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Operando study of palladium nanoparticles inside UiO-67 MOF for 
catalytic hydrogenation of hydrocarbons 
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Functionalization of metal-organic frameworks with metal nanoparticles (NPs) is a promising way for 
producing advanced materials for catalytic applications. We present synthesis and in situ characterization 
of palladium NPs encapsulated inside functionalized UiO-67 metal-organic framework. The initial 
structure was synthesized with 10% of PdCl2bpydc moieties with grafted Pd ions replacing standard 4,4'-
biphenyldicarboxylate linkers. This material exhibits the same high crystallinity and thermal stability of 
standard UiO-67. Formation of palladium NPs was initiated by sample activation in hydrogen and 
monitored by in situ X-ray powder diffraction and X-ray absorption spectroscopy (XAS). The reduction of 
PdII ions to Pd0 occurs above 200 °C in 6% H2/He flow. The formed palladium NPs have the average size 
of 2.1 nm as limited by the cavities of UiO-67 structure. The resulting material showed high activity 
towards ethylene hydrogenation. In reaction conditions, palladium was found to form carbide structure 
indicated by operando XAS, while formation of ethane was monitored by mass spectroscopy and infra-
red spectroscopy. 
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1. Introduction 

In the last twenty years, the synthesis of new types of metal organic framework (MOFs) raised 

exponentially.1-18 Additional degree of freedom comes from the functionalization of MOF 

materials19-23 24-35 that allows obtaining new structures, with specifically targeted functionalities. 

Among the many classes of MOFs, the UiO-66/67/68 family17, 34, 36-45 exhibits a remarkable thermal 

and chemical stability. The UiO-66/67/68 frameworks are obtained by connecting the 12-fold 

coordinated Zr6O4(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.36 Due to their outstanding stability, UiO-66/67/68 MOFs and related 

functionalized versions, have been attractive candidates for a large number of applications in the 

fields of catalysis,46-59 photocatalysis,46, 60 H2,38 CH4,61, 62 CO2,57, 63-65 H2O65 and CH3OH65 uptake, 

proton conduction,66, 67 removal of air68 and water69 contaminants, gas separation,70-72 sensor 

applications,73 and for radioactive waste scavenging.74 

The use of bpdc instead of bdc ligand, in the synthesis of UiO-67, results in symmetric expansion 

of UiO-66 topology (Figure 1a,b). The inorganic cornerstone in the structure is still 12-coordinated 

Zr6O4(OH)4(CO2)12 cluster that gives high temperature stability to both UiO-66 and UiO-67 

frameworks, as determined by thermogravimetric analysis (TGA), see Figure 1c. The longer linker 

implies that both the tetrahedral and octahedral microporous cages are of wider dimension in the 

UiO-67 case (Figure 1ab), moving from 7.5 to 12 Å and from 12 to 16 Å, respectively. This implies 

an increased pore volume with respect to UiO-66, as quantified by the N2 adsorption isotherms, 

see Figure 1d. They are of Type Ib, indicating a perfectly microporous material possessing a very 

narrow pore size distribution. The shape of the N2 isotherms is the same reported for UiO-66, with 

the plateau shifted to higher adsorbed volume. Accordingly, the UiO-67 surface area (SBET = 1877 

m2 g-1) and micropore volume (Vmicro = 0.85 cm3 g-1) are more than the double than those of UiO-

66 (SBET = 850 m2 g-1 and Vmicro = 0.43 cm3 g-1), as expected. 

Also for the UiO-66/67/68 class of MOFs, different functionalization strategies were employed to 

enhance the material properties. Among others, we mention: functionalization by insertion of 

other metals in the inorganic cornerstone MxZr6xO4(OH)4 (M = Hf, Ce, Ti);49, 59, 65, 74, 75 

functionalization by controlled defect engineering (missing linkers, metal centres or inorganic 

cornerstones);17, 34, 39-43, 47, 63, 76-78 bromo-, nitro-, and naphthalene-functionalization of UiO-

66/67;79-82 proline-functionalization of UiO-67/6883; functionalization by use of biphenyl-, 

terphenyl-, and quaterphenyl-based linkers;84 N-quaternization of the pyridine sites of UiO-67.64 

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 way, Fe(II),85 Ni(II),86 

Cu(II),53, 87, 88 Ru(II),46 Rh(III),89, 90 Ir(III),46, 90 Re(I),46 Pt(II),60, 88, 91-93 Pt(IV), 60, 88, 91, 92 and Pd(II),48, 94 

have already been successfully grafted to the two N atoms of the functionalized bpydc linker of 

UiO-67 MOFs. Recent works found particularly interesting the functionalization of UiO-67 with 

PdCl2 bpydc. Fei et al.48 showed that the atomically isolated PdII species, grafted to the UiO-67 

framework via the bpydc linker exhibit efficient and recyclable catalytic activity for the Suzuki-
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Miyaura cross-coupling reaction. Chen et al.94 showed that Pd NPs hosted inside the UiO-67 pores 

exhibit a high selectivity in the hydrogenation of styrene even at room temperature and 

atmospheric H2 pressure. 

In this work we show that we succeeded in the synthesis of UiO-67-Pd MOF via the pre-made 

linker synthesis (PMLS) functionalization approach,91 as proven by thermogravimetric analysis 

(TGA) and, synchrotron-based X-ray powder diffraction (XRPD) and extended X-ray absorption 

spectroscopy (EXAFS) analyses. The formation of Pd NPs inside the pores of UiO-67 framework 

was followed by operando XRPD, EXAFS and X-ray absorption near edge structure (XANES) 

techniques. Finally, the conversion of ethylene into ethane was chosen as key hydrogenation 

reaction and was followed by operando EXAFS/XANES and IR spectroscopies. Comparison with 

previous studies on Pd/C catalyst with slightly larger average particle size (2.6 vs. 2.1 nm) allowed 

us to demonstrate the size-dependent effects in the formation of palladium hydride and carbide 

phases under reaction conditions. 

 

 
Figure 1. Structure of UiO-66 (a) and UiO-67 (b) MOFs with corresponding linker length and pore sizes. Part (c): TGA curves for 

UiO-66 (red) and UiO-67 material without (solid blue curve) and with 10% PdCl2bpydc functionalisation (dashed blue curve). 

Part (d): volumetric N2 adsorption isotherms recorded at 77 K on UiO-66 (red squares) and UiO-67 (blue circles). Empty and 

filled scatters refer to the adsorption and desorption branches, respectively. Adapted with permission from Chavan et al 2012,38 

copyright RSC 2012. 
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2. Experimental and methods 

2.1. Synthesis and TGA characterization 

The investigated UiO-67-Pd MOF has been prepared with the PMLS functionalization approach.91 

as described in the following. DMF and demineralized H2O were added to a 250 mL Erlenmeyer 

flask with a magnetic stirring bar. ZrCl4 was slowly added to the solution, and completely dissolved. 

The slow addition was found to be particularly important, as it reacts exothermically with water. 

Afterwards, benzoic acid, which is used as modulator,95 was added and dissolved rapidly. The flask 

was then heated up to 110 °C while stirring. bpdc and PdCl2bpydc were added simultaneously in 

a 10:1 molar ratio and gradually over a period of about 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 

slurry was placed 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 (benzoic acid) 

at 40 °C and filtered afterwards. 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 following day the 

temperature was increased to 200 °C to remove any residual high boiling point species, and the 

powder was recovered after drying overnight. 

TGA analysis was performed on a STA 449 Fx - Jupiter instrument, by flowing a mixture of 5mL/min 

O2 and 20mL/min of N2 and using a ramp rate of 5°C/min. 20 mg of non-functionalized UiO-67, 

and functionalized by 10% PdCl2bpydc were weighted and transferred into an Al2O3 sample-

holder. It has to be noted that the samples were not activated again (before the TGA 

measurement), to observe the effect of atmospheric adsorbate on the MOF. 

2.2. In situ and operando XAS and XRPD measurements 

Almost simultaneous XRPD and Pd K-edge XAS data were collected at the BM3196, 97 of the ESRF 

(Grenoble, France), proposal #MA2930. The beamline allows fast (about 30 s) switching between 

XRPD and XAS setups, allowing measuring under each of reaction conditions (temperature and 

gas composition) both XRPD and XAS data.98-100 The sample was loaded inside a 1.5 mm quartz 

glass capillary and fixed with quartz wool from both sides. The mass of the sample was 10 mg. The 

capillary was glued into a metal holder connected with a gas line equipped with remotely 

controlled mass flow controllers and electric valves. The composition of the gas outlet from the 

capillary was controlled by means of Pfeiffer Omnistar mass spectrometer. A gas blower was 

positioned below the sample to control the temperature. In situ H2-temperature programmed 

reduction (TPR) was performed following a heating ramp of 5 °C min1 in a flow of 6% H2 in He 

(total flow 50 ml∙min−1), and followed by XRPD and XAS data collection. 

XAS spectra at Pd K-edge were obtained in the transmission mode using a continuous scanning 

regime of the double crystal Si(111) monochromator in the energy range from 24.1 to 25.0 keV 

which took approximately 10 minutes per spectrum. Pd foil was measured simultaneously with 
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each spectrum for energy calibration using a third ionization chamber.101 The spectrum of the 

sample after activation was analysed within first-shell Fourier approach using Demeter 0.9.21 

package.102 Real space data fitting in the R-range from 1.0 to 3.1 Å was performed on the Fourier-

transformed k2-weighted data in the k-range from 3.0 to 11.0 Å1. The amplitude reduction factor 

S0
2 = 0.74 ± 0.04 was obtained by fitting the spectrum of palladium foil, and fixed at this value for 

the nanoparticles, which allowed us to determine the corresponding Pd coordination number (N). 

To resolve the correlation between N and Debye-Waller parameter (σ2), σ2(N) dependencies were 

obtained for k-weighting of 1, 2, and 3, and the corresponding N values were obtained as an 

intersection of the obtained σ2(N) curves for UiO-67-Pd sample after H2-TPR.103, 104 The evolution 

of Pd NPs formation was obtained by linear combination fit in the XANES region of the spectra. In 

addition, the spectra of as-prepared UiO-67-Pd material and reference PdCl2bpydc compound 

were measured ex situ at BM23 beamline of ESRF in a pelletized form to obtain better signal to 

noise ratio. These spectra were fitted in the R-range from 1.11 to 2.33 Å on the Fourier-

transformed k3-weighted data in the k-range from 3.0 to 18.0 Å1. 

XRPD was measured using  = 0.51353(1) Å radiation, selected by a Si(111) channel-cut 

monochromator. CMOS-Dexela 2D detector covered the 2θ range from 2° to 32°. The values of , 

sample to detector distance and detector tilts were optimized by Rietveld refinement of NIST LaB6 

and Si samples and kept fixed in the refinement of UiO-67-Pd sample. For each experimental point, 

20 diffraction images and 20 dark images (with the X-ray shutter closed) were collected. The 

Rietveld refinement of the initial material was performed in Jana2006 code.105 In this work we 

report only weighted profile R-factor (Rwp) as a main criterion of fit quality, because correct 

estimation of the reduced χ2 is complicated for the data collected with 2D detector, since pixels 

cannot be treated as Poisson counters. However, the fact that different statistics were 

accumulated in different 2θ-regions, due to the use of 2D detector, was taken into account for Rwp 

calculation. 

2.3. Combined operando DRIFT-MS spectroscopy 

IR spectra were collected using a Bruker Vertex 70 instrument, equipped with a liquid nitrogen-

cooled MCT detector and a Harrick Praying Mantis DRIFT cell able to perform the measurements 

in the controlled atmosphere and temperature. For each spectrum, 128 scans with a resolution of 

2 cm−1 were acquired. Mass spectra were collected with a Pfeiffer Omnistar GSD 301 O2 

instrument, which was connected directly to the outlet of the DRIFT cell during the whole process, 

from activation till the end of the reaction. 25 mg of UiO-67-Pd was inserted in the DRIFT sample 

holder and activated from 25 °C to 300 °C with a 10 °C min−1 ramp rate in a flow of 6% H2 in He 

(total flow: 50 ml∙min−1). The sample was then equilibrated for 30 min at 300 °C in order to allow 

the formation of Pd NPs; afterwards the gas flow was switched to pure He for 30 min at 300 °C to 

perform the removal of the fraction of hydrogen in the NPs in the form of PdHx.99, 106 The sample 

was then cooled to 25 °C in He to perform the reaction. Ethylene hydrogenation was performed 

at 4 different temperature steps: 25 °C, 40 °C, 60 °C and 80 °C with a total reactants flow of 50 ml 

min−1 (6% H2, 6% C2H4, 88% He). 
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2.4. STEM measurements  

High-resolution scanning transmission electron microscope (HR-STEM) images were obtained 

using a FEI Technai G2, F20 operated at 200 kV. The samples were dispersed in isopropanol prior 

to the analysis. 

3. Results and discussion 

3.1. Characterization of initial UiO-67-Pd material  

Thermo-gravimetric analysis was performed for the pure UiO-67 and functionalized by 

PdCl2bpydc (Figure 1c, blue solid and dashed curves, respectively). Both materials show a two-

step weight loss corresponding to a typical MOF, where the first weight loss is for the loss of 

solvent and unreacted species and second weight loss is for the structural collapse of the MOF.37, 

38, 82, 93 The final weight loss after the complete degradation of the crystalline lattice of the 

material, results in a 35.6% of mass residue for the functionalized material and 33.6% of mass 

residue for the unfunctionalized one. This difference is due to the presence of palladium, which 

cannot be degraded and released during the measurement. Indeed, the difference in the mass% 

between the two samples fits perfectly with the amount of Pd present inside the sample structure. 

This quantitative agreement in the weight loss implies that the further Pd-functionalisation with 

Pd chloride did not leave the material with any retention of solvent or Pd-based linker. The 

stability of the functionalised sample is reduced after the grafting of PdCl2 on the bpydc moieties, 

as testified by the lower temperature of decomposition (400°C against 550°C of the 

unfunctionalized material). However, we always operate in a safe regime since we never exceed 

the critical temperature: the H2 reduction was performed up to 300 °C and ethylene 

hydrogenation reaction was performed below 100°C. 

X-ray powder diffraction data (Figure 2) confirm that the starting material has UiO-67-like 

structure with Fm-3m symmetry and lattice parameter a = 26.7986(2) Å. Thus, Rietveld refinement 

was performed using the ideal UiO-67 structure for the starting parameters,39 which already gave 

good agreement with experimental pattern (Rwp = 3.41). For the following step, we allowed to 

move C3 and C4 atoms of the linkers (see inset in the Figure 2) beyond their initial 96j 

crystallographic site with x ≠ z ≠ 0 and y = 0, to 192l site with x ≠ z ≠ y ≠ 0, and to vary the occupancy 

of all atoms during refinement. This change provoked a decrease of Rwp to 3.22, giving in a linkers 

occupancy around 0.92 and slightly shifting C3 and C4 atoms perpendicularly to the initial plane 

of the aromatic rings. Then, due to the obtained shift of C3 and C4 atoms in y direction, we 

employed anisotropic displacement Uij for C3 and C4 atoms using only diagonal (i = j) non-zero Uij 

parameters and assuming U11 = U33 ≠ U22. This procedure further reduced Rwp to 3.18 yielding  

U22 > U11 for both C3 and C4 atoms. Finally, we have added a Pd atom to 96k site, assuming that 

it is located equally in the z = ½ − x plane, that goes perpendicularly to the aromatic rings plane, 

dividing the bpdc linker in the centre of C5C5 bond. Similar to C3 and C4 atoms, we used 

anisotropic Uij with U11 = U33 ≠ U22 and U12 = U13 = U23 = 0 also for Pd atom. 
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Figure 2. Experimental (solid black) and theoretical (dashed red) XRPD patterns with corresponding difference (dotted 

blue) of the initial UiO-67-Pd material, measured using 0.51353(1) Å radiation. The atomic structure represents a 

linker made of carbon atoms (dark grey) with palladium atom (grey) connecting the inorganic cornerstones of 

zirconium (green) and oxygen (red) highlighted by semi-transparent green polyhedra. The labels are reported for all 

inequivalent atoms. To illustrate the anisotropic displacement parameters for atoms C3, C4, and Pd atoms, the 50% 

probability ellipsoids are plotted. Cl atoms are not shown in this figure as they were not determined by XRPD, while 

N atoms occupy the same crystallographic position as C4 atoms and cannot be distinguished from them. Hydrogen 

atoms of aromatic rings are not shown because they cannot be detected by X-ray diffraction. 

To reduce the number of parameters and increase the stability of the refinement we used 

common occupancy factor for all carbon atoms of the linkers. As the result, we obtained a stable 

and converging refinement with final Rwp = 3.16 and U22 >> U11 for Pd and C4 atoms, while for C3 

atoms U22 ≈ U11. The obtained occupancy for Pd atom was 0.091, which is close to the expected 

value, since 10% of the linkers contained a Pd atom. The addition of nitrogen atoms close to C4 

atoms results in the unstable behaviour of the refinement procedure. This could be easily 

explained by general difficulties of powder diffraction technique to distinguish two atoms with 

similar scattering amplitudes at very close crystallographic positions. Therefore, big U33 

parameters obtained for C4 atoms should account for the presence of nitrogen atoms, shifted 

from the ideal position of C4 atom in an ideal UiO-67 structure. Location of Cl atoms, which are 

expected to be bonded to Pd, was also not possible, probably, due to high thermal and structural 

disorder in their positions. This disorder can be qualitatively estimated by extrapolating the U33 

values obtained for C4 and Pd atoms to the Cl one which should have even higher distance from 

the rotational axis of the linker. It should be noted, that the 2θ-range below 4.2° was intentionally 

excluded from the refinement as the intensities of the peaks in this region are affected by the 

beamstop, and cannot be used for Rietveld procedure. In addition, the exclusion of the low 2θ 

region allowed us to neglect the solvent during the refinement, as its presence affects only the 

intensity of the first strongest peaks.107, 108 All structural parameters obtained by Rietveld 

refinement are reported in Table 1. The obtained occupancy and Uij for Pd species indicate that 

they are close to detection limit of XRPD data. Thus, grafting of Pd atoms into UiO-67 structure 

was further explored by EXAFS data (vide infra). 
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Table 1. Atomic parameters obtained by the Rietveld refinement of the initial UiO-67-Pd material in the Fm-3m space 

group: fractional coordinates (x, y, z), isotropic (Uiso) or anisotropic (Uani, values marked by *) atomic displacement 

parameters, occupancy factors, and site degeneration. The refined cell parameter is a = 26.79861(20) Å. The resulting 

Rwp parameter is 3.16. The values which were fixed or derived via other variables are underlined. For C3 and C4 atoms 

occupancy factor is twice lower than for C1, C2, and C5 atoms, as their shift from the initial symmetric position leads 

to artificial doubling of these atoms in the cell. For the atom labelling, see the inset in Figure 2. 

atom x y z Uiso (Å2) 
Occupancy 

factor 
site 

N of atoms 
per unit cell 

Zr 0.40773(8) 0 0.5 0.0095(8) 1.000 24e 24 
O1 0.3671(2) 0 0.4270(2) 0.010(3) 0.960(13) 96j 92.16 

O2 0.4539(2) 0.5  х 1  х 0.027(6) 0.96(3) 32f 30.72 
C1 0.3839(4) 0 х 0.014(6) 0.947(9) 48h 45.46 
C2 0.3404(5) 0 x 0.048(7) 0.947 48h 45.46 
C5 0.2714(3) 0 x 0.043(6) 0.947 48h 45.46 
C3 0.3564(5) 0.0147(10) 0.2933(4) *0.039(12) 0.473 192l 90.82 
C4 0.3192(4) 0.01(12) 0.2549(5) *0.1(4) 0.473 192l 90.82 

Pd 0.3155(15) 0.061(6) 0.5  х *0.69(17) 0.023(3) 96k 2.2 
 

 

Figure 3. Summary of the EXAFS analysis performed on the spectra collected on samples in a pellet form reporting 

k3(k) (a) and corresponding phase-uncorrected amplitude (b) and imaginary part (c) of the Fourier-transforms in R-

space of experimental signal of UiO-67-Pd (black curves), best fit (red curves) with PdN (blue curves) and PdCl 

(green curves) single scattering contributions, and experimental signal of PdCl2bpydc model compound (grey curves). 

Vertical dashed lines define the intervals in k- and R-spaces used to perform the Fourier-transform and fit of the data 

respectively. Two vertical arrows in part (a) indicate the upper limit of the k-space used to fit the in situ EXAFS data 

collected on the sample placed in capillary. Part (d): graphical representation of the linker with PdCl 2. The quantitative 

results of the fit are reported in Table 2. 
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Table 2. Summary of the fits performed on the static EXAFS spectra collected at RT on the UiO-67-Pd MOFs and on 

the PdCl2bpycd reference material. k = (3.0-18.0) Å1; R = (1.11-2.33) Å. Underlined numbers refer to non-optimized 

parameters. The graphical quality of the fit, as well as the different contribution of the N and Cl ligands can be 

appreciated in Figure 3 (a) and (b-c) in k- and R-spaces, respectively. 

Sample Shell N R (Å) 2 (Å2) E0 (eV) S0
2 

UiO-67-Pd 
PdN 2 2.03 ± 0.01 0.0027 ± 0.0008 

24359.7 ± 1.2 0.88 ± 0.7 
PdCl 2 2.29 ± 0.01 0.0025 ± 0.0004 

PdCl2bpycd 
PdN 2 2.03 ± 0.01 0.0026 ± 0.0008 

24359.8 ± 1.3 0.88 ± 0.8 
PdCl 2 2.29 ± 0.01 0.0025 ± 0.0004 

 

Fourier-analysis of Pd K-edge EXAFS data was performed to determine precisely the local 

structure around palladium atoms and to prove the presence of chlorine atoms in the first 

coordination shell. Ex situ EXAFS data were collected on the sample prepared in the form of pellet 

having optimal thickness that allowed collecting high-quality data up to k = 18 Å1 shown in Figure 

3a. For the as-prepared UiO-67-Pd material both XANES and EXAFS regions coincide with the ones 

of the reference PdCl2bpycd linker. The Fourier-transform of the k3-weighted data in the Δk range 

from 3 to 18 Å-1 has a clear splitting of the first shell peak (Figure 3b) explained by Pd−Cl and Pd−N 

contributions with corresponding RPd-Cl and RPd-N of 2.288 ± 0.005 Å and 2.03 ± 0.01 Å, respectively. 

The Pd−Cl (green) and Pd−N (blue) contributions are reported in k- and R-spaces in parts (a) and 

(b-c) of Figure 3, respectively. The coordination numbers for both Cl and N atoms were fixed to 2. 

The combined XRPD/EXAFS study on the as prepared material testified that the functionalization 

procedure maintained the crystal structure of the UiO-67 framework and confirmed that Pd(II) 

centres are hosted in square planar geometry having two N framework atoms and two chlorines 

as first shell neighbours. 

 
Figure 4. Evolution of (a) phase-uncorrected k2-weighted Fourier-transformed EXAFS data in the 0.2 - 4.8 Å range and (b) XRPD 

patterns reported in the 9 – 15° 2θ-region during the H2-TPR treatment of UiO-67-Pd in the 20 – 300 °C interval. 
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3.2. Formation of Pd NPs and evolution of UiO-67 structure monitored by combined in situ XAS 
and XRPD and ex situ STEM 

The progressive formation of palladium NPs in UiO-67-Pd during H2-TPR was monitored by in situ 

XAS and XRPD. The changes in the Fourier transform of EXAFS data indicate a decrease of the first 

peak at 1.6 Å (phase-uncorrected) which corresponds to Pd-N and Pd-Cl contributions, and 

formation of a new peak at 2.5 Å (phase-uncorrected) attributed to Pd-Pd contribution evidencing 

the nanoparticle formation (Figure 4a). Along all temperature scale XRPD data show that the UiO-

67 structure is stable and preserves its initial crystallinity. At 200 °C, simultaneously with 

detachment of grafted Pd atoms from the linkers, observed in EXAFS, the Bragg peaks in XRPD 

patterns are shifting to higher 2θ angles (Figure 4b) which corresponds to a decrease of the cell 

parameter from 26.7986(2) to 26.730(2) Å. 

 

At the same time, XANES spectra (Figure 5a) indicate a clear transformation of PdII features of 

PdCl2bpydc to Pd0 of Pd NPs. These changes were analysed by means of principal components 

analysis (PCA):109-111 only two main components have been found and attributed to PdCl2bpydc 

and Pd NPs (red and black spectra in Figure 5b, respectively). Figure 5c, reports the evolution of 

Pd NPs components along the H2-TPR treatment (scattered squares). The full line in Figure 5c 

represents the best fit of the experimental points using the Boltzmann equation: 

𝐹(𝑇, 𝑇0, τ) = 1 −
1

1+𝑒(𝑇−𝑇0)/τ
  (1) 

where the parameters T0 and τ represent, respectively, the temperature when half of the 

palladium atoms are in Pd0 state, and an estimation of the width of the temperature interval 

where the transition from PdII to Pd0 occurs. Using Eq. (1), the fit of the experimental points 

obtained from the PCA analysis resulted in T0 = 195 ± 2 °С and τ = 26 ± 2 °С. 

 
Figure 5. Part (a): evolution Pd K-edge XANES spectra during the H2-TPR treatment of UiO-67-Pd in the 20 – 300 °C interval 

(from red to black). Part (b): main components, extracted from PCA analysis, from the series of XANES spectra collected, 

corresponding to PdCl2bpydc (PdII, red curve) and Pd NPs (Pd0, black curve) species. Part (c): Evolution of the Pd0 component 

as a function of temperature obtained by PCA (black squares) and fitted by Boltzmann equation (black curve). 
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Figure 6. Part(a): Phase-uncorrected k2-weighted Fourier-transformed EXAFS data of UiO-67-Pd before (blue curve) 

and after (red curve) activation compared to metallic palladium foil (black dashed curve) and supported Pd/C NPs 99 

with average size 2.6 nm (green dashed curve). Part (b): σ2(N) dependencies obtained for k- (black), k2- (red), and k3- 

(blue) weighted data. The resulting σ2 and N values obtained as an intersection region of these curves are shown with 

the black square with corresponding error bars. Part (c): Determination of the average nanoparticle size (red diamond, 

dashed curve) and its error limits (red dotted lines) according to the size equation.113 

After activation in H2, the sample was cooled down and the final EXAFS data were collected. The 

corresponding Fourier-transform of the obtained signal (Figure 6a, red curve) has much weaker 

amplitude of the Pd-Pd contribution at ~2.5 Å (phase-uncorrected) in comparison with FT of Pd 

foil (black dashed curve), and supported Pd/C NPs with average size of 2.6 nm,99 used as a 

reference material, which indicates the formation of ultra-small palladium NPs. The Fourier 

analysis of EXAFS data showed a strong correlation between σ2 and N parameters, resulting in 

different numerical results depending on the used k-weighting and k-interval. To resolve the 

correlation between σ2 and N values, we have obtained σ2(N) dependencies by variation of 

coordination number using k-, k2-, and k3-weighted data. The intersection of the obtained curves 

(Figure 6b) was used to determine the final values of N = 9.7 ± 0.8 and σ2 = 0.0101 ± 0.0005 Å2. 

Then, using the correlation between the average first shell coordination number and the average 

NP diameter,112-115 in assumption of the spherical shape of the particles, the particle size 

distribution is mainly comprised in the 1.6  3.2 nm interval, with an average value of 2.1 nm, note 

the asymmetric nature if this interval, as illustrated in Figure 6c. The fitted value of interatomic 

Pd-Pd distance R = 2.75 ± 0.01 Å is close to that of Pd foil. The high value of σ2 = 0.0101 ± 0.0005 

Å2 in comparison with σ𝑓𝑜𝑖𝑙
2  = 0.0052 ± 0.0002 Å2 is typical for the NPs due to the disordered 

structure of the subsurface region. 
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Figure 7. Representative STEM images of initial UiO-67-Pd material (a), and after H2-TPR (b-d). Inset in part (a) shows the FT of 

the whole STEM image, inset in part (d) shows the FT of the area highlighted by white square. Inset in part (b) shows the particle 

size distribution. In part (c) four Pd NPs have been labelled as I, II, III and IV and are characterized by transversal sizes of 2.0 x 

2.2, 2.0 x 2.5, 1.5 x 2.1 and 1.6x2.5 nm2, respectively. 

STEM images of the sample before and after H2-TPR are shown in parts (a) and (b-c) of Figure 7, 

respectively (ex situ experiment). Remarkable is the resistance of the UiO-67 framework to the 

200 keV electron beam, allowing observation of the interference fringes between two different 

crystallographic planes (main panels) as well as electron diffraction (insets). The analysis of 

electron diffraction (See Tables S1 and S2 of ESI) confirms that the observed reflections (Figure 

7a) correspond to UiO-67 structure, in agreement with XRPD data reported in Section 3.1, and to 

(111) face of cubic Pd (JCPDS file number 00-001-1312). The low-magnification image reported in 

Figure 7b testifies that quite homogeneous distribution of Pd NPs over UiO-67 matrix is obtained 

after H2-TPR. Figure 7c,d reports a selection of representative high-resolution STEM images. The 

inset in part (d) reports the electron diffraction pattern of the Pd NPs highlighted in the white box 

of the main part and confirms exposure of the. In part (c), four Pd NPs with size close to that 

determined by the EXAFS (2.1 nm, see Figure 6c) are evidenced with Roman labels from I to IV. 

The relatively low contrast between Pd NPs (Z = 46) and the UiO-67 matrix, containing a significant 

fraction of Zr atoms (Z = 40), complicates the detection of Pd NPs, particularly for the smallest 

ones.  

According TEM results, the fraction of NPs with bigger sizes (right part of the size distribution 

curve) should be located not inside the UiO-67 pores, but on its surface. However, the low value 

of the averaged coordination number determined by EXAFS indicate that major fraction of the 

particles, complicated for TEM detection, should have sizes within 2 nm, and should fit the size of 

UiO-67 pores. Moreover, as evidenced by XRPD, formation of palladium NPs does not decrease 

the crystallinity of UiO-67. 
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Figure 8. (a) XANES spectra of the activated sample after cooling down in He (black), exposed to H2 (blue), in reaction conditions 

in a mixture of H2+C2H4 (orange), and in C2H4 (red). The scale for the difference spectra is 10 times larger and is shown on the 

right axis (green). (b) XANES spectra for metallic (black), hydride (blue), and carbide (red) phases of Pd/C catalyst taken in 

similar conditions. Previously unpublished figure, reporting in part (b) data for 2.6 nm Pd NPs supported on carbon already 

published in Ref.98 

3.3. Catalytic hydrogenation of ethylene: operando XANES and DRIFT experiments 

Palladium is known to demonstrate high catalytic activity in hydrogenation of hydrocarbons, and 

to form Pd hydride and carbide phases in reaction conditions.116 After the H2-TPR experiment 

(Figure 4, Figure 5a), the sample was cooled down to 25 °C in He to maintain pure metallic state 

of the just-formed NPs (Figure 8a, black curve). Then, the sample was flushed with 20% H2 in He 

at 25 °C (Figure 8a, dashed blue curve) to check if these NPs can form palladium hydride phase.99, 

106, 117 This procedure resulted in the increase of the Pd−Pd distances from RPd-Pd = 2.75 ± 0.01 to 

RPd-Pd = 2.78 ± 0.01 Å, as determined by Fourier analysis of EXAFS. This increase indicates formation 

of palladium hydride phase, however, the observed interatomic distances are smaller than R = 

2.83 Å observed in similar conditions for Pd/C NPs with an average size distribution of 2.6 nm.118 

Thus, in the UiO-67-Pd sample the hydride phase is formed, but the amount of absorbed hydrogen 

is lower than in the case of the larger NPs supported on carbon. Indeed, the difference XANES 

spectra (Figure 8a, solid blue curve) have the same characteristic features of palladium hydride,119 

but they are much less pronounced than in difference XANES of 2.6 nm PdHx particles (Figure 8b, 

solid blue curve) due to the lower concentration x in small PdHx NPs inside UiO-67 framework. 

IR spectroscopy120-123 has been used to follow the hydrogenation of ethylene in operando 

conditions. Figure 9a shows the DRIFT spectra for the sample after activation (black curve) and 

during reaction at 25, 40, 60 and 80 °C (blue, green, orange, and red curves, respectively). The 

sample after activation does not present any noticeable differences with the non-functionalized 

UiO-67 system,38, 124 since the insertion of the bipyridyl moieties gives rise to a signal which is in 

the same spectral region of the traditional linker, and since the Pd species (in the form of chlorides, 

hydrides and NPs) give rise to signals which are outside of our spectral window. Interesting are: 

(i) the absence of the modes of the dimethylformamide (DMF) molecule, in particular the band at 

1690 cm1,123 reflecting the perfect desolvation of the material; (ii) the presence of the sharp band 



Paper Faraday Discussions 

14 | Faraday Discus., 2018, XX, 1-19 This journal is © The Royal Society of Chemistry 2018 

Please do not adjust margins 

Please do not adjust margins 

at 3673 cm1 due to 3(OH) group in the Zr6O4(OH)4 cornerstone of the UiO-67 MOF,37, 38 that 

resisted to the H2-TPR treatment at 300 °C and that is almost unaffected during C2H4 

hydrogenation (just redshifted by 2 cm1). The characteristic spectral features of the MOF 

framework are also maintained during reaction, due to the extremely mild conditions in which 

hydrogenation takes place (25-80 °C, 1 bar). The subtraction of the IR spectrum obtained on the 

UiO-67-Pd sample at 25 °C in He flow from that one obtained just after switching the gases to the 

reaction feed is reported as blue curve in the inset of Figure 9a and directly compared with that 

of gaseous ethylene and ethane (dark and light grey, respectively). After the He/(H2 +C2H4 +He) 

feed switch, the formation of gaseous ethane (CH stretching modes in the 3050-2850 cm1 

region) is almost instantaneously detected by both IR (Figure 9a, more evident in the inset) and 

MS (Figure 9b). The spectra reported in Figure 9a are also characterized by the almost total 

absence of spectral features belonging to gaseous ethylene, that should be visible in the 3200-

3050 cm1 region, see inset. The only clearly visible feature is the sharp band of the (CH2) 

symmetric stretching mode of C2H4 with B3u symmetry,125 highlighted with the vertical dark grey 

segment. The IR features of ethylene are indeed more difficult to be detected in our experiment 

because of: (i) the fast conversion of C2H4 to C2H6; (ii) the higher extinction coefficients of the CH 

stretching modes of ethane; (iii) the larger overlap of the CH stretching modes of the UiO-67 

linkers with that of C2H4. Figure 9b indicates that the C2H6 production slightly increases by a 

progressive temperature increase from 25 to 80 °C. 

 
Figure 9. Part (a): DRIFT spectra of UiO-67-Pd at RT in He after reduction in H2 (black spectrum) and during ethylene 

hydrogenation at 25, 40, 60 and 80 °C (blue, green, orange, and red curves, respectively). R = reflectance. Inset: magnification 

of the spectral region, from 3250 to 2750 cm−1, involving the CH stretching modes of the difference spectrum (blue  black), 

compared with the spectra of gaseous ethylene and ethane (dark and light grey, respectively). The vertical dark grey segment 

highlights the position of the sharp band of the (CH2) symmetric stretching mode of C2H4 with B3u symmetry.125 Part (b): 

response of the MS reporting the m/Z ratio 30 of the ethane product along the operando DRIFT experiment. The He/(H2 +C2H4 

+He) switch occurred after 215 cycles (1 cycle = 2.03 s). The three temperature changes are accompanied by a sharp increase 

of the MS response. 
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4. Conclusions 

We have performed a successful synthesis of UiO-67-Pd material with 10% of PdCl2bpydc, linkers 

hosting PdII ions. The resulting material exhibited high crystallinity and thermal stability up to 400 

°C, i.e. almost as remarkable than that of the not functionalized UiO-67 MOF.38 Reduction of PdII 

to Pd0 during H2-TPR was monitored by simultaneous in situ XAS and XRPD and indicated the 

detachment of PdII ions from the linkers, removal of Cl ligands and growth of Pd NPs accompanied 

by the decrease of UiO-67 lattice parameter. The resulting material contained homogeneously 

distributed Pd particles with an average size of 2.1 nm. We showed that these small palladium NPs 

in MOF absorb less hydrogen in comparison with bigger carbon-supported palladium NPs, which 

is proved by smaller increase of Pd-Pd distances and less pronounces XANES features of the 

palladium hydride phase. Pd NPs in UiO-67 were catalytically active. IR and MS data showed high 

activity of the sample towards ethylene hydrogenation. In a mixture of hydrogen and ethylene, 

formation of palladium carbide was detected by difference XANES. Further growth of carbide 

features was observed in pure ethylene. The fact that carbide formation does not increase the Pd-

Pd interatomic distances indicated that Pd-C bonds were formed only at the surface of the NPs. 
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