt Ly-edge; the lo and 11 were measured by 30 cm-ionization
chambers using a mixture of Ar and N2 gases to guarantee an absorption of 12% and 75%,
respectively. We acquired three spectra for each static condition of the sample: in He at RT, at
623 K in Hy at the steady state, and at RT after the TPR. For the static measurements, the
spectra were collected in quick-EXAFS mode!? covering the energy range from —200 eV to
1680 eV from the absorption edge in 600 s at constant angular speed. The extraction of the y(k)
was performed with the Athena code.*® The Artemis code*® was used to analyze the EXAFS
spectra at RT before and after the TPR. The averaged k?y(k) function were Fourier Transformed
(FT) in Ak = 3.1-17.0 At interval. The fits were performed on the averaged spectra’®! in R-
space in AR = 1.0-4.8 A range (2AkAR/n>33). The employed scattering paths were calculated
with FEFF6 code!® using the [bpydc-PtCl,] DFT-optimized structure of the MOF-linker,
previously reported by Borfecchia et al.®® Overall, the analysis confirmed the EXAFS results
reported in our previous work.%® After the thermal treatment, apart from the [bpydc-PtCl,] input
structure, we introduced in the EXAFS fit also the paths related with the Pt metal component,
fundamental for fitting the contributions associated to the Pt nanoparticles (Pt-NPs).

2.5. Operando TPR-EXAFS experiments using a cell for pelletized samples.

Operando temperature programmed Hz-reduction (TPR) was done fluxing 10% H. in He with
a flow of 100 mI mint inside the cell and increasing the temperature by 5 K min until 623 K.
Each quick-EXAFS spectrum ranges from -200 to 1210 eV from the edge with a total
acquisition time of 360 s, giving a temperature-resolution of the experiment of AT = 30 K. We
acquired a series of EXAFS spectra from RT to 623 K and waiting at 623 K until there were
no further changes in the XAS features. Athena code®*® was also used for the extraction of the
v(k)? functions of the spectra collected during the TPR experiments. Parametric EXAFS data
analysis on the whole series of spectra was performed using the IFEFFIT code.**® Extracted
k?x(k) function were Fourier transformed in the Ak = 3.2-13.4 A™! interval. The fits were
performed in R-space in the AR = 1.0-3.1 A range (number independent points: 2AkAR/x >
13). As the heating ramp of the TPR was 5 K min™%, EXAFS spectra were recorded with a
temperature resolution of 30 K. We used the same phase and amplitude functions employed to
model the Pt—N, Pt—Cl (for bpydc-PtCl; linker)® % and the Pt-Pt (for Pt metal foil) single
scattering (SS) paths in the analysis of the static EXAFS spectra. The main purpose of the TPR-
EXAFS experiment was to monitor when and how the Pt-NPs were formed. The analysis of
operando EXAFS during TPR is entangled by the presence of three SS paths related with at
least two different Pt-species (framework bpydc-PtCl, and Pt-NPs) but mostly by the strong
correlation between coordination numbers (Nn, Nci and Npt) and the corresponding Debye-
Waller (DW) factors of N, CI and Pt atoms (6°n, 6%ci and o%). DW factors, by definition,
depend on the temperature,’® thus in a temperature-dependent experiment they are not
constant. Hence, we adopted the Einstein model**® to predict this dependence in the
temperature-dependent EXAFS spectra.%® 136144 The details of the strategy for TPR-EXAFS
analysis is described item by item in the following, distinguishing four subsequent refinement
steps.



2.5.1. First Refinement Step. In this first step, considered as a preliminary consistency test, each
EXAFS spectrum of the temperature-dependent series has been analyzed independently from
the others. We refined the o°n, o%ci and o2pt parameters and one independent AE common to
both Pt—N and Pt—Cl paths (being the energy shift of the Pt—Pt paths, AEmeta, CONstrained to
AEmeta = AE-2.7 eV, from the refinement of the PtClx(Hz2bpydc) linker, see Table 3).
Conversely, the So? of the two phases and the three bond distances (Rpe~, Rpe-ciand Rpex)
have been fixed to the values obtained in the refinement of the EXAFS spectrum collected in
static conditions at RT in a higher k-range. The Nn, Nci and Npt were refined for all data sets.
Within the experimental incertitude, a constant value around 2 was observed for both Nn and
Nci along the whole heating step till 623 K; for all these data Np: resulted in a non-physical
trend jumping from positive to negative values (compatible with zero in the error). In the
isotherm at 623 K a significant decay of both Nn and Nc; is observed, accompanied by a parallel
increase of Npt, following a meaningful trend. As it can be appreciated in Figure S1 of the ESI,
all refined parameters are subjected to large relative errors caused by a significant number of
variables that correlate.

2.5.2. Second Refinement Step. To better appreciate temperature where the model adopted is
not any more able to reproduce experimental data Pt-Pt SS (not needed in the first part of the
temperature ramp) was excluded and coordination numbers (Nn and Nci) were both imposed
equal to two to avoid the correlation with the o’y and o?ci parameters. Therefore, we
constrained our fitting model to only account for the presence of stable bpydc-PtCl. linkers,
during the whole thermal treatment. Afterwards, by plotting 6°n and 6%ci as a function of time
during TPR, see Figure S1, we identified the temperature (T:) when the DW factors begin to
be unphysical and instable. In the temperature interval between RT and T, both 6%y and o%c
values increase linearly with T, as expected from the Debye or Einstein models,38 143, 145-147
for temperature considerably lower than that needed to break the bond. This linear behaviour
guarantees that all Pt sites are in the form of undamaged bpydc-PtCl. linkers.

2.5.3. Third Refinement Step. Considering the subset of spectra belonging to the linear region
mentioned above, we have then performed a parametric refinement, commonly adopted in
XRPD Rietveld refinements,*® 14° of the TPR-EXAFS spectra implementing the Einstein
model for describing the temperature dependence of the 6°n and ¢ factors. The assumption
in the Einstein model is that all atoms oscillate independently at the same single frequency
called Einstein frequency (wg). The model assumes that both Pt—N (or Pt—Cl) bonds behaves
as a quantum harmonic oscillator of mass equal to the reduced mass of the atomic pair (M =
13.070 and 30.004 amu for the Pt—N and Pt—Cl pairs, respectively). The behaviour of 6%(T) is
determined only by the me parameter, according to the equation:

2 _h hog] A2 g
o*(T) = 2Mwg coth [ZkBT] "~ 2Mkg0Og coth [zr] (1)



The Einstein temperature ®g of the Pt—N (or Pt—Cl) bond is related to the Einstein frequency
by the relationship: Ao = ks®g, where A = 1.055 x 1034J s is the reduced Plank constant and
ks = 1.38 x 10 % J K1 is the Boltzmann constant. The Nn and Nci were set to 2 because in the
linear region we assumed only the presence of the bpydc-PtCl> linker, already verified in the
first and second refinement steps. In this way, we obtained the Einstein temperature for the
Pt—N and Pt—ClI that are reported in Table 2.

Table 2. Summary of the Einstein Temperatures g obtained for both Pt—N and Pt—Cl bonds in the TPR-
EXAFS experiments

Sample Oe(Pt-N) (K) Oe(Pt—CI) (K)
5PMLS 86557 511+13

10PMLS 783146 458+10
10PSF 691+35 383+8

2.5.4. Fourth, and Final, Refinement Step. In the fourth refinement, the Pt—Pt SS path was
considered again, optimizing the Np: and the . As already done in the first refinement,
AEmetal Was constrained to the AE of the Pt(11) species in bpydc-PtCl», according to the equation:
AEmetal = AE—2.7 eV. Then the whole series of EXAFS spectra were analyzed optimizing the
coordination numbers (Nn, Nci), being the two Debye—Waller factors (%N and o2ci) fixed to
the value obtained from eq. (1) and from the ®@e parameters determined in the third refinement
step, see Table 2.

3. RESULTS AND DISCUSSION
3.1 Determination of the Pt local environment in as-prepared UiO-67-Pt by static EXAFS.

According to our previous study,*® the EXAFS spectra of the three as-prepared samples were
analysed using the [PtCl>(H,bpydc)] optimized model, whose structure is reported in the inset
of Figure l1a. This structure consists of the Pt atom in square-planar coordination with two N
atoms of the bpydc-linker and two Cl atoms. Parts (a) and (b) of Figure 1 report the moduli and
imaginary parts of the k?-weighted, phase uncorrected, FT of the experimental EXAFS spectra
of 5PMLS, 10PMLS and 10PSF samples. For comparison, Figure 1 reports also the
corresponding spectra for the PtCl.(H,bpydc) linker (grey curve). All moduli of FTs are
characterized by two defined peaks at 1.67 A and at 1.94 A due to the first shell SS
contributions from N and CI atoms, respectively, followed by a complex structure in the
2.3-4.0 A due to a large number of SS and MS paths involving N and C atoms of the linker.

The position and the intensity of the EXAFS features for the samples synthesized by PMLS
method are the same as that of the linker, while the 10PSF presents a slightly lower intensity
for the two peaks at 1.67 A and at 1.94 A, as better appreciated Figure S2b,c, where the curves
of the different samples are reported without a vertical shift. The position of the signals of N
and Cl in the modulus of FT (see Figure 1a and S2b) are partially overlapped, thus it is difficult



to distinguish which atomic species is responsible of the decrease of intensity. Instead, in the
imaginary part of FT (see Figure 1b and S2c) the differences between the two atomic
contributions can be resolved more easily, highlighting an average lack of Cl ligands in PSF
MOFs with respect to PMLS samples and with respect to the PtCl.(H,bpydc) linker (grey
curve). In general, the lower signal in the FT could be interpreted also with a higher degree of
inhomogeneity in the PSF sample. However, this alternative hypothesis can be ruled out
looking to the data in k-space (Figure S2a) where no particular dumping is observed in the high
k-region for the spectrum of the 10PSF sample. This observation, joined with the fact that the
high R-region of the FT of sample 10PSF corresponds to that of the PtCl>(H,bpydc) linker,
allows us to conclude a full grafting of the Pt(Il) species to the framework sites, with a lower
coordination number of Cl in 10PSF. These qualitative insights were confirmed by EXAFS fits
on the whole sample series. The fits were performed by guessing a passive amplitude reduction
factor So?> common for all three MOF samples, for a more robust identification of slight
differences in the average Pt coordination environment as a function of preparation protocol/Pt-
loading. The optimized value (So?> = 0.94 + 0.04) well agrees with the corresponding value
optimized for the PtCl.(H,bpydc) linker (So? = 0.93 + 0.05), see Table 3. The numerous SS and
multiple scattering (MS) paths of the C atoms in the bpydc-linker were considered using a
“collective” parametrization strategy for the whole bpydc unit.?* 2% 91 150-152 1y particular, these
paths were modelled using an isotropic global contraction/expansion factor appydsc and a DW
factor 6°ppy iNcreasing as the square root of the effective distance Refri (ARppy,i= Obpydc Refi,
6bpyde.i = 02bpyde (Refri/Rn)Y2, where Refr; corresponds to the interatomic distances for the SS
contributions and to half of the overall scattering path for the MS ones and Ry = 2.00 A. This
approach allows to optimize only two parameters: Obpydc, Gbpyde, With obvious benefit in
keeping correlations among optimized parameters as low as possible.? 2 91 152 A[| the
parameters were guessed and we obtained meaningful results with S¢? close to unit (0.94), and
correlations among parameters below 0.8 in modulus. For both 5PMLS and 10PMLS samples,
the coordination numbers of all paths have been fixed to the stoichiometric values of the model
in the inset of Figure 1a. All obtained values are fully comparable with those obtained on the
PtCl(H,bpydc) linker, with the only exception of a slightly shorted (by 0.025 + 0.006 A) for

the Pt—Cl distance. For 10PSF sample, we fixed ¢°c| to the average value obtained from the
two previous fits (6%ci = 0.0027 A?) and we optimized Nci. Table 3 reports the parameters
optimized in this refinement procedure.
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Figure 1. k?>-weighted, phase uncorrected, modulus (a) and imaginary part (b) of the experimental FT EXAFS
spectra for 5PMLS (green), 10PMLS (violet) and 10PSF (cyan) in the as-prepared state at RT in air and the
PtCly(H,bpydc) (grey) as reference. Spectra were vertically shifted for clarity. The inset in part (a) the
[PtCl2(H;bpydc)] model is also reported, with Pt atom in cyan, N atoms in blue, Cl atoms in green, C atoms in
grey, O atoms in red and H atoms in white.

Table 3. Best-fit values of the parameters optimized in the EXAFS fits for the three samples (SPMLS, 10PMLS
and 10PSF) in the as-prepared state and for the PtCl,(H;bpydc) linker model compound. The fits were performed
in the R space over the (1.0-4.8) A interval on k% (k) function FT-transformed in the (3.1-17.0) A™* k-space
interval. Fixed parameters are reported by underlined numbers without the corresponding error bars. The quality
of the fits can be appreciated in Figure 2.

EXAFS fit As-prepared (RT, air) AtRT
parameters 5PMLS 10PMLS 10PSF PtClo(Hzbpydc) linker

So? 0.94 + 0.04 0.94 + 0.04 0.94 + 0.04 0.93 +0.05
AE (eV) 0+1 0+1 11 1+1
R-factor 0.016 0.016 0.016 0.018
Npar (Nind) 8 (33) 8 (33) 8 (33) 8 (33)

Nn 2 2 2 2
RN(“’A")V“” 2.008+0.006  2.008+0.006  2.006+0.006 2.01+ 0.01
Oz?g\’gd” 0.0024+0.0005 0.0024+0.0005 0.0020+0.0004 0.0027 + 0.0006

appyde  —0.007+0.004 —0.012+0.004 —0.013+ 0.004 ~0.016 % 0.005
"fg’zy;C 0.0016+0.0008  0.002+0.001  0.0024+0.0009 0.0028 + 0.0015
Ncj 2 2 1.7+0.1 2
<Rc> (A)  2.281+0.004  2.281+0.004  2.285+0.004 2.306+0.004
o?ci (A% 0.0026:0.0002 0.0028+0.0002 0.0027 0.0026 + 0.0004
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The EXAFS analysis confirms the satisfactory synthesis for all the investigated samples
(5PMLS, 10PMLS and 10PSF), indeed the Pt atom has been successfully grafted the bpydc-
linker. For both 5PMLS and 10PMLS samples, Pt(ll) ions are coordinated to two ClI ligands,
while for the 10PSF samples, around 30% of the Pt(1l) species have lost one chlorine ligand in
the post synthesis functionalization approach. We can speculate that the coordination vacancy
left by such CI species may be replaced by H species, which are not visible by EXAFS.
Figure 2 shows the experimental modulus and imaginary part of the k?-weighted, phase
uncorrected, FT of the EXAFS spectra for the as prepared 5SPMLS (parts a and b), 10PMLS
(parts ¢ and d) and 10PSF (parts e and f), open black circles, compared with the corresponding
best fit curves, red lines. The figure also reports the SS contributions of the CI (green) and N
(blue) atoms. We obtained EXAFS fits for all three samples that are, graphically, in very good
agreement with the experimental spectra (see Figure 2), as also quantified by R-factor values
lower than 2% for all the series of samples, see Table 3.
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Figure 2. Parts (a,b): k?-weighted, phase uncorrected, modulus (a) and imaginary part (b) of the experimental and
best fit FT EXAFS spectra for SPMLS in the as-prepared state (at RT, in air). The experimental data are shown as
black open circles and the best fits with red solid lines. The SS contributions involving the N of bpydc (blue), and
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Cl (green) atomic neighbours are also reported, vertically translated for the sake of clarity. Parts (c and d) and (e
and f) as part (a and b) for L0PMLS and 10PSF respectively. Interval: Ak = 3.1-17.0 A and AR = 1.0-4.8 A,
see Table 3 for the quantitative results of the fits.

3.2. Stability of UiO-67-Pt upon thermal reduction in H: an ex situ XRPD and BET study

The stability of the UiO-67 framework upon thermal reduction in Hz has been checked by ex
situ laboratory XRPD. The diffraction study reported in Figure 3 guarantees that the
crystallinity of the three samples is preserved in the reduction treatment (compare gray with
black patterns). No reflection from Pt phase could be detected from the gray patterns reported
in Figure 3, indicating that the possible formed Pt NPs should be relatively small.
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Figure 3. Part (a) XRPD pattern of sample 5PMLS as such at RT (black) and after H>-TPR (grey). The broad
reflection around 20 = 22° is due to the window of the cell. Cu K,, A = 1.541 A. Patterns were vertically shifted
for clarity and the 7-70° region has been multiplied by factor 5 to appreciate the reflection in the high 26 region.
Parts (b) and (c) as part (a) for the 10PMLS and 10PSF samples, respectively.

Conversely, the thermal reduction in H; affects, in a different way, both the available surface
area and the available pore volume of the three samples as reported in Table 4 from the analysis
of the Nitrogen adsorption/desorption isotherms reported in Figure 4. This observation agrees
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with the hypothesis of a partial occupation of available pore volume by the formation of Pt
NPs. The pore volume decrease is marginal for LOPMLS (-4 %), higher for 10PSF (-9 %) and
very consistent for 5SPMLS (—29 %), see Table 4. The origin of the different behaviour of the
three samples will be understood by the complex EXAFS/TEM analysis described in the
following.

It is also worth noticing that the two samples with higher fraction of functionalized bpydc linker
(10PMLS and 10PSF) exhibit a lower starting BET area and pore volume compared to 5PMLS,
reflecting the partial occupancy of the pore volumes by the bulk PtClz(bpydc) linkers (note that
the theoretical surface area of non-functionalized UiO-67 is 2850 m?/g as calculated form grand
canonical Monte Carlo method with a probe of radius = 1.82 A.*
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Figure 4. Part (a) Nitrogen adsorption/desorption isotherms for the sample 5PMLS as such (black scatter) and
after the Ho-TPR (grey scatter). Part (b) and (c) as part (a) for the 10PMLS and 10PSF samples, respectively.

Table 4. Surface area and pore volume of fresh and spent 5SPMLS, 10PMLS and 10PSF samples. The theoretical
surface area of non-functionalized UiO-67 is 2850 m?/g as calculated form grand canonical Monte Carlo method
with a probe of radius = 1.82 A.#

SeeT 0 Total pore Total pore
Sample (m2/g) Seer decrease (%) |1 me (cm3/g)  decrease (%)

5PMLS 2562 1.04

-31 -29
SPMLS spent 1766 0.74
10PMLS 2361 o 0.97

- 4
10PMLS spent 2147 0.93

10PSF 2234 o 0.88 9

10PSF spent 2055 - 0.80 -

3.3. Effect of the gas feed on UiO-67-bpydc-PtCl, evidenced by quasi-simultaneous XANES
and XRPD data collection
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The XANES spectra of the as-prepared 10PMLS (violet line) and of the thermally-treated MOF
from RT to 623 K in 10% HJ/He, 3% Hz/He and in pure He are reported in Figure 5a and
compared to the XANES spectrum of a Pt-metal foil (grey line), employed as a reference for
the presence of metallic Pt. When the sample is heated in 10% of Ho/He (green) the XANES
spectrum is almost overlapped to Pt metal: indeed the absorption edge slightly shifts towards
lower energies, the white line decreases and more defined post-edge features are formed.%®
Conversely, the spectrum of the sample heated in pure He flow (red line) is fully comparable
with what previously observed by us and assigned to isolated Pt sites still grafted to the bpydc
linker after the loss of Cl ligands.®® In the latter spectrum, the post-edge features are smoother
and the white line is slightly more intense with respect to the 10% of H./He Pt-UiO-67, but
shifted at higher energy. The strong similarity between the XANES shape for the samples
treated in H> and that of the reference Pt metal foil unambiguously demonstrates that we
produced Pt® metal-like species. In addition, also the content of H, in the gas feed clearly
slightly affects the formation of Pt° clusters as the activation in 3% of Hz/He (orange) results
in an intermediate situation.

(a) (b)
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Figure 5. (a) Operando Pt Ly edge XANES spectra of as-prepared 10PMLS at RT (violet) and after thermal
treatment: in 3% and 10% Hy/He (orange and green, respectively), and in pure He flux (red). The XANES
spectrum of the Pt metal foil (grey) is reported as a reference. (b) Operando XRPD patterns taken simultaneously
with XANES spectra reported in part (a). A = 0.51353(1) A. The insert shows the region containing Pt (111) and
(200) reflections at 13 and 15 ° in 26, respectively. The blue dashed curve represents the simulated scattering
signal for the 2.3 nm Pt nanoparticle with cell parameter d = 3.92 A. The same experiments repeated for 5SPMLS
and 10PSF samples resulted in an equivalent behavior.

The picture obtained from the XANES study is supported by the quasi-simultaneous XRPD
data collection, Figure 5b. The operando XRPD study, besides confirming the stability of the
UiO-67 framework (already proven in the ex situ study reported in Figure 3), allows to detect
for the sample reduced in 10% H> the broad (111) and (200) reflections of the Pt metal phase
at 13 and 15 ° in 26, respectively. Such reflection are better visible in the inset (dashed blue
lines).
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Cell parameters and the FWHM of Ui0-67 (333) reflection are summarized in the Table 5. The
decrease of the cell parameter during the activation is caused by dehydration process. The
increase of FWHM for the 10%H. activated sample may be due to the distortions in the UiO-
67 structure induced by particle formation.

Table 5. Summary of the Rietveld refinements of the XRPD patterns reported in Figure 5b

Sample conditions as such After He After activation After activation in
activation in 3% H» 10% H>

cell parameter (A) 26.831(3) 26.636(2) 26.626(3) 26.642(4)

20 FWHM (333) (°) 0.060 0.049 0.048 0.061

3.4. Determination of the Pt local environments in UiO-67-Pt after Ho-TPR by static EXAFS.

The samples were heated up to 623 K in 10% H./He, while collecting operando XAS (XANES
and EXAFS) spectra to monitor the evolution of electronic and structural properties of Pt-sites
during TPR. Operando XANES spectra are reported in Figure 6a for the 10PMLS sample. The
XANES spectrum for the as-prepared material (red spectrum in Figure 6a) is characterized by
the absence of any defined pre-edge/edge peaks, and by a rather intense white line feature at
~11560 eV. While increasing the temperature during TPR, clear modifications occur in the
XANES spectra, including a progressive reduction of the white line intensity and the evolution
of more structured post-edge features at ~11575 eV and at ~11590 eV, well evident in the final
spectrum at 623 K (black spectrum in Figure 6a). As anticipated in Section 3.1, this shape of
the XANES spectrum matches the spectrum of the Pt-metal foil. This evidence is further
supported by the evolution of the k2-weighted, phase uncorrected FT of the corresponding
EXAFS curves (Figure 6b). The same behaviour has been observed in the XANES and EXAFS
spectra of 5PMLS and 10PSF samples, as shown in Figure S3 in the ESI.

§ l RT (a)
c 623 K
2 to ) &
- 2uX v
g } b | =<
b4 =
Ko x
< [——
=] cu?‘a
O N
N l‘:'
s L
E —
-
]
z L] L v L] Ll

11550 11560 11570 11580 11590

Energy (eV) R (A)

Figure 6. Part (a): Sequence of Pt L, edge operando XANES spectra of 10PMLS during TPR, collected at the
starting point at RT (red) and upon heating to 623 K in 10% Ha/He (grey) until the steady state at 623 K is reached
(black). Part (b): as part (a) for the k?>-weighted, phase uncorrected FT of the corresponding EXAFS curves
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When the XANES spectra collected at 623 K demonstrated no further time-dependent changes,
we have cooled down the sample to RT for high-quality EXAFS data collection. Figure 7
compares the modulus and the imaginary part of the FT of the EXAFS spectra for 10PMLS in
the initial state (as-prepared material, at RT before TPR, red curves) and in the final state, after
TPR and subsequent cooling at RT (orange curves). For comparison, Figure 7 also reports the
corresponding spectra of Pt-metal foil (grey curves). The same EXAFS spectra of 5PMLS and
10PSF samples are shown in Figure S4. After activation, the modulus is characterized by four
significant contributions centred around 1.7 A, 1.9 A, 2.2 A and 2.6 A (Figure 7a). The first
two peaks, as already discussed in Section 3.1, are associated with the Pt—N and Pt—CI SS
paths, respectively, and are in phase with signals present in the red spectrum. The two maxima
at 2.2 A and 2.6 A correspond both to the SS of a single Pt—Pt contribution of Pt metal (a
double-shaped modulus of the FT is typical of a single distance in EXAFS when the scattering
atom is a high Z one such as e.g. Ag*®3, In*>* or Pt*?).

During the thermal treatment, the signals from Pt—N and Pt—Cl coordination shells decrease
while the peaks at 2.2 A and 2.6 A rise, see Figure 6b. This is an evidence of the nucleation of
the Pt® metal nanoparticles (NPs), formed after the progressive detachment of the Pt framework
atoms. It is worth to note that even if the intensity of the Pt—Cl contribution is drastically
diminished with respect to the as-prepared material, there is still a significant residual signal of
Pt—Cl.

The formation of Pt NPs is further supported by TEM analysis on the three UiO-67-Pt samples.
TEM shows that NPs are produced after the TPR for the all samples’ series. Figure 8 presents
the distribution of particle size (parts (a), (d) and (g)) weighted by the number (blue bars) and
by the volume (green bars) of the particles®® 1 and the TEM microscopy images at low (parts
(b), (e), (h)) and at high (parts (c), (f) and (i)) magnification. In all the samples, Pt NPs are well
dispersed in the MOF matrix and no evidence of NP aggregation has been observed.

The size particle distribution (blue histograms in Figure 8a,d,g), wp(d;), provides the fraction
wp of NP having a diameter d in the interval [di — e <d <di + €], being € = 0.25 nm in the
adopted cases. From our study, it emerges that wy(d;) depends on the Pt loading and on the
synthesis method. Between samples prepared with the PMLS approach, an average smaller size
is obtained with the sample with lower Pt loading: <d> = (2.6 + 0.8) nmvs. (3.5 + 1.2) nm, for
5PMLS and 10PMLS, respectively. Comparison of the samples with the same loading
demonstrates that the PMLS method is more efficient in keeping a low particle size than the
PSF, being <d> = (4.4 £ 2.4) nm for 10PSF. All reported <d> values refer to the particle
distribution weighted by number of particles (blue distributions in Figure 8a,d,g, usually
reported in the TEM studies). When the same distributions are weighted by the volume, 10PSF
clearly exhibit bimodal distribution. As all Pt atoms contribute to the EXAFS signal, a large
particle has a greater weight in the overall EXAFS signal than a small one. For this reason,
when EXAFS and TEM studies are compared, the relevant size distribution is the volume-
weighted one ( wy(d;), green histograms in Figure 8a,d,g),%> ' that is obtained from the
particle weighted one according to Eq. (2):

wy(d) = 3 Gd)Pwe(d)), where: V = ZIL, T Gd)*we (d). @)
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Once the shape of a NP is known (e.g. from the TEM study) the average coordination number
of a given fcc NP is unambiguously given by its diameter, N (d;).*%® %" Successively, using the
wy (d;) distribution it is possible to estimate the average coordination number of the whole
particle distribution (Npy) as:

Np; = Yieia N(dpwy (d)) )

The values of Np; for the three samples are given in Table 6.
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Figure 7. k?>-weighted, phase uncorrected, modulus (a) and imaginary part (b) of the experimental FT EXAFS
spectra for 10PMLS in the as-prepared state at RT in air (red) and after TPR up to 623 K in 10% H»/He and
subsequent cooling to RT (orange). The corresponding spectra of the Pt-metal foil are also reported (grey) for
comparison.

Quantitative analysis of the EXAFS spectra collected at RT after the thermal treatment was
performed assuming the presence of the [bpydc-PtCl] linker component, already used to fit
the spectra of the as-prepared materials, and the Pt° metal cluster component, with fixed Npt.
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Figure 8. (a) Particle size distribution weighted by number (blue) and by volume (green) of Pt-NPs for the 5PMLS
sample after TPR in 10% Hy/He. (b) and (c) report representative TEM images collected at 100000x and 500000x
of magnification, respectively, for the 5PMLS sample. Parts (d, e and f) and (g, h and i) as part (a, b and c) for

10PMLS and 10PSF, respectively. The total number of counted particles are: 1545 for 5PMLS, 2135 for 10PMLS
and 1259 for 10PSF.
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The assumption of the coexistence of two structural components increases significantly the
number of variables that must be taken into account in the EXAFS analysis. The contribution
of the two phases in the EXAFS fit has been distinguished multiplying the amplitude of the
EXAFS equation for the metal Pt° phase by a free variable x, representing the content of Pt-
NPs, and the linker phase by a factor (1—x). In this manner, the concentration of Pt-NPs formed
can be figured out. The fit has been performed in the AR range of (1.0-3.1) A, defined
considering the first coordination shell of the Pt-metal phase.

To achieve a reliable EXAFS fit on a so complex system, we had set a series of selected
parameters based on the analysis of two pure phases: as-prepared materials (Table 3 and Figure
2) and reference Pt-metal foil (Table S1 and Figure S5). All parameters of the isolate
framework Pt phase have been fixed to the values optimized in Table 3, with the only exception
of the Nci coordination number. Indeed, along the TPR treatment, a fraction of the Pt atoms
remained anchored to the MOF framework may have lost one or two ClI ligands. It should be
noted that the Pt-NPs formation is not immediate, but it should evolve through several
intermediate steps such as [bpydc-Pt(11)CI]-, [bpydc-Pt(11)]?>-, [bpydc-Pt°] etc., along the
reaction paths to Pt-NPs. Indeed, considering the spectrochemical series, it is energetically
favourable breaking firstly the Pt—CI bond with respect to the Pt—N one to bpydc;*®® this
behaviour is also supported by our previous EXAFS results.*®

Concerning the Pt-NP phase, the only optimized parameters were 6%pt and Ret.pt, Which can
differ significantly comparing bulk Pt® and Pt-NPs. As for the first shell Pt—Pt coordination
number, Npy, it was fixed based on TEM results that allows us to obtain the average Np based
on the volume-weighted particle size distribution reported in Figure 8a,d,g,% 1°5 157. 159, 160
assuming a spherical shape for the Pt-NPs.

The results of the EXAFS analysis of the three samples after the TPR are reported in Table 6,
while the quality of the fit can be appreciated in Figure 9. The agreement between experimental
(open black circles) and theoretical (red lines) curves is remarkable for a so complex system,
taking into account that the model uses only 4 free parameters (x, Nci, 6%t and Ret.pt). Such a
result can be obtained only if the constrains used for all the non-optimized parameters have
been properly set.

Table 6. Best-fit values of the parameters optimized in the EXAFS fits for the three samples (SPMLS, 10PMLS
and 10PSF) after TPR in 10% Hx/He-flow at 623 K (data collected at RT). The fits were performed in the k-space
interval Ak = (3.1-17.0) A *and R-space interval AR = (1.0-3.1) A. The underlined parameters were fixed in the
fit and have no associated error.

EXAFS fit After TPR (RT-623K) in 10%H/He
parameters 5PMLS 10PMLS 10PSF
So’ bpyde-pici2) 0.94 0.94 0.94
SOZ(PtO metal) w w w
AE ptiinker) (€V) 10 10 9
AE(PtO metal)
(eV) 7.3 73 7.3

19



Fraction of

Metal (%) 53+ 2 61+ 2 43+2
R-factor 0.008 0.007 0.01
Npar (Nind) 4 (18) 4 (18) 4 (18)
<Rn(opydey> (A) 2.005 2.007 2
o?Nopyde) (A?) 0.0029 0.0024 0.0020
Nn 2 2 2
Olbpydc -0.008 -0.012 -0.015
bpydc (A) 0.002 0.002 0.002
<Rer> (A) 2.281 2.281 2.284
o%ci (A?) 0.0029 0.0028 0.0035
Nci 15+0.1 1.3+0.1 1.3+0.1
Ret (A) 2.756 +0.004  2.754 +0.003 2.756 + 0.003
et (R2) 06(.)88321 06988521 0.0064 + 0.0002
Npt 10.51 10.89 11.95

EXAFS analysis revealed that, at the end of the TPR run, the Pt-MOFs synthesized by PMLS
method produces more Pt-NPs than the PSF. Indeed, 5PMLS and 10PMLS yielded the 53%
and 61% of Pt-NPs compared to the 43% obtained for 10PSF. The ¢ for the formed Pt-NPs,
(0.0064 + 0.0002) A2 is higher than the value derived from the analysis of bulk Pt metal,
?ricioil) = (0.0047 + 0.0001) A2, as expected due to the higher structural disorder in the Pt-NPs
phase formed during TPR. Also the Pt—Pt distance undergoes a small contraction with respect
to the bulk value of about 0.01 A, in agreement with what reported in the literature.61-163
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Figure 9. Parts (a,b): k?-weighted, phase uncorrected, modulus (a) and imaginary part (b) of the experimental and
best fit FT EXAFS spectra for SPMLS in static condition at 623K in 10%H»/He. The experimental data are shown
as black dots and the best fit with red solid line. Moreover, the SS contributions involving the N of bpydc (blue),
and CI (green) atomic neighbours as well as the sum of SS and MS involving Pt linker (violet) and the Pt-NPs
(grey) contributions are reported. Parts (c and d) and (e and f) as part (a and b) for the 10PMLS and 10PSF
respectively.

3.5. Determination of the evolution Pt local environment in UiO-67-Pt along TPR by operando
EXAFS.

The EXAFS analysis of the spectra collected under operando conditions along the TPR
experiment has followed the complex four-step procedure described in detail in Section 2.5.
The results are summarized in Figure 10 for the three samples. We selected the first-shell Pt—Pt
SS path as an indicator for Pt-NPs formation, whereas the Pt—N(bpydc) and Pt—CI SS paths are
representative for the Pt-linker component. Figure 10 shows the time-dependent behaviour of
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the Ni-xi-So?% product between the coordination number N, the relative fraction x; and by the
scattering amplitude factor So?, with i indicating the three Pt atomic neighbours considered, i.e.
N, Cl and Pt. In the TPR-EXAFS analysis is not possible to quantify the absolute content of
Pt-NPs, because both particle size (and thus the average Npt) and particle fraction (x) increase
along the experiment and a TEM study, as we had for the final sample, for the intermediate
steps during TPR would be extremely challenging and beyond the scope of the present work.
Notwithstanding this limitation, it is meaningful to observe the comparison of the relative
weight of Pt—Pt contribution with respect to the Pt—Cl and Pt—N ones during the TPR.
Moreover, the Pt—Cl and Pt—N contributions decrease significantly at 623 K, and with the same
trend.

—0— Pt-N—0— Pt-Cl -0— Pt-Pt

650

{600
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Figure 10. (a) Results of the simultaneous parametric analysis of operando EXAFS collected during TPR for
5PMLS. The amplitude factor reported in the Figure as a function of time is defined by the product between the
coordination number N;, the relative fraction x; and by the scattering amplitude factor So?, where i denote the three
kind of SS considered, i.e. Pt—N and Pt—Cl for the Pt-linker component, and Pt—Pt for the Pt-NPs phase (N in
black, Cl in green and Pt in grey). Parts (b) and (c) as part (a) for the 10PMLS and 10PSF respectively.

Data analysis reveals that sample synthesized with the PSF method, which starts from an initial
situation with less Cl, is less prone to form Pt-NPs than the samples synthesized with PMLS
method.

3.6. Determination of the Pt-NPs concentrations with LC and a linear combination of XANES
spectra approach supported by PCA analysis

The operando XANES spectra collected during Hz2-TPR have been analysed using the principal
component analysis (PCA) with Fitit software'®* and the linear combination analysis (LCA)
with the Athena software.’*® In the absence of experimental error, PCA will lead the exact
numbers of abstract meaningful components, i.e. the exact dimension of the experimental
dataset. Unfortunately, perfect data are not attainable and noise unavoidably produces a number
of extra-components whose retention leads, clearly, to the complete reproduction of the entire
dataset, including experimental errors.'®® For this reason a series of statistical estimators are
used in order to deduce the correct number of principal components (PCs).1>1¢” One of them
is the so called Malinowski indicator factor (IND). It consists of an empirical function that
reaches a minimum in presence of the correct number of components making possible to
drastically reduce the experimental error contributes in the data reproduction. Based on the
imbedded error (IE) and the IND*®8 (Figure 6), PCA has revealed five components for all the

22



UiO-67-Pt samples. However, recent articles showed that this method can sometimes fail.*6*-
11 In particular IND performance critically depends on the amount of noise in the data and
may result in considerable overestimation of the number of components, moreover the accuracy
of the component recovery seems to depend on the size of the dataset.!”* For these reasons in
our LC reconstruction, we considered only the first two main components which are
predominant over less important data features (i.e. intermediates of reactions) and noise, as
described in Figure S7 of the ESI. Being primarily interested in tracking the Pt-NPs formation
during the TPR, we adopted a quick and informative method as LCA, widely used to analyse
series of time evolving XANES spectra.'?> 172174 \We have selected as references for operando
XANES LCA only the two key-species present in the whole sample series, i.e. Pt® metal sites
(Pt-metal foil XANES spectrum) and (PtCl2)bpdc complexes (RT spectra collected before the
TPR. The R-factors obtained for LCA are in the order of the 10 for each spectrum, meaning
that the employed references are able to provide an adequate reproduction of the experimental
spectra, although possible Cl-deficient Pt-linker species are not included in LCA. Figure 11
reports the result of the linear combination analysis showing the behaviour of the Pt-NPs
component as a function of time and temperature for the 5PMLS (green), 10PMLS (violet) and
10PSF (cyan). Noteworthy, the Pt-NPs concentration increases slightly for all the samples until
the temperature of 623 K is reached. At 623 K there is a sudden increase in the growth rate of
Pt-NPs, which reaches a plateau after almost 4h at constant temperature. The same exponential
behaviour has been observed for the different samples, although the absolute values of Pt-NPs
is formed. Indeed, the MOF synthesized by PMLS method, as already seen in EXAFS analysis,
yields more Pt-NPs than the PSF method. In Table 6 are reported the Pt-NPs concentration
values when the temperature of 623 K is just reached, after 1h, ca. 4h at constant temperature
and, finally, at RT after TPR. The values derived with EXAFS and LCA after TPR are
equivalent within their respective errors.
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Figure 11. Evolution of Pt-NPs percentage concentration depending on time and on temperature (burgundy
colour, reported also on y-axis) for the 5PMLS (green), 10PMLS (violet) and 10PSF (cyan). The first black
vertical line represents the reaching of 623 K and the second vertical line is after 1h at constant temperature.

Table 7. Values of Pt-NPs concentration (%) as derived from the linear combination analysis (LCA) and TPR-
EXAFS at different time/temperature points for 5PMLS, 10PMLS and 10PSF.

From XANES LCA analysis From EXAFS,
see Table 6
Sample  Pt-NPs(%) at Pt-NPs(%) at Pt-NPs(%) at Pt-NPs(%) after Pt-NPs(%) at RT
623K (0 h) 623K (after 1 h) 623K (after 4 h) cooling at RT
S5PMLS 4+1 44 +2 59+2 57+3 53+2
10PMLS 10+1 57+2 68 +2 61+1 61+2
10PSF 11+1 35+%2 49+2 48 £2 43 +2

4. Conclusions

In this work, we demonstrate the successful Pt-functionalization UiO-67 MOF with two
different synthesis methods (PMLS and PSF) and Pt loading (2.8 and 5.5% wt.). In addition, it
has been shown, by means of XANES, that functionalized MOFs are sensitive to gas feed
during temperature activation (from RT to 623K): (i) in pure He the ClI ligands are lost but Pt
site remains grafted to the linker, while (ii) in Hz2 Pt-NPs are formed. The formation of Pt-NPs
has been followed during TPR with operando EXAFS in Hx/He flow, successively analyzed
with a parametric approach based on the Einstein model to minimize the correlation among
optimized parameters. A simultaneous loss of Cl and N ligands has been observed under
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isothermal conditions once 623 K was reached. The TEM analysis of the recovered sample
revealed that NPs were produced during the TPR treatment for the whole set of samples. We
found that the size distribution of the NPs depends on the Pt loading and on the synthesis
method. Samples prepared with the PMLS approach present an average smaller for the sample
with lower Pt loading: <d> = (2.6 = 0.8) nm vs. (3.5 = 1.2) nm, for 5PMLS and 10PMLS,
respectively. While the samples with the same Pt loading demonstrates that the PMLS method
IS more apt to keep a low particle size then the PSF, being <d> = (4.4 + 2.4) nm for 10PSF.
The particle size distribution obtained from the TEM study allowed us to fix the Pt-Pt
coordination number and to perform a complex EXAFS data analysis on the samples at the end
of the TPR experiment allowing to quantitatively determine the fraction of Pt atoms in the NP
phase to be: 53, 61 and 43 % for 5SPMLS, 10PMLS and 10PSF respectively. These values have
been quantitatively confirmed by linear combination analysis of the XANES spectra. Operando
XANES experiments were supported by quasi simultaneous X-ray powder diffraction (XRPD)
data collection testifying the resistance of the UiO-67 framework to TPR. In situ
XANES/EXAFS study were supported by ex-situ XRPD and BET analyses, confirming the
framework stability and testifying a loss of the internal volume after TPR due to the formation
of Pt NPs insides the MOF pores, more relevant in the sample where smaller Pt NPs were
formed.
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