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Supported noble metal catalysts,
transformations between reduced and oxidized states—which influence the metal nuclearities, oxidation

ubiquitous in chemical technology, often undergo dynamic

states, and catalytic properties. In this investigation, we report the results of in situ X-ray absorption
spectroscopy, scanning transmission electron microscopy, and other physical characterization
techniques, bolstered by density functional theory, to elucidate the structural transformations of a set of
MgO-supported palladium catalysts under oxidative treatment conditions. As the calcination temperature
increased, the as-synthesized supported metallic palladium nanoparticles underwent oxidation to form
palladium oxides (at approximately 400 °C), which, at approximately 500 °C, were oxidatively fragmented
to form mixtures of atomically dispersed palladium cations. The data indicate two distinct types of
atomically dispersed species: palladium cations located at MgO steps and those embedded in the first
subsurface layer of MgO. The former exhibit significantly higher (>500 times) catalytic activity for
ethylene hydrogenation than the latter. The results pave the way for designing highly active and stable

Received 3rd January 2024
Accepted 21st March 2024

DOI: 10.1039/d4sc00035h

rsc.li/chemical-science supported palladium hydrogenation catalysts with optimized metal utilization.

during operation.*” The environments commonly vary from
those that are reducing in catalysis to those that are oxidizing in

Introduction

Supported noble metals are among the most widely applied
industrial catalysts, ranging in structure from isolated atoms to
nanoparticles." They are applied in processes ranging from
hydrogenation (e.g., of olefins)? to oxidation (e.g., of CO and
hydrocarbons in vehicle exhaust conversion reactors).® Their
structures depend on the reaction environments, which change
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catalyst regeneration. In reducing atmospheres, supported
noble metals are typically present as zerovalent nanoparticles,®
and, in oxidizing atmospheres, as cations or metal oxide clus-
ters.” The transformations of the various structures lead to
changes in catalyst performance, and the complexity of the
changes, increased by the intrinsic heterogeneity of solid
support surfaces, makes it challenging to determine how the
various species contribute to catalysis."****

Among the metals used in commercial catalysts, palladium
stands out for its wide range of active forms—with the metal
having various formal oxidation states, ligand surroundings,
and nuclearities."*™ Our goal was to elucidate the dynamics of
structural transformations of supported palladium and
compare the catalytic properties of the samples in a range of
forms for a simple test reaction, ethylene hydrogenation. We
chose MgO as the support because it is available as high-
surface-area powders consisting of non-reducible crystalline
particles that are better-defined structurally than the more
common supports such as silica and transition aluminas.
Further, MgO consists of low-atomic-number atoms, enabling
high Z-contrast with palladium atoms on its surface in high-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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angle annular dark field (HAADF) scanning transmission elec-
tron microscopy (STEM).**"

Now we report results determined with techniques including
X-ray absorption spectroscopy (XAS), HAADF-STEM, and elec-
tronic structure calculations at the level of density functional
theory (DFT) showing how to oxidatively convert metallic
palladium nanoparticles on MgO sequentially into PdO nano-
particles and then into atomically dispersed palladium on the
MgO support and further into atomically dispersed palladium
in the first subsurface layer of the MgO. The results show how
the transformation chemistry proceeds as the metal nano-
particles are oxidized and the resultant PAO nanoparticles are
oxidatively fragmented—coincident with the transformation of
the support surface from a hydroxide to an oxide. We used
ethylene hydrogenation as a probe reaction to differentiate
between the atomically dispersed (cationic) palladium on and
in the MgO lattice. The data show that surface palladium on
MgO is more active catalytically than the subsurface palladium.

Results
Structural transformations of supported palladium species

Pd/MgO,,. was synthesized by slowly adding a solution of
aqueous Na,PdCl, to an MgO powder-ethanol slurry by
a method similar to that reported for synthesis of Pt/MgO."® The
resultant samples were calcined in flowing air at various
temperatures (400, 500, and 700 °C), removing water and giving
samples labeled as Pd/MgO; (the subscript is the calcination
temperature in °C) (Table S1 in the ESIf). The palladium
loading was approximately 0.1 wt% (Table S17), determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES), a value chosen to minimize the number of different
support sites occupied by palladium and thereby simplify the
structures.

TEM images of Pd/MgO samples (Fig. S1; “S” refers to the
ESIT) show that the average grain size of MgO was approxi-
mately 100 nm and that it did not change during calcination. X-
ray diffraction (XRD) was used to characterize the Pd/MgO
(Fig. S21). The diffraction pattern of the as-synthesized
sample, Pd/MgOy., is characterized by Bragg peaks that
correspond to MgO and Mg(OH), phases, with the rock-salt
phase of MgO being dominant (Fig. S21). XRD patterns of
each calcined Pd/MgO sample (Fig. S21) include only peaks
associated with MgO, showing that the Mg(OH), phase under-
went dehydration at temperatures lower than 400 °C." The
diffraction patterns characterizing the Pd/MgO samples lack
discernible peaks characteristic of palladium-containing pha-
ses (e.g., palladium metal or PdO), implying that the palladium
was highly dispersed.*

Transmission Fourier-transform infrared (IR) spectra char-
acterizing the voy stretching region of each of the Pd/MgO
samples showed the evolution of OH groups as a function of
calcination temperature (Fig. S31). Strong bands representative
of OH groups on Mg(OH), (at 3700 cm ") were observed in the
spectrum of Pd/MgOy., suggesting that some surface layers of
Mg(OH), had formed during synthesis.>*** This band was not
present in the spectra of the calcined samples, implying that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Mg(OH), species had been converted to MgO during the calci-
nation, consistent with the XRD results. IR spectra of the
calcined Pd/MgO samples include bands in the 3200-4000 cm ™
range associated with hydrogen-bonding of H,O/OH groups and
isolated Mg-OH groups (Fig. S37), and these decreased in
intensity with increasing calcination temperature, as dehydra-
tion (dehydroxylation) occurred.'®>®

Thermogravimetric analysis-mass spectrometry (TGA-MS)
was used to track the removal of water from Pd/MgOy,.. as it
was heated from room temperature to 700 °C in flowing air
(Fig. S4t). A significant loss of mass from the sample occurred at
about 330 °C, concomitant with the detection of water in the
mass spectrometer. The observed loss of water and the
conversion of the Mg(OH), phase detected by XRD and IR
spectroscopy indicate the conversion of Mg(OH), to MgO, as
expected.” Taken together, the results show that, at tempera-
tures >400 °C, the catalyst support was bulk MgO with surface
OH groups and that the MgO did not change in structure or
grain size with increasing calcination temperature.

Ex situ HAADF-STEM images of Pd/MgO,,. (Fig. 1a and S57)
indicate the presence of palladium-containing nanoparticles
with diameters of approximately 4-5 nm. The corresponding
energy dispersive X-ray spectroscopy (EDS) maps (Fig. 1b) show
the distribution of these palladium-containing nanoparticles on
the MgO. HAADF-STEM images of the calcined sample Pd/
MgO,¢0 (Fig. 1c and S61) demonstrate the presence of nano-
particles, now with diameters of 8-12 nm, that is, significantly
larger than those in Pd/MgOy,... The corresponding EDS maps
(Fig. 1d) show that these were palladium-containing nano-
particles, distributed over the available MgO surface. The EDS
data characterizing Pd/MgOy.; and Pd/MgO,0, (Fig. S5 and S67)
show that water washing and calcination had removed essen-
tially all the chlorine that arose from the precursor.'®>*>*

Additional changes in structure of the supported palladium
resulted when the calcination temperature was increased from
400 to 500 °C, and subsequently to 700 °C. The HAADF-STEM
images show that the palladium was then atomically
dispersed on the MgO (Fig. 1e-h). We emphasize that it was the
calcination at temperatures >500 °C that led to oxidative frag-
mentation of the larger nanoparticles to give atomically
dispersed palladium.

In summary, the HAADF-STEM images and the correspond-
ing EDS maps demonstrate the structural evolution of the
palladium during calcination at increasing temperatures, first
involving agglomeration to form larger particles and then
particle fragmentation.

Ex situ X-ray absorption spectra (XAS) were collected at the
palladium K-edge to characterize the various Pd/MgO samples.
X-ray absorption near edge structure (XANES) spectra (Fig. S77)
show that the edge position shifted to higher energy with
increasing calcination temperature, accompanied by a change
in shape and an increase in the white line intensity. The XANES
spectrum characterizing Pd/MgOy,.. is similar to that of palla-
dium metal, and the spectrum of Pd/MgO,q, resembles that of
PdO. The XAS data characterizing the samples calcined at the
higher temperatures, Pd/MgOsoc and Pd/MgO;q, are
characterized by a unique XANES region with an edge energy
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(a) HAADF-STEM image of Pd/MgOyt. (b) Corresponding EDS elemental map of sample shown in (a). (¢) HAADF-STEM image of Pd/

MgQO400. (d) Corresponding EDS elemental map of sample shown in (c). (e) HAADF-STEM image of Pd/MgOsqo. (f) Magnified HAADF-STEM image
of Pd/MgOsgo. (g) HAADF-STEM image of Pd/MgO-qo. (h) Magnified HAADF-STEM image of Pd/MgO-qo.

of 24 355.4-24 356.6 eV and a white line shape that does not
match that of any of the bulk palladium standards (Fig. S77).

Extended X-ray absorption fine structure (EXAFS) spectra of
Pd/MgOyet, PA/Mg0,00, and Pd/MgOso, were modeled using
a scattering path approach (Fig. 2a, b, S9-S11, and Tables S3-
S51). The best-fit model representing Pd/MgOy.; is character-
ized by a Pd-Pd scattering path with a coordination number of
9.4 + 0.8 and a distance of 2.74 4 0.01 A—a bonding distance,
characteristic of metallic palladium (Fig. 2a, S9 and Table S37).
A Pd-O scattering path (at a bonding distance) could not be
modeled, consistent with the inference that the sample con-
sisted of metallic palladium nanoparticles on the support. On
the basis of the combinations of the EXAFS data with the STEM
images, we infer that the palladium precursors had been
reduced in the ethanolic solution in the initial synthesis step to
form palladium nanoparticles prior to deposition on the MgO
(as reported before*), even with the low metal loading that
favored site isolation of the palladium on the support.

Best-fit (conventional) EXAFS models characterizing the ex
situ spectra of Pd/MgO,, and Pd/MgOs, (Fig. 2b, S10, S11,
Tables S4 and S5t) include Pd-O scattering paths, with
a bonding distance and indicating oxidation of the metallic
palladium nanoparticles, consistent with the XANES data. The
(conventional) EXAFS fits characterizing Pd/MgO,0, were satis-
factorily modelled using only scattering paths of PdO (i.e., Pd-O
at shorter distance, Pd-O at longer distance (0.36 nm), and Pd-
{0}-Pd), indicating that there was a complete transformation of
the palladium nanoparticles into PdO nanoparticles. In
contrast, it was not possible to model the spectrum of the Pd/
MgOso with a Pd—{O}-Pd scattering path, and instead the data
were best represented with a Pd-{O}-Mg scattering path—
indicating that fragmentation of the PdO nanoparticles into
highly dispersed, single-site or near-single-site palladium
species on the MgO surface had occurred at the higher
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Fig.2 Magnitude (solid lines) and imaginary component (dashed lines)
of k3-weighted Fourier transform of EXAFS data and results of
conventional EXAFS modeling of (a) Pd/MgOyet in helium flowing at
20 mL (NTP) min! at room temperature; (b) Pd/MgQOgo. and (c)
magnitude (solid lines) and imaginary part (dashed lines) of k*-
weighted Fourier transform of EXAFS data and results of QuantEXAFS
modeling of Pd/MgOsqq. (d) Magnitude (solid lines) and imaginary part
(dashed lines) of k*-weighted Fourier transform of EXAFS data and
results of QuantEXAFS modeling of Pd/MgO5qo in helium flowing at 20
mML(NTP) min~! at room temperature. (e and f) DFT-optimized struc-
tures corresponding to [310]/pos1/*O, (used for modeling Pd/MgOsgg
EXAFS data) and [1001M972/subl (used for modeling Pd/MgOyq0
EXAFS data), respectively (colors: magnesium, green; oxygen, red;
palladium, dark blue; carbon, dark gray; hydrogen, white; magnesium
vacancy, orange).
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calcination temperature of 500 °C (Fig. S11 and Table S5%). This
point is verified qualitatively by the shift to lower distance (R) of
the broad second peak in the magnitude of the Fourier trans-
formed data representing Pd/MgO ¢, (Fig. 2b), from Pd-{O}-Pd
to shorter scattering distances (Fig. S111) that correspond to
Pd-{O}-Mg paths.

The lattice fringes in the image of Pd/Mg0O,, on the support
(Fig. S127) indicate a d-spacing of the particles of 0.27 nm,
which matches well with the distance between neighboring
PdO(002) planes, 0.267 nm.*® Therefore, the particles were
determined to be PdO, consistent with the EXAFS results. This
result indicates that, after calcination at 400 °C, the palladium
nanoparticles had been transformed into oxidic species, PdO or
PdO-like nanoparticles. Particle agglomeration, in combination
with the expansion of the lattice as palladium metal was being
oxidized to form PdO (associated with the different lattice
parameters of the two phases), may account for the change in
the observed particle sizes.

When the EXAFS data characterizing the sample calcined at
700 °C, Pd/MgO5,,, were modelled with a conventional scat-
tering path approach (Fig. S13 and Table S6%), the results
showed that it consisted of isolated palladium ions on MgO
rather than palladium or PdO nanoparticles. On the basis of our
work with Pt/MgO calcined at 700 °C, we anticipated that the
palladium would be present in relatively uniform sites,'® and so
the EXAFS analysis was performed with a method that is more
rigorous than the conventional method mentioned above—with
the goal of providing maximum insight into the metal-support
bonding and metal-support interfacial structure.

Thus, the DFT-guided QuantEXAFS method™ was used to
model EXAFS data characterizing both Pd/MgOs, and Pd/MgO-o,
whereby the fitting included investigation of all the scattering
paths of the plausible structures determined by DFT calculations
for well-defined atomically dispersed palladium structures sup-
ported on crystalline MgO (Fig. 2d, S14 and Table S77).

QuantEXAFS workflow and categorization of paths have been
elaborately discussed in our previous work.” The candidate
models in the database included 47 DFT structures that were
optimized by using the PBESol functional implemented in
VASP*>—these structures along with our input files are available
in the ESL.}

Intending to have a comprehensive database of all the
plausible structures, we included three representative MgO
facets (terrace sites, [100], [100]M&¥2¢, and step sites, [310]);
various surface and subsurface locations of palladium atoms in
the MgO lattice; adsorbates (*O,, *O); and possible vacancies of
Mg and O—all considered among the candidate structures.
Because the influence of the choice of the DFT functional in the
QuantEXAFS analysis was assessed in our previous work,"® here,
we focused only on Pd/MgO structures obtained using the
PBEsol functional.*”

The best structure representing the Pd/MgOs,, sample
(Fig. 2c), was found from the DFT-optimized database (Fig. 2e)
to be a step site with an isolated palladium atom bound to two
oxygen atoms. The coordination numbers CNpgq_o and CNpg_mg
are 7 and 9, respectively (Fig. 2e and Table S7t). However, the
DFT-optimized results characterizing the Pd/MgO-,, data show

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that the palladium was present predominantly as cations in the
first MgO subsurface layer, each next to a magnesium vacancy in
the [100] MgO facet (these sites are referred to as [100]V&V2¢/
sub1) (Fig. 2f and Table S77). The Pd-O and Pd-Mg coordina-
tion numbers in this dataset were found to be CNpg_o = 6 and
CNpg-mg = 11. Table S77 shows the fit parameters for both Pd/
MgOs0o and Pd/MgO,q, along with the neighboring atoms
mapped next to palladium cations, with the respective inter-
atomic distances marked on atoms in units of A, along
with other EXAFS fit parameters, A¢” and AE, which are defined
in ESL.f *®

We emphasize that the information arising from the
QuantEXAFS fits goes beyond just the coordination numbers
and bond distances—the one-to-one mapping of models from
DFT structures with the experimental EXAFS enabled us to
probe the spatial orientations of neighboring atoms, as shown
in Table S7.7

A central point is that the EXAFS data characterizing these
calcined supported palladium samples confirm that the
metallic palladium nanoparticles present initially (at tempera-
ture below 400 °C) had been converted into oxidized nano-
particles (at 400 °C) and then eventually converted—as a result
of the harsh oxidation at 700 °C—into atomically dispersed
palladium present in the first subsurface MgO layer.

The characterization of the intermediate-temperature
sample, that is, Pd/MgOsno, is more challenging, and we
address it below.

The STEM images of Pd/MgOs,, give evidence of isolated
palladium atoms (Fig. 1e and f), and the absence of (oxidized)
palladium nanoparticles—and the conventional EXAFS modeling
results (Fig. S11 and Table S5t) further support the hypothesis
that the Pd/MgOs,, sample incorporated palladium exclusively
as isolated atoms. Hence, we again used the QuantEXAFS
method"™-now to analyze the EXAFS data characterizing that
sample, with a goal of determining the location of palladium on/in
the MgO (Fig. 2¢, S15 and Table S77).

Reinforcing the STEM images and conventional EXAFS
analysis performed with the scattering path method, the
QuantEXAFS results give no evidence of a Pd-Pd scattering
path, consistent with the atomic dispersion of the palladium.
Moreover, using the database of 47 structures mentioned
previously (see ESIf for more details),” we were unable to
identify a single structure that is consistent with the experi-
mental EXAFS.

This result motivated us to explore whether more than one
type of isolated palladium site was present in the Pd/MgOsqo
sample.

To address the challenge of accurately representing the
heterogeneity of the Pd/MgOso,, sample, we implemented
a modified version of the QuantEXAFS approach. This modified
approach involves simultaneously fitting the scattering paths
obtained from two distinct DFT-optimized structures. In addi-
tion to the subsurface site, which describes the Pd/MgO5q,
sample, we now also consider an alternative palladium site
where the O,-bound cation is stabilized at the [310] step (Fig. 2e,
denoted as [310]/pos1/*0,). These two sites were chosen
because they individually fit the experimental results better

Chem. Sci., 2024, 15, 6454-6464 | 6457
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than the other possible sites (Fig. 2c, S15 and Table S77),
providing a significant step forward toward capturing the
heterogeneity of the Pd/MgOs,, sample. The results of this
fitting procedure are shown in Fig. S15,1 which suggests that
the Pd/MgOs, can be effectively described as a 37 : 63 mixture
of [100]™&¥2¢/sub1 and [310]/pos1/*0,. Note that the two chosen
sites are used as representative models to represent the non-
homogenous catalyst; detailed analyses of all possible palla-
dium local environments and their mixtures are beyond the
scope of this work.

We next turn to analysis of the DFT-derived structures
characterizing the Pd/MgOso, and Pd/MgO,q, sites in the
context of our XANES data. We calculated Bader charges of the
DFT-optimized isolated palladium supported on/in the MgO
support. The Bader charge analysis indicates that the
subsurface-isolated palladium ([100]*®"**/sub1) in Pd/MgO;q
(neighboring a magnesium vacancy) is well represented by
a value gpaqer = +1.32¢, which is close to that of Pd*" in the
reference compound H,Pd(OH)e, +1.36e.'®* In contrast, the
Bader charge calculated for palladium species in [310]/pos1/*O,
sites in Pd/MgOsq, is +1.12e, a value that is intermediate
between the value for Pd** and that calculated for Pd** in
Pd(acac), (+0.87¢) (acac is acetylacetonato), showing that the
average oxidation state of palladium in Pd/MgOsq, is lower than
that of the palladium in Pd/MgO,.

The Bader charge analysis supports the variations in absorp-
tion edge position observed in the XANES spectra showing that (1)
the palladium in Pd/MgO,, is Pd(u)O-like; (2) that in Pd/MgO;¢,
has the highest absorption edge energy and is Pd(wv)-like; and (3)
that in Pd/MgOs, is in between, Pd(u+)-like.

To recap, the ex situ characterization data demonstrate the
structural evolution of Pd/MgO,,., consisting of metallic palla-
dium supported on MgO/Mg(OH),, from nanoparticles into
subsurface atomically dispersed palladium supported on MgO
via various intermediates determined by the -calcination
temperature. The foregoing results describe the samples in
various states, but they do not yet explain the details of the
oxidative fragmentation chemistry.

To address this issue, in situ XAS data were collected at the
palladium K-edge to monitor the structural evolution of palla-
dium and its oxidation state and local coordination environ-
ment as Pd/MgOy,; was calcined during a temperature ramp of
2 °C min~" from room temperature to 700 °C, with 20% O, in
helium flowing through the sample cell at a rate of 20
mL(NTP) min~"'. Fig. 3a shows the evolution of the XANES
spectra during the course of the calcination. As the temperature
of the sample was increased from room temperature (=25 °C)
to 700 °C, there was a shift in the Pd K-edge position to higher
energy that was accompanied by an increase in the white line
intensity that confirms the oxidative nature of the process
(represented by the XAS analysis summarized above).

Principal component analysis (PCA), Fig. S16,7 and multi-
variate curve resolution-alternating least squares (MCR-ALS)
analysis (Fig. 3b and c) were used to identify the number and
speciation of statistically unique components required to
describe the transition between the initial and final palladium
K-edge XANES data recorded during the calcination. The PCA
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Fig. 3 (a) The 9-spectrum rolling average normalized XANES spectra
characterizing the Pd/MgO sample during TPO from room tempera-
ture to 700 °C in the presence of flowing 20% O,/helium used in the
MCR-ALS analysis. The color transition in this figure from blue to dark
red corresponds to the time evolution of the sample from the
beginning to the end of the TPO. (b) Comparison of the three eigen
spectra generated in the MCR-ALS analysis with those of reference
compounds. (c) Correlation of the concentration of each eigen
spectrum with the measured H,O signal in the mass spectrometer as
a function of the TPO temperature.

scree plot (Fig. S16b7) shows that three components (Fig. S16ct)
are sufficient to reconstruct the data with 99.99% accuracy. The
eigen spectra calculated in the PCA (Fig. S16ct) also show that
the fourth and fifth eigen spectra (components) are dominated
by noise rather than spectral signatures matching the scree plot
results. MCR-ALS spectral deconvolution was performed by
using the assumption that three components describe the
system. Fig. 3b shows the three eigen spectra obtained from the
MCR-ALS analysis compared with those characterizing bulk
reference compounds, palladium metal and PdO. Eigen spec-
trum 1 is similar to the spectrum of palladium metal; eigen
spectrum 2 is similar to the spectrum of PdO; and eigen spec-
trum 3 is unique, with an edge position at a higher energy (and
characterized by a more intense white line) than those of
palladium or PdO.

The concentration of each species corresponding to the
eigen spectra, together with the H,O signal (m/z = 18) recorded
with a mass spectrometer during the in situ calcination, is
correlated (Fig. 3c) with the temperature of the sample, showing
the evolution of the palladium species and effluent product as
a function of the calcination temperature. During the calcina-
tion of Pd/MgOy., the palladium starting in the metallic state
was heated to 300-400 °C, and water was removed from the
sample, and the metallic palladium component was converted
into a component having a XANES spectrum similar to that of
PdO. This temperature range coincides with that in which
Mg(OH), undergoes dehydration (dehydroxylation) to form
MgO,* which explains the substantial loss of water.

This conclusion is corroborated by the ex situ XRD and IR
results comparing Pd/MgOy,.; and Pd/MgO,q, (Fig. S2 and S37),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and the temperatures match the temperatures associated with
the loss of water in the TGA measurements (Fig. S4t). The
formation of PdO in this temperature range is consistent with
the ex situ STEM and EXAFS results characterizing Pd/MgO 00
(Fig. S12 and Table S4+).

The results therefore suggest that the phase change of the
surface Mg(OH),, the loss of water forming a high local
concentration of steam, and the presence of oxygen—or
a combination of these—lead to the oxidation of the palladium
nanoparticles and the formation of palladium oxide nano-
particles with increasing size.

As the calcination temperature was increased further, to
500 °C, the PdO-like XANES signature was partially converted to
that of the final component, corresponding to eigen spectrum 3
(Fig. 3b), as shown by the MCR-ALS analysis. As the temperature
was still further increased to 700 °C, all the PdO-like species
were converted into the final species.

The QuantEXAFS results characterizing Pd/MgO-,, (Fig. 2d,
S14 and Table S77), combined with the Bader charge analysis,
bolster our hypothesis that eigen spectrum 3 represents the
XANES structure of a sub-surface Pd** species. This conclusion
is plausible given the additional shift in the edge energy of eigen
spectrum 3 compared with the edge positions of the XANES
spectra of palladium metal and PdO.

Hence, we performed theoretical XANES calculations using
FEFF to compare the experimental XANES with the simulated
XANES spectrum characterizing the subsurface palladium site
([100]"&¥*¢/sub1) predicted by QuantEXAFS (Fig. S177).®
Indeed, as shown in Fig. S17,7 the simulated spectrum of the
subsurface structure is a good candidate to model eigen spec-
trum 3. Moreover, the fractions corresponding to eigen spectra
2 and 3 that characterize the sample at 500 °C suggest that the
palladium was present in surface PdO-like structures as well as
subsurface species (Fig. 3b), a result that is consistent with the
ex situ EXAFS analysis of the Pd/MgOs, data (Fig. 2¢c, S11, S15,
Tables S5 and S7f). The results thus imply that, after the
dehydroxylation of Mg(OH), to give MgO, the newly formed
palladium oxide nanoparticles began to fragment, with the
palladium moving to the MgO subsurface, increasingly at
increasing temperatures.

Such fragmentation has been observed in similar materials
in which palladium nanoparticles are aged in flowing dilute
oxygen at elevated temperatures.’

To provide further insight into the chemistry of the trans-
formations taking place at the higher temperatures, the Pd/
MgO,00 sample—consisting of supported PdO nanoparticles—
was investigated with in situ HAADF-STEM. Images were recor-
ded at various temperatures (Fig. S1871). The Pd/MgO,4, was first
heated from 25 to 400 °C in the vacuum chamber of the
microscope (pressure = 1 x 10”7 mbar). HAADF-STEM images
were recorded as the sample was heated from 400 to 700 °C at
a rate of 5 °C min~*. The PdO nanoparticles remained essen-
tially unchanged during the heating process, even at 700 °C
(Fig. S187), a result that is contrasted with the changes occur-
ring during heating in the presence of O, and indicated by the
XAS data. Combined, these observations demonstrate that O, is
needed for the fragmentation of the palladium oxide

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles, consistent with the conclusion that the particle
break-up to give atomically dispersed palladium was an oxida-
tive fragmentation. We posit that these results imply that the O,
gas-phase chemical potential (even, we suggest, under ambient
conditions) has a significant influence on the structural evolu-
tion of catalysts such as ours (a conclusion that accords with
reported high-pressure scanning tunneling microscopy data®).

Catalytic properties of supported palladium species

Building on the aforementioned structural insights, we exam-
ined the catalytic properties of the MgO-supported palladium
species using ethylene hydrogenation as a probe reaction. The
bare support calcined at various temperatures lacked measur-
able activity under our conditions (Fig. S19t); therefore, the
catalyst performance is attributed to the supported palladium
species.>*"*

The catalytic properties of the Pd/MgO,., sample (which
contained metallic palladium nanoparticles) align with those of
metallic palladium, as expected and as shown by catalytic
testing data that are presented in the ESIf and which corrobo-
rate previous findings (Fig. 5207).3*7

Reported results**** show that H, in the feed stream starts to
reduce PdO under catalytic hydrogenation conditions at low
temperatures, and we infer that this pattern pertains to Pd/
MgO,00. Thus, we expect that our data are not sufficient to
determine steady-state catalyst performance of the supported
PdO nanoparticles. Here, we focus only on the catalytic prop-
erties of samples consisting of atomically dispersed palladium
on MgO supports.

Our experiments were done with a once-through plug-flow
reactor operated at atmospheric pressure. The feed partial
pressures (mbar) were H,, 100; ethylene, 100; and helium, 800;
the total feed flow rate was 40 mL(NTP) min~ ', and the catalyst
mass was 50 mg. The product stream was analyzed periodically
with an on-line gas chromatograph (Table 1, Fig. 4 and S19-
S227).* The only observed product was ethane.

Ethylene hydrogenation reactions catalyzed by Pd/MgO;,
incorporating atomically dispersed palladium in the first
subsurface MgO layer were carried out with continuous steady-
state flow of reactants at 80 °C for more than 100 h (Fig. S21at),
leading to steady-state conversions. The steady-state TOF
((molecules of ethylene converted) x (Pd atom x s)”') was
found to be 0.22 (Fig. S21at and Table 1). Similar experiments
with this catalyst were carried out at temperatures in the range
of about 70-80 °C, with the data (Fig. 4) indicating an apparent
activation energy of 120 4 5 k] mol ™.

Ethylene hydrogenation reactions catalyzed by Pd/MgOsg,
which incorporated the aforementioned mixture of isolated
surface and subsurface palladium, were performed at a lower
reaction temperature (45 °C), chosen because of the higher
activity of that sample arising, as discussed below, from the
relatively high density of the more accessible isolated surface
palladium sites. These flow-reactor experiments were carried
out long enough to establish steady-state conversions
(Fig. S21btf and Table 1). The steady-state TOF ((molecules of
ethylene converted) x (Pd atom x s)~') was calculated to be
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Table 1 Performance of atomically dispersed Pd/MgO catalysts in ethylene hydrogenation

Steady-state rate of ethylene
conversion, TOF

Initial form of catalyst Support

(molecules-per (Pd atom)-per s)

Reaction conditions

Subsurface isolated palladium 0.22

species (Pd/MgO;q0)

MgO

Mixture of surface and subsurface 0.60
sites incorporating isolated

palladium species (only surface

sites are considered to be active

sites) (63%; Pd/MgOsgo)

MgO

O PdIMgO;0
O PdMgOsy,

-
o

o
3}
L

95 + 5 kJ mol!

e
\

120 + 5 kJ mol!

300 315 330

1000/T (K")

2.85

TOF for Ethylene Conversion (s™")

Fig. 4 Arrhenius plot characterizing ethylene hydrogenation on
catalysts initially present as Pd/MgO- and Pd/MgOsq. Error bars on
TOF values represent standard deviations determined from three
independent measurements.

0.60 at 45 °C, a value calculated by normalizing to the above-
stated percentage of palladium in surface sites (Table 1).
Similar experiments with this catalyst were carried out at
temperatures in the range of 35-45 °C, with the results (Fig. 4)
indicating an apparent activation energy of 95 &+ 5 kJ mol .
Further, the ratio of the activity of the mononuclear palladium
in the first MgO subsurface layer to that of the surface-
supported mononuclear palladium was found to be 10~ to
0.053 at 25 °C, where the TOF values were determined by
extrapolation of the Arrhenius plots.

The used catalysts from these experiments were character-
ized by EXAFS spectroscopy. The data characterizing both Pd/
MgO,¢o and Pd/MgOsq, recorded after catalysis were not
substantially different from those characterizing the fresh
sample (Fig. S231), implying that the isolated palladium sites
([100]™&¥*/sub1 and [310]/pos1/*0,) were stable during
ethylene hydrogenation catalysis. The results imply that the
initial changes in catalyst performance in the flow reactor
merely represent adjustments of the local binding environ-
ments of the palladium before attainment of steady state in the
presence of the reactant stream.

Thus, a central result is that palladium atomically dispersed
on the surface of MgO is markedly more active than that present
in the first subsurface layer of MgO (Fig. 4 and Table 1) and the
catalytic hydrogenation reaction is correspondingly characterized
by a lower apparent activation energy. As the Pd/MgOs,, sample
consists of more accessible palladium cations, we hypothesize

6460 | Chem. Sci, 2024, 15, 6454-6464

10% C,H, + 10% H, + 80% helium,
40 mL (NTP) min ™, 1 bar, 80 °C,
50 mg of catalyst

10% C,H, + 10% H, + 80% He,

40 mL (NTP) min~", 1 bar, 45 °C,
50 mg of catalyst

that palladium in the [310]/posl sites is more active for the
hydrogenation reaction than the others. Most supported metal
catalysts incorporate nonuniform species, and it is expected that
the catalytic activity could be dominated by a minority of species
that are highly active, such as metal clusters in the presence of
atomically dispersed cationic species.****** Although the presence
of a few highly active minority species cannot be excluded with
certainty, the catalysts reported here have been characterized in
such depth, including analysis by the QuantEXAFS method,* that
we discount the likelihood that palladium clusters in either Pd/
MgOs, or Pd/MgO, were responsible for a substantial fraction
of the observed catalytic activity, which we attribute to isolated
palladium sites. These inferences are consistent with observa-
tions showing that atomically dispersed iridium on MgO is more
active catalytically for ethylene hydrogenation when is has fewer
Ir-O support bonds linking it to the support,'® and, similarly, that
atomically dispersed platinum on TiO, is more active for CO
oxidation when it is coordinated to fewer support oxygen atoms.*®

DFT modelling of catalyst

To explain the experimentally observed trends in catalytic
activity of the two samples, we used DFT-based nudged elastic
band calculations (using the RPBE/D3-(B]) functional)*”** to
provide further understanding of the properties of atomically
dispersed palladium in the surface and subsurface sites—
specifically to investigate the mechanism of ethylene hydroge-
nation on these sites. The methods are consistent with those
reported previously for the calculation of barriers."®

Using these methods, we first investigated both the Eley-
Rideal and Langmuir-Hinshelwood mechanisms for the
subsurface palladium site ([100]¥#¥¢/sub1) that represents the
Pd/MgO5, sample. Investigating the Eley-Rideal mechanism,
we found a relatively high enthalpic barrier (290 k] mol™" at
80 °C) that is associated with the reaction of a surface-bound
hydrogen with ethylene. Because this calculated value is much
higher than the experimentally measured apparent activation
energy (120 = 5 k] mol %), we conclude that another mechanism
is responsible for the observed catalytic properties.**>°

Our calculations for the Langmuir-Hinshelwood mechanism,
shown in Fig. 5a,"~> agree satisfactorily with experiment, with the
enthalpic barrier for hydrogen dissociation (116 k] mol ") being
close to the experimental apparent activation energy (120 +

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5 k] mol ') and indicating that it is the rate-limiting step (the
calculated free energy barrier is 118 kJ mol™"). On the basis of
these results, we anticipate that the highly coordinated subsur-
face palladium atom and the neighboring magnesium vacancy
activate the oxygen atom to facilitate hydrogen dissociation. The
*H bound to the oxygen atom above the subsurface palladium
atom stabilizes ethylene adsorption at a neighboring surface
magnesium site that draws this *H to form a *C,H; intermediate,
which combines with a second *H to form the stable product
ethane gas.

The above analysis is based on the involvement of the [100]
facet of MgO, where the subsurface site corresponds to the Pd/
MgO;q site. Because the results of the QuantEXAFS analysis
suggest that the surface palladium site may be present in the
more active Pd/MgOs,, catalyst, we also investigated the cata-
lytic properties of the [310]/pos1/*O, site invoking an Eley-
Rideal mechanism. The first step in the mechanism (Fig. 5b) is
the dissociative adsorption of hydrogen to form atomic
hydrogen, characterized by a free energy barrier of 69 k] mol™"
at 45 °C (and an enthalpic barrier of 60 k] mol™"). This step is
inferred to be rate-limiting for ethane formation, and our
calculated reaction barriers are close to the values calculated
previously for transition metal catalysts.*® Following hydrogen
dissociation, the m-bonded ethylene molecule interacts with
a hydrogen atom bonded to an oxygen atom of MgO adjacent to
the surface palladium atom. This hydrogen atom is transported
to form a surface ethyl (*C,H;) intermediate by reacting with
a m-bonded ethylene, followed by hydrogenation of *C,Hs to
form *C,H, and desorption of C,Hg in an essentially barrierless
step (Fig. 5b). This mechanism is similar to that reported by
Stacchiola et al.®®

a 150

118 kd/mol 1
000 606
100 4 6800
©006 606
_— WMTSZ
§ +H, () e
= 0 252 232
U]
< ] 72 kJjmol 31 kd/mol +C,Hq(g) oy.,,,.., g,(?w.
-Ha(g) TS3
-CzHi(9) o
~100 0906 .g.
{ I 19
+CHy(g) 2%0
-150 - T T T T T T .O.
1 2 3 4 5 6 7
Reaction coordinate
b 1501 69 kd/mol
28 kJ/mol 1
100 (eX - 1] .
900 38
S 50 oo®
2 P
£ 2 TS2
A 1t Hy(g) o
a3 C:Hi9)| O O@ é@
Q 0Q0
_504
oS 888
Topvow  Sdeview
~100
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1 2 3 4 5 6

Reaction coordinate

Fig. 5 Free energy diagram representing ethylene hydrogenation on
(a) [1001M9¥2¢/subl (Pd/MgO00) at 80 °C and on (b) [310]/posl/*O,
(Pd/MgOsqg) at 45 °C (colors: magnesium, green; oxygen, red; palla-
dium, dark blue; carbon, dark gray; hydrogen, white; magnesium
vacancy, orange) (the numbers on the horizontal axes are arbitrary).
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This comparison suggests that the higher activity of the Pd/
MgOs, catalyst is likely dominated by the properties of [310]
sites that were less prevalent than the less active [100]"8V2¢/
sub1 sites. A more detailed analysis of the two-site kinetics is
beyond the scope of this investigation, but, consistent with our
suggestion, the experimentally observed apparent activation
energy (i.e., 95 k] mol™') lies between the computationally
determined values for the two sites that are likely present in the
Pd/MgOs,, sample.

Discussion

What distinguishes the work presented here from reported
accounts of the evolution of a supported metal catalyst is the
variety of the catalytic species and the thoroughness of the
structural characterizations and their links to catalyst perfor-
mance. Palladium appears to be unique among the catalytically
important metals in the diversity of its catalytic structures. The
involvement of PdO nanoparticles in this chemistry calls to
mind the tendency of palladium catalysts to switch between the
metallic and metal oxide states, with the switches determined
by reaction conditions being essential in controlling the cata-
Iytic activity for the industrially important methane oxidation
catalysis and providing control of the activity of the catalyst.*®

The importance of oxidative fragmentation of supported
noble metal catalysts has, we infer, quite some generality.
Related work has led to similar conclusions about this point: an
example, among several, is the work of the group of Zhang,**
who reported that platinum in Fe,O3-supported nanoparticles
was volatilized at 800 °C in air to give species that were trans-
ported to a reducible Fe,O; support, where atomically dispersed
platinum became bonded, evidently without the need for anion
or cation vacancies on the support. Similar chemistry is illus-
trated by data characterizing platinum on ceria: platinum
nanoparticles supported on Al,O; were mixed with particles of
defective CeO, and calcined in air at temperatures as high as
800 °C,> leading to the transformation of platinum into iso-
lated atoms on CeO, via gas-phase transport of volatile PtO,.
Defect sites on CeO, played a key role in capturing and stabi-
lizing the atomically dispersed platinum.***® Cargnello's group®
showed that palladium nanoparticles on y-Al,O; (and on other
irreducible metal oxides) that were used to catalyze methane
oxidation underwent deactivation as the palladium was con-
verted at high temperatures into atomically dispersed palla-
dium, which was inactive. Also comparable to the chemistry
reported here is that reported by the group of Zhang®” showing
that air calcination at 900 °C of a mixture of RuO, powder with
particles of iron oxide or iron-substituted MgAl,O, converted
the RuO, into atomically dispersed ruthenium on the iron-
containing supports.

Thus, there are various routes for conversion on metal oxide
supports of metallic noble metals into atomically dispersed
species, which we posit are generally positively charged. Our
work on Pd/MgO provides a contrast to the aforementioned
examples, as we not only observed the oxidative fragmentation
of the noble metal and the formation of stabilized subsurface
metal ions in the support, but also the formation of PdO
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nanoparticles as intermediates in the process that ultimately
led to oxidative fragmentation of metallic nanoparticles. We
posit that the fragmentation process was complex, influenced
by both kinetics and thermodynamics. We expect that the
chemistry of the crystalline MgO support played an important
role in the process, but there is little that has been reported that
provides mechanistic insight into it. In their insightful review of
doped metal oxides,*® McFarland and Metiu noted that doping
of metal oxides with metals typically involved cations as
dopants and surface oxygen defects likely playing important
roles, but, notwithstanding an extensive set of comments about
characterization of the samples, these authors did not offer
evidence of the mechanisms of the doping. We suggest the
relevance of their comments but emphasize that data charac-
terizing the mechanisms of metal doping of metal oxides are
lacking. Thus, we suggest that the insights gained from our
work may have value for understanding and controlling struc-
tural transformations of supported palladium catalysts, but we
caution that the results characterizing the MgO support should
not be expected to mimic those occurring on other supports.

Conclusions

The data reported here identify the steps in an oxidative
pathway for converting palladium nanoparticles via palladium
oxide nanoparticles into atomically dispersed species in surface
and subsurface sites of MgO. The various palladium structures
have been characterized by high-resolution STEM and X-ray
absorption spectroscopy, with the data providing evidence of
the distributions of the several structures depending on the
calcination temperature. The metal nanoparticles underwent
fragmentation as the temperature was raised to 700 °C, and
oxidation led to a sequence of conversions giving the various
forms of the catalyst—which were found to have markedly
different catalytic properties for the ethylene hydrogenation
reaction. The ratio of values of steady-state TOF values charac-
terizing the mononuclear palladium in the first MgO subsurface
layer to that of the surface-supported mononuclear palladium
was found to be 10~* to 0.053 at 25 °C. DFT-calculation results
provide insight into the separate mechanisms of the ethylene
hydrogenation on the various forms of the catalyst, with the
calculated barriers being in satisfactory agreement with the
experimental apparent activation energies.
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