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The structure of Pd-functionalized UiO-67 during
CO2 hydrogenation†
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Elizaveta G. Kozyr, d Christian Ahoba-Sam,b Silvia Bordiga, bd Unni Olsbye *b

and Aram L. Bugaev *e

The detailed evolution of the local atomic and electronic structure of palladium nanoparticles (NPs)

embedded in Zr-based metal–organic frameworks (MOFs) UiO-67 is presented. The samples were

employed for CO2 hydrogenation under different temperatures and at total pressures of 1 or 8 bar. The

effects of exposure to the reactive atmosphere and reaction products on the structure of MOFs and Pd

NPs were monitored in operando mode by simultaneous X-ray diffraction and X-ray absorption

spectroscopy measurements. Advanced analysis of large experimental datasets supported by theoretical

simulations revealed the formation of mixed carbide and hydride phases of palladium and the adsorption

of CO species as reaction intermediates at the surface of Pd NPs under the reaction conditions.

According to available information, the observation of the Pd/Zr interface and its association with

methanol formation was first obtained in this work for Pd–Zr-MOFs materials.

Introduction

Hydrogenation of CO2 is an important reaction attracting the
attention of researchers over decades and becoming more and
more crucial in the context of the green and circular economy.
The particular challenge is the ability to reduce the main driver
of global warming by converting CO2 into useful value-added
products such as methanol. Prior to this, the hydrogenation of
CO2 to CH4, also called the Sabatier reaction,1 was carried
out at high temperatures (4300 1C) to promote the kinetics
of the reaction. The most popular catalysts for methanation are
supported metal systems.2–7 However, during the hydrogena-
tion reaction in such catalytic systems, the catalyst ages, which
is associated with gradual sintering of metal particles and/or
adhesion of carbon atoms to nanoparticles (NPs), reducing the
number of active sites involved in the reaction.8–12

As a solution to the problem of particle sintering, there is a
promising way, namely using a stable porous structure as a
substrate, inside the pores of which nanoparticles of fixed sizes
could be grown. Among all materials possessing such charac-
teristics, we find metal–organic frameworks (MOFs).13–16 MOFs
consist of metal/metal oxide nodes connected by organic linkers
into three-dimensional porous crystalline structures. Since these
nodes are active by themselves only in a limited number of MOF
structures, it is proposed to carry out additional functionaliza-
tion for catalytic purposes.17–21 Some of the most promising
MOFs are the Zr-based UiO family, displaying exceptional
thermal and chemical stability up to the required reaction
temperatures.22–26 Also, in the case of UiO-66/67/68, functiona-
lization has played an important role in enhancing the material
potentialities, by insertion of other metals in the inorganic
cornerstones27,28 and by functionalization of linkers with addi-
tional metals.29–33

Previously, our group has investigated how the CO2 hydro-
genation reaction proceeds on Pt NPs grown inside UiO-67
pores, where the process was monitored by operando FT-IR
spectroscopy.34,35 Furthermore, the successful synthesis of
palladium NPs inside UiO-67 was studied by X-ray powder
diffraction (XRPD) and X-ray absorption spectroscopy
(XAS),36,37 where Pd structural changes were monitored during
ethylene hydrogenation.32,38

In this work, we have studied structural evolution of
Pd@UiO-67 during operando carbon dioxide hydrogenation by
simultaneous measurements of XRPD, X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine
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structure (EXAFS) spectroscopies. The multivariate curve reso-
lution alternating least squares (MCR-ALS) approach39–41 was
applied to XANES spectra to extract pure species from the whole
dataset during the CO2 hydrogenation reaction under different
temperature and pressure conditions. The obtained experi-
mental spectra were complemented by theoretical XANES
simulations and density functional theory (DFT)-calculated
atomic structures to define surface adsorbed species. XRPD
and EXAFS analysis provided values for lattice expansion of
the MOFs structure and, respectively, changes in the local
environment of Pd atoms. Furthermore, the CO2 conversion
was followed by FT-IR spectroscopy. Finally, the conditions
used during XAS and FT-IR measurements were replicated in
a catalytic test rig to establish structure/composition – perfor-
mance correlations for the Pd@UiO-67 catalyst.

Results and discussion

A TEM image of the sample after activation is shown in Fig. 1.
The formed Pd NPs, which are regarded to be the active species
during CO2 hydrogenation, can be easily distinguished within
the framework. Average size of the particles is ca. 2.3 nm
(Fig. S1, ESI†),32 which is in good agreement with the results
of EXAFS analysis (vide infra). The deviation from the normal
distribution (see the inset in Fig. 1) may originate from the co-
existence of the particles inside the pores and at the outer
surface of MOF crystallites.21,32,36

Fig. 2 shows details of operando FT-IR spectra of UiO-67-Pd,
namely the formate region (2800–2700 cm�1) and CO� � �Me
interaction region (2150–1910 cm�1) collected during CO2

hydrogenation reaction. Differently from what was observed
in our previous research with its Pt-analogue,35 the Pd catalyst
operating at 1 bar total pressure did not develop the typical tiny
band of the bidentate formate groups located at 2750 cm�1

(Fig. 2a),35,42 which we identified as the one responsible for
methanol production. Indeed, catalytic data collected under the
same reaction conditions confirmed such evidence. This beha-
vior was also confirmed at different operating temperatures.
Another difference from UiO-67-Pt, is the absence of the
interaction of produced CO with Pd NPs that were formed
during the activation procedure (Fig. 2b), meaning that CO
adsorption is not favorable at such temperature and pressure
conditions. However, by varying the total pressure to 8 bar, UiO-
67-Pd catalyst started developing the typical bidentate formate
spectroscopic feature at 2750 cm�1 (Fig. 2c).35 Such signal is
constant throughout the whole catalytic test, similarly to the
methanol selectivity that is strictly related to the presence of
such species. Furthermore, higher pressure began to favor CO
adsorption onto Pd NPs, as visible from gas-phase roto-
vibrational signal of CO at 240 1C (red curve, Fig. 2d) and from
its typical signal related to linear carbonyl species at 2050 cm�1

(brown curve, Fig. 2d).38,43–45

The local structures of palladium and zirconium, as well the
crystal structure of UiO-67 framework was followed in situ
starting from the activation of as-prepared UiO-67-Pd under
various conditions. Fitting of the EXAFS data collected under
each of the experimental conditions provided the evolution of

Fig. 1 TEM image of the UiO-67-Pd sample after activation. Size distribu-
tion analysis shown in the inset was performed by counting 240 particles
from different images of the sample.

Fig. 2 FT-IR spectra in the formate region (parts (a) and (c)) and CO� � �Me
interaction region (parts (b) and (d)) of UiO-67-Pd in operando CO2

hydrogenation conditions under different total pressure, namely 1 bar
(parts (a) and (b)) or 8 bar (parts (c) and (d)). Orange curves refer to
activated catalyst at 240 1C, red curves refer to CO2 hydrogenation at
240 1C, brown curves refer to CO2 hydrogenation at 170 1C.
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the first-shell Pd–Pd interatomic distances and the averaged
first-shell coordination numbers (Fig. 3, parts (a) and (b),
respectively). XANES data (Fig. S2, ESI†) confirm the successful
reduction of Pd(II) with formation of Pd NPs, in agreement with
our previous reports.36,37 The coordination numbers in the
activated samples were close to 10 irrespective of the activation
temperature (240 and 300 1C). The values correspond to the
particle size of about 2.6 nm, which is slightly higher than in
TEM due to the stronger influence of larger particles in atom-
weighted EXAFS signal. Notably, the cell parameter of the UiO-67
framework decreases together with the formation of Pd NPs
(Fig. 4). For the sample activated directly in the reaction mixture,
lower values of coordination numbers (N = 9) were observed,
which can be explained by the stabilization of the small particles
due to the interaction with the reagents (vide infra).

Under reaction conditions, coordination numbers are
stable, but interatomic distances systematically increase for
all samples, being larger for lower temperatures and high
pressures. After cooling down in the reaction mixture, the
values of RPd–Pd B 2.81 Å were observed, which is close to
those reported for palladium hydrides.46–48 However, flushing
with helium, performed for the samples investigated at high
pressures, results in only partial decrease of RPd–Pd to ca. 2.77 Å
which is considerably higher than RPd–Pd = 2.74 Å expected for
metallic palladium, and exceeds the thermal expansion of Pd

NPs.49 This indicates that apart from palladium hydride, which
is known to form reversibly, irreversible formation of an addi-
tional phase occurs. For smaller particles formed after activation
in the reaction mixture, shorter RPd–Pd values were observed
under reaction conditions. This correlates with the fact that
smaller particles have smaller hydrogen (or carbon) storage
capacity50 resulting in a less pronounced cell expansion.

The typical XRPD pattern of UiO-67 (Fig. S3, ESI†) is preserved
during both activation procedure and CO2 hydrogenation reac-
tion, which proves the extreme stability of MOFs with UiO-67
structure. The evolution of the cell parameter is shown in Fig. 4.
Under reaction conditions, the cell parameter is increasing
with respect to the activated material in pure He and in H2/He
mixture. The increase of the cell parameter is higher at high
pressures and lower temperatures, which may indicate the
adsorption of reactive molecules inside the pores of UiO-67.

To get further insights into the local structure of Pd sites, we
analyzed XANES spectra, which are known to be sensitive to the
presence of light atoms, such as H or C, that are not visible in
Pd K-edge EXAFS.51–54 Principle component analysis (PCA)
analysis revealed the presence of three independent species
formed under reaction conditions (Fig. S4 and S5, ESI†). Then,
MCR-ALS procedure was applied to represent the whole set of
XANES data (Fig. S6, ESI†) by the three representative spectra
(Fig. 5a) and their concentration profiles (Fig. 6 and Fig. S7–S9,
ESI†). The first component (solid black line) corresponds to the
metallic phase of palladium and its concentration is maximal for
the fresh samples after activation in H2. The second component
(dotted blue line) is characterized by a shift of the second peak
towards smaller energies, due to the increased Pd–Pd distances,
characteristic for palladium hydride.45,50,54 Furthermore, its
concentration decreases when after activation in H2 the sample
is flushed with He (Fig. 6 and Fig. S7, ESI†). However, the shape
of the first peak is different from that reported for palladium
hydrides46 and is slightly broadened toward higher energies,
indicative of Pd–C bonds.55 Therefore, this component repre-
sents the Pd NPs with increased interatomic distances due to the
presence of both H and C impurities in the bulk of the particles

Fig. 3 Pd–Pd interatomic distances (a) and coordination numbers
(b) determined by first-shell fitting of EXAFS data collected for the samples
activated at 300 1C in H2 and used for CO2 hydrogenation under 1 bar and
8 bar (black squares and red diamonds, respectively), activated at 240 1C in
H2 and used for CO2 hydrogenation under 1 bar and 8 bar (blue up and
green down triangles, respectively) and activated directly in reaction
mixture at 1 bar at 240 1C (purple circles). Colored areas of the background
correspond to different gas environment: blue – helium flow, green –
hydrogen flow, pink – reaction mixture.

Fig. 4 Cell parameter of UiO-67 samples during activation in H2 and
reaction under 1 bar (black squares) and 8 bar (red diamonds) obtained by
the refinement of XRPD data.
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(Fig. 5c). The last component (dashed red line) is characterized
by smaller interatomic distances, but the carbide-like features in
the first peak are even more pronounced than in the second
component. To reproduce the observed changes, the theoretical
spectra were calculated for the structures with CO2, CO, CHx,
H2O, O and OH placed on top, bridge or hollow sites (Fig. S10, ESI†)
at of palladium surface. The highest similarity with the experi-
mental data was observed in theoretical spectrum for bridge CO
configuration, shown in Fig. 5b by dashed red line together with
pure Pd surface (solid black). In agreement with the assignment
made, the concentration of the last component (surface adsorbed
CO) goes to zero after flushing with He, while the second one (bulk
carbide) remains stable. Moreover, the separately measured XAS
spectra for Pd@g-Al2O3 NPs with a particle size of ca. 2.6 nm under
CO flow prove the proposed model (Fig. S11, ESI†).

Additional insights into the structure of UiO-67-Pd come
from the Zr K-edge EXAFS. Due to the complex surroundings of
Zr atoms on UiO-67 secondary building units, the fitting of
EXAFS data requires a big number of parameters to be taken
into consideration. In particular, coordination numbers (N),
Debye–Waller factors (s2) and interatomic distances (R) for
single scattering of two Zr–O, Zr–C and Zr–Zr contributions
and Zr–O–O, Zr–O–C and Zr–O–C–O multiple scatterings

already require 18 parameters with additional energy correc-
tions (DE0). To reduce the number of independent fitting
parameters, only three scattering paths (Zr–O1, Zr–O2 and
Zr–Zr) were used, where two Zr–O contributions depict the
interval 1.2–2.6 Å in R-space (phase uncorrected). Furthermore,
fitting was performed simultaneously for five EXAFS spectra of
the same sample, using shared parameters, and applying several
constrains. For instance, interatomic distances for identical
paths were used the same for the whole lifespan of the sample,
DE0 was fixed at zero, and total coordination number of two
oxygen scattering paths was set to 8. Thus, the total number of
variable parameters of five EXAFS spectra was 20. The fitting
results for the sample activated in H2 at 300 1C and exposed to
reaction mixture under 8 bar for the most essential parameters
are summarized in the Table 1.

The Zr–Zr coordination number decreases dramatically
upon activation, which is visually seen in Fig. 7, while the
increase in the Debye–Waller is consistent with the tempera-
ture. Even considering the correlation between these para-
meters, an additional effect on Zr–Zr coordination beyond
thermal disorder is evident. Under reaction conditions, Zr–Zr
coordination remains lowered and is only partially restored
after cooling down to 50 1C. Therefore, the secondary building
units of UiO-67 experience local distortions with a decrease in
the coordination of Zr–Zr preserving with the overall stability of
the whole UiO-67 framework confirmed by XRPD. FT-EXAFS
spectra collected for the sample directly activated in the

Fig. 5 (a) Pd K-edge XANES spectra extracted from the whole experi-
mental dataset by MCR approach. (b) Theoretical spectra calculated
for pure Pd surface (solid black), bulk Pd with RPd–Pd = 2.8426 Å absorbed
ca. 7% C and ca. 7% H atoms (dotted blue) and Pd surface with bridging
CO molecule (dashed red). (c) Schematic illustration of atomic structures
of palladium surfaces whose simulated XANES spectra reproduces the
features observed in (the frame color is the same as for spectra in part (b)).
Atoms color code: Pd – dark grey, C – brown, O – red, H – pink MCR
components.

Fig. 6 Evolution of MCR components (the color code is the same as for
spectra presented in Fig. 5a) for the samples (a) activated in H2 at 300 1C
and exposed to reaction mixture under 8 bar and (b) activated directly in
the reaction mixture under 1 bar at 240 1C.
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reaction mixture under 1 bar at 240 1C show the appearance of
an additional peak at ca. 3 Å (Fig. 8), attributed to the Zr–Pd
contribution. To elucidate this contribution, we have fitted the
EXAFS data at 240 1C using two Zr–O paths and one Zr–Pd path
with independent variable parameters. The Zr–Pd path was
created by substitution of one Zr atom in UiO-67 inorganic
cornerstone by Pd. Addition of the Zr–Zr path does not improve
the fit quality as shown in ESI† (Fig. S13). The fit results are
summarized in the Table 2.

The CO2 conversion and product distribution obtained over
UiO-67-Pd under conditions mimicking those used during FT-
IR and operando XAS and XRPD measurements are presented in
Fig. 9. The conversion of CO2 was below 2% under all conditions
tested. The catalytic results acquired under FT-IR conditions
reveal exclusive formation of CO as the sole product at 1 bar.
Conversely, at 8 bar, methanol is detected at all temperatures.

This is in agreement with the fact that formate (Fig. 2), a
well-known intermediate of methanol, was only observed at 8
bar using FT-IR. Methane is only observed at 8 bar and 240 1C,
which is expected due to the limitation of the kinetics of the
Sabatier reaction.1

Under XAS/XRPD conditions only CO was observed except at the
highest pressure and temperature tested herein, where methane

was also formed. The formation of CO, and of methane as a
secondary product thereof at high temperature and pressure, is
in agreement with literature on Pd nanoparticles in SiO2 and in
UiO-66 MOF.1,56 To the best of our knowledge, methanol formation

Table 1 Fit results of FT-EXAFS for the sample activated in H2 at 300 1C and exposed to reaction mixture under 8 bar. The fits were performed in the R-
space over the (1.3–3.8) Å interval on the k1–3-weighted w(k) functions Fourier-transformed in the (3.8–14.5) Å�1 k-space interval. The DE0 was fixed at 0
to all paths. The quality of the fits can be evaluated in Fig. S12 (ESI)

Sample condition/
parameter

As such, room
temperature, He flow

After activation at 300 1C,
reaction mixture under
8 bar at 240 1C

Reaction mixture
under 8 bar at 200 1C

Reaction mixture
under 8 bar at 170 1C

After reaction,
50 1C, He flow

S0
2 � NZr–O1 2.77 � 0.25 3.45 � 0.22 3.29 � 0.24 3.12 � 0.22 2.92 � 0.24

S0
2 � NZr–O2 5.23 � 0.25 4.55 � 0.22 4.71 � 0.24 4.88 � 0.22 5.01 � 0.24

S0
2 � NZr–Zr 4.13 � 0.07 1.26 � 0.56 1.88 � 0.57 2.29 � 0.57 3.32 � 0.59

RZr–O1 2.12 � 0.03
RZr–O2 2.27 � 0.01
RZr–Zr 3.52 � 0.01
s2

Zr–O1 0.003 � 0.001 0.006 � 0.001 0.005 � 0.001 0.005 � 0.001 0.004 � 0.001
s2

Zr–O2 0.004 � 0.001 0.006 � 0.001 0.005 � 0.001 0.005 � 0.001 0.004 � 0.001
s2

Zr–Zr 0.004 � 0.001 0.006 � 0.001 0.005 � 0.001 0.005 � 0.001 0.004 � 0.001
R-factor 0.0238 0.0656 0.0413 0.0379 0.0304

Fig. 7 Experimental phase-uncorrected FT of Zr K-edge EXAFS spectra
collected for the sample activated in H2 at 300 1C and exposed to reaction
mixture under 8 bar. The highlighted area shows the contribution of Zr–Zr.

Fig. 8 Experimental phase-uncorrected FT of Zr K-edge EXAFS spectra
collected for the sample activated directly in the reaction mixture under 1
bar at 240 1C. The orange area shows the contribution of Zr–Pd and the
green one – Zr–Zr.

Table 2 Fit results of FT-EXAFS for the sample directly activated in the
reaction mixture under 1 bar at 240 1C. The fits were performed in the R-
space over the (1.3–3.8) Å interval on the k1,2,3-weighted w(k) functions
Fourier-transformed in the (3.8–14.5) Å�1 k-space interval. The same DE0

was used for both Zr–O paths

Sample condition/
parameter

Activation and reaction mixture
under 1 bar at 240 1C

S0
2 � NZr–O1 3.95 � 8.17

S0
2 � NZr–O2 0.97 � 6.06

S0
2 � NZr–Pd 3.90 � 2.01

RZr–O1 2.14 � 0.04
RZr–O2 2.29 � 0.04
RZr–Pd 3.26 � 0.14
s2

Zr–O1 0.007 � 0.018
s2

Zr–O2 0.002 � 0.017
s2

Zr–Pd 0.010 � 0.003
DE0 �3.61 � 5.39
DEZr–Pd �5.45 � 4.04
R-factor 0.0361
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on Pd–Zr-MOFs is unprecedented in the open literature. However,
this observation is well supported by prior studies in which a
synergistic interaction between open Zr sites on the Zr6O4(OH)4

nodes of UiO-66/-67 and either Pt NPs or Cu NPs has been reported,
with the metal NP as the hydrogen activating site, and the metal–Zr
interface as the CO2 activation site. In both cases, formate species
attached to the Zr-nodes were identified as intermediates to
methanol formation.35,57–59

Unfortunately, the overall catalytic performance of Pd NPs
embedded in the UiO-67 MOF happened to be quite low for this
kind of reaction. Nevertheless, the methodologies developed
for the analyses of this material were made available to identify
intermediates adsorbed on the surface of the nanoparticles and
demonstrated an extreme stability of the Pd-functionalized
MOF under reaction conditions.

Materials and methods
Catalyst preparation

The UiO-67-Pd samples were prepared by the following proce-
dure: 135 g of ZrCl4 (1 eq.) was slowly added to a 3L reactor

containing 63 ml of distilled water (6 eq.) and 2243 ml of
dimethylformamide (DMF) (50 eq.) held at room temperature
on a magnetic stirring plate. The solution was heated to 110 1C
and 212 g of benzoic acid (3 eq.) was added as a modulator and
dissolved rapidly. When the benzoic acid was completely dis-
solved, 14 g of 2,20-bipyridine-5,50-dicarboxylic acid (bpy) was
added, followed by 126 g of 1,10-biphenyl-4,4 0-dicarboxylic acid
(bpdc). The resulting solution was placed for two days at 120 1C
in a jacketed glass reactor (with stirring) equipped with a reflux
condenser. The resulting product was isolated by filtration,
washed with hot DMF (500 ml) and acetone (1 l) in the filter,
and then dried at 150 1C in air overnight. The MOF was then
impregnated with PdCl2 (Sigma-Aldrich) in DMF at 100 1C
overnight (with stirring).32 This procedure leads to the for-
mation of well-defined BPYDC-PdCl2 sites. The amount of
PdCl2 used for the impregnation corresponded to a 1 : 1 bpy : Pd
molar ratio and 4.6 wt% Pd in the final material.

Laboratory characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) measurements were performed using a side entry
Jeol JEM 3010 (300 kV) microscope equipped with a LaB6 filament
and fitted with X-ray EDS analysis by a Link ISIS 200 detector. For
the analysis, the powdered samples were deposited on a copper
grid, coated with a porous carbon film. All digital micrographs
were acquired using an Ultrascan 1000 camera and the images
were processed by Gatan digital micrograph. A statistically repre-
sentative number of particles was counted to obtain the Pd
particle size distribution with the average value 2.3 nm. The mean
particle diameter (dm) was calculated as follows: dm = Sdini/Sni,
where ni was the number of particles of diameter di. Measure-
ments were carried out on UiO-67-Pd after activation at 4 hours at
300 1C in 20 ml (min 0.1gcat)

�1 10% H2 in Ar. It is worth noting
that the UiO-67-Pd samples proved to be stable to prolonged
exposition under the electron beam of the instrument, in terms of
UiO-67 crystallinity as well as Pd NPs size (no metal coalescence).

Operando FT-IR technique was performed by means of a
Bruker Vertex70 instrument, equipped with a liquid nitrogen-
cooled MCT detector. Each spectrum was acquired by averaging
64 acquisitions with a spectral resolution of 2 cm�1. The
undiluted sample was pressed to form a pellet of approximately
4 mg and was mounted inside a low free-volume cell from
AABSPEC (model #CXX). Such cell allowed pressure, tempera-
ture, and gas flow control. The sample was activated at 300 1C
(5 1C min�1 ramp) in 10% H2/He (10 ml min�1) for 4 h and then
cooled to 240 1C in 10 ml min�1 He. Afterwards, the sample was
kept under atmospheric pressure and CO2 hydrogenation (CO2/
H2 = 1/6, 10 ml min�1, t = 0.0004 gcat min ml�1) reaction
conditions for 2 h. Finally, the temperature was varied to
170 1C, keeping constant the feed composition. Such catalytic
test was performed with same temperatures and gas composi-
tion, but at 8 bar pressure.

Operando XAS and XRPD

XRPD and Pd K-edge XAS data were collected at the BM31 of the
ESRF (Grenoble, France). The sample (ca. 10 mg) was loaded

Fig. 9 Product distribution (left axes, bars) and CO2 conversion (right axes,
circles) at 1 and 8 bar and 170, 200 and 240 1C over UiO-67-Pd. CH4 selectivity
(yellow), CH3OH (red) and CO (blue) and CO2 conversion (circles). (a)
Reduction: 10% H2 in inert for 4 h at 300 1C. Conditions: H2/CO2 = 6/1,
contact time (t) = 0.01 gcat min ml�1. (b) Reduction: 14% H2 in inert for 0.5 h at
300 1C. Conditions: H2/CO2/inert = 3/1/4, contact time (t) = 0.01 gcat min ml�1.
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inside a 2.5 mm quartz glass capillary and fixed with quartz
wool from both sides. The capillary was glued inside a
U-shaped sample holder connected to a remotely controlled gas
line (see Fig. S14, ESI†). A gas blower was positioned below the
sample to control the temperature. The samples were activated
in situ by heating in a flow of 1.4 ml min�1 H2 and 8.6 ml min�1

He from room temperature to 300 1C and left at this temperature
for 30 min to allow the formation of nanoparticles. Then, the flow
was switched to pure He to remove possible PdHx phase. The
activated material was cooled down to 240 1C, and exposed to a
reaction mixture of H2/CO2/He = 3/1/4 (7.5, 2.5, and 10 ml min�1

of H2, CO2, and He, respectively) with a total flow of 20 ml min�1

(t = 0.0005 gcat min ml�1). The reaction was carried out at 240,
200, and 170 1C under a total pressure of 1 and 8 bar, for 2 h
under each of the above conditions. The resulting gas mixture
after the sample was analyzed by online mass spectrometer
(Pfeiffer OmniStar GSD 320).

Pd K-edge XAS were obtained in the transmission mode by
continuous scanning of the double crystal Si(111) monochro-
mator from 24.1 to 25.3 keV for steady state spectra and during
reaction, and from 24.2 to 24.8 keV for measurements during
activation. To reduce higher harmonics the monochromator
was detuned to 80% of the maximal intensity. The palladium
foil was measured simultaneously with each spectrum for
energy calibration using a third ionization chamber. For the
sample activated at 300 1C at 8 bar and the sample directly
activated in reaction mixture, Zr K-edge XAS (see Fig. S15, ESI†)
were also collected from 17.8 to 19.0 keV alternatively with Pd
K-edge XAS.

XRPD was measured using 0.51067 Å radiation, selected by a
Si(111) channel-cut monochromator. CMOS-Dexela 2D detector
covered the 2y region up to 351. The values of the photon
wavelength, sample to detector distance and detectors tilts have
been optimized by Rietveld refinement of NIST LaB6 and Si
samples and kept fixed in the refinement of the Pd/C samples.
For better statistics 20 diffraction images and 20 dark images
(without X-ray beam) with acquisition time of 5 seconds were
collected at each experimental point.

XAS data analysis

Demeter software package60 was used to process and analyze
EXAFS spectra. Background subtraction, normalization and
energy calibration were performed in the Athena program using
standard parameters. For the Pd K-edge, the first shell Fourier
analysis of the EXAFS data was performed in the Artemis
program using Pd–Pd contribution with four variable para-
meters: DE0, RPd–Pd, s2

Pd–Pd, NPd–Pd. The fit was performed in
R-space in 1.0–3.0 Å region for k2-weighted data Fourier trans-
formed (FT) in 3.0–10.0 Å�1 Dk region (2DkDR/p 4 8). The S0

2

value was fixed at 0.77 as determined for Pd foil. For the Zr K-
edge the 4.0–14.0 Å�1 Dk and 1.21–3.7 Å DR intervals were used
for all spectra. One path of Zr–O shell and one path of Zr–Zr
were used in the Fourier analysis of the EXAFS data with 8
variable parameters in total.

Analysis of experimental XANES spectra was performed using
multivariate curve resolution (MCR) approach implemented in

pyMCR 0.3.1.61 The whole dataset of normalized experimental
spectra was represented by matrix D of size m� n, where m is the
number of spectra and n is the number of energy points. This
matrix is decomposed as D = CST + E, where C with size m � k is
the concentration profiles of k pure components from matrix S
(n� k), and E (m � n) is the error matrix. The energy ranges were
limited to 24.33–24.41 keV. The optimal number of components
was determined from the PCA implemented in PyFitIt.62–64

Theoretical XANES calculation

Theoretical XANES spectra were calculated within a full
potential finite difference method of FDMNES code.65,66 The
computational sphere radius was chosen as 5.2 Å. The surfaces
were represented by unit cell with 32 Pd atoms, adsorbed
species (CO2, CO, CH3, H2O, O and OH placed on top, bridge,
or hollow sites) and 13 Å of vacuum (see Fig. S10, ESI†). All
geometries were initially optimized in VASP 5.3 code67–69 with
PBE exchange–correlation potential using a 8 � 4 � 1 Mon-
khorst Pack grid with the plane-wave basis cutoff at 500 eV.

XRPD data analysis

2D XRPD images were averaged in PyFAI code70 to obtain I(2y)
patterns. Whole-pattern fitting by Pawley method was performed
in Jana2006 code.71 The used 2y-range was from 3 to 301. The
initial structure was based on a cubic cell of UiO-67 in Fm%3m
symmetry with cell parameter a = 26.8 Å. The variable parameters
included cell parameter (a), three parameters of Pseudo-Voight
function and ten parameters of the background function.

Catalytic testing

Catalytic tests were performed under conditions mimicking those
used in XAS/XRPD and FT-IR studies, using a commercial Micro-
activity Effi reactor (PID Eng & Tech) with a fixed bed flow setup.
The reactor is a stainless-steel reactor (I.D. 6 mm) coated with
silicon, connected to an Agilent 8890 gas chromatogram (GC)
equipped with two flame ionization detectors (FIDs) and a thermal
conductivity detector (TCD). One of the FIDs was coupled to a
methanizer to achieve lower detection limits of CO and CO2. The
Pd-UiO-67 sample was tested under two different conditions to
better compare the activity of the material under similar condi-
tions to those during XAS and FT-IR characterization. To imitate
the conditions during XAS and XRPD, 0.2 g catalyst were reduced
in 14% H2 in inert for 0.5 h at 300 1C. The catalyst was tested at
240, 200 and 170 1C at 1 and 8 bar for 4 h under a reaction mixture
of H2/CO2/Inert = 3/1/4 with a total flow of 20 ml min�1 (t = 0.01
gcat min ml�1). To replicate the condition used during FT-IR
spectroscopy, 0.2 g UiO-67-Pd was reduced in 10% H2 in inert
for 4 h at 300 1C before being exposed to a reaction mixture of H2/
CO2 = 6/1 with a total flow of 20 ml min�1 (t = 0.01 gcat min ml�1).
The catalyst was tested at 240, 200 and 170 1C at 1 and 8 bar.

Conclusions

Summarizing the operando study on UiO-67-Pd MOF, we can
conclude that: (i) under reaction conditions, mixed palladium
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hydride and carbide phases are formed; (ii) the hydride phase is
stronger at high pressure and low temperatures, but is removed
upon flushing in He, while the carbide one is stable even after
flushing; (iii) formation of CO adsorbed species is observed
under reaction conditions, and can act as stabilizing factor for
smaller Pd NPs formed upon activation directly in the reaction
mixture; (iv) Zr–O coordination in the inorganic building units
of UiO-67 is reduced during CO2 hydrogenation reaction that is
the more considerable at the higher temperature, while the
overall UiO-67 lattice remains stable under all conditions; (v) a
Zr/Pd interface is observed in EXAFS, being responsible for
methanol formation in UiO-67-Pd samples.
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