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ABSTRACT: The reductive exsolution of metallic Ru from fluorite-type
solid solutions Ln,Ru,,Ce; 3O, (Ln = Sm, Nd, La) leads to materials with
metal—support interactions that influence the electronic state and the
catalytic activity of Ru. In situ X-ray absorption spectroscopy at the Ru K-
edge identified that with increasing temperature, the exsolution of Ru from
Sm,Ruy,Ce; 4O, in a H, atmosphere proceeds via an intermediate Ru’*
state, that is, Ru** —>Ru’*—Ru’. X-ray photoelectron spectroscopy (XPS)
established that, in parallel (H, atmosphere at ca. 500 °C), also Ce*" ions
reduce to Ce®", which is accompanied by an electron transfer from the
reduced host oxide to the exsolved Ru® clusters, creating Ru’" states. Low-
temperature diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) using CO as a probe molecule reveals a red shift of the CO
adsorption bands by ca. 18 cm™' when increasing the temperature during
the H, treatment from 300 to 500 °C, consistent with an increased z-backdonation from more electron-rich Ru species to CO.
However, at a lower reduction temperature of ca. 100 °C, a blue-shifted CO band is observed that is explained by a Lewis-acidic
Ru’*~CO adduct. Nuclear magnetic resonance (NMR) signal enhancement in parahydrogen-induced polarization experiments was
used as a structure-sensitive probe and revealed a decreasing propene hydrogenation rate with increasing exsolution temperature,
accompanied by a notable enhancement of propane hyperpolarization (ca. 3-fold higher at 500 °C than at 300 °C). These data
suggest that the exsolved, subnanometer-sized Ru species are more active in propene hydrogenation but less selective for the pairwise
addition of p-H, to propene than Ru’" sites engaged in a strong metal—support interaction.

[ihl Metrics & More | @ Supporting Information

1. INTRODUCTION

Model catalysts containing oxide-supported well-defined and
highly dispersed metallic nanoparticles of controllable size,
shape, particle size distribution, and composition have been
instrumental in advancing our understanding of various
essential catalytic processes.' ™ One of the key challenges in
the development of such model catalysts has been controlling
simultaneously the density and size of the supported
nanoparticles, their uniform distribution, and metal—support

govern the catalytic activity and selectivity of the material by
affecting the adsorption energy and surface diffusion of
reaction intermediates.”’ >

Recent reports demonstrated that the effects of MSI on the
pairwise selectivity of parahydrogen (p-H,) addition in
hydrogenation reactions are strongly dependent on the specific
catalyst system and the respective electronic state of the active
sites, influenced by SMSI and/or EMSI For instance, an
enhanced pairwise selectivity was observed over Ir/TiO, due
to the formation of electron-rich Ir species generated during

interaction (MSI).®"' Recently, exsolution of metal nano-
particles (Pd, Rh, Pt, Ni, Co, Fe) from a host oxide lattice in a
reductive H, atmosphere has emerged as a powerful method to
produce model heterogeneous catalysts,' " often yielding
materials with a narrow particle size distribution and stabilizing
MSL'*""7*" Such MSIs can be categorized as follows: (i)
electronic interactions including, for instance, charge transfer
at the metal—support interface (EMSI)*>*® that can alter the
electronic state of supported nanoparticles or clusters””** or
(i) geometric MSI resulting in a partial confinement (i,
oxide overcoat, SMSI) of the supported species by the reduced
support.””® Those two types of MSIs are often entangled and
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the reduction at 500 °C.>' In contrast, a Pd®* electronic state
was obtained in Pd/TiO, when reduced in hydrogen at 500 °C
and showed an overall decreased activity and pairwise addition
selectivity.”” Therefore, to establish a general framework of the
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effects of MSI on activity and pairwise selectivity, a broader
survey of other supported metal catalysts is necessary. Here, we
aim to probe supported Ru-based catalysts synthesized via a
reductive exsolution approach, assess the associated MSI
phenomena, and perform a structure—activity study of the
exsolved materials for the hydrogenation of propene with p-H,
(a model reaction).

The applied conditions during reductive exsolution play a
major role in controlling the resulting particle size and the
nature of the metal—support interaction (geometric and
electronic).>' > For example, we have recently reported that
the reductive exsolution of metallic Ru from fluorite-type
Sm,Ru,Ce,_,O, solid solutions yields, at 700 °C, highly
dispersed supported metallic nanoparticles of ca. 1 nm in
diameter that are socketed in the host oxide surface.” This
type of strong MSI reduced the mobility of the exsolved
nanoparticles under the high-temperature conditions in the dry
reforming of methane (DRM) and thereby moderated
sintering of the active component, which is a typical
deactivation route of DRM catalysts. In contrast, here, we
focus on understanding the nature of Ru and the support
surface during the reductive exsolution of metallic Ru from
LnyRuy,Ce; 4O, (Ln = Sm, Nd, La) in a lower temperature
range, ie., ca. 25—500 °C, using a combination of bulk and
surface-sensitive characterization techniques including in situ
X-ray diffraction (XRD)—X-ray absorption spectroscopy
(XAS), X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, CO-diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS), H,-temperature-programmed
desorption (H,-TPD), and transmission electron microscopy
(TEM). Ru K-edge XAS data show that Ru exsolves from the
parent solid solution phase through an intermediate Ru’* state,
that is, Ru**—Ru’*—Ru’. Following the atomic ratio of Ru/
Ce, Ru/Ln, and Ru/(Ce+Ln) by XPS as a function of
reduction temperature, already at 100 °C, a maximum in the
Ru surface concentration is observed; increasing the temper-
ature further lowers the Ru/Ce and Ru/Ln ratios, consistent
with the geometric SMSI. The XPS analysis also demonstrated
that the reduction of Ln,Ru,,Ce; 4O, in H, at ca. 300—500 °C
yields electron-rich Ru’~ states owing to the charge transfer
(electronic MSI) from the reduced support to the exsolved
material.

This is further corroborated by DRIFTS results using CO as
the probe molecule, revealing an increasing red shift of bound
CO, and hence a more electron-rich Ru® surface, with an
increasing reduction temperature. Finally, the hydrogenation of
propene with p-H,, which leads to a nuclear magnetic
resonance (NMR) signal enhancement of the hydrogenation
product propane, provided a structure-sensitive reaction,” >’
allowing us to assess the interplay between the electronic and
geometric MSIs of supported Ru species.””” Specifically, we
find that the selectivity of the pairwise addition of p-H, to
propene is influenced strongly by the nature of the Ru sites.
We observed an up to 3-fold increase in propane polarization
on electron-rich Ru®" species that are in electronic and
geometric MSI with the support compared to Ru’ species
(Figure 1). Yet the catalytic activity of Ru’~ is lower than that
of Ru’, likely owing to the blocking of active Ru sites by
reduced Ce>" sites.

2. EXPERIMENTAL METHODS

2.1. Material Characterization. Details on N, phys-
isorption, laboratory-based XRD measurements, CO-DRIFTS,
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Figure 1. Schematic of the reductive exsolution of Ru from
LnyRuy,Ce, sO, associated with electronic and geometric metal—
support interactions (EMSI and SMSI, respectively) and its effect on
the catalytic performance in propene hydrogenation.

XPS, H,-TPD, Ru K-edge XAS, and Raman spectroscopy are
provided in the Supporting Information.

3. RESULTS AND DISCUSSION

Ln,Ruy,Ce; 3O, (Ln = Sm, Nd, La) solid solutions were
prepared following a general protocol described by us recently
(see the Supporting Information for details).”* For brevity, in
what follows, we focus on Sm,Ru,,Ce; O, (Figure 2a) as a
representative material, while experimental results for
Nd,Ru,,Ce; 3O, and La,Ruy,Ce; 3O, are presented in the
Supporting Information. The structural evolution of
Sm,Ru,,Ce, sO, under reductive conditions (10 vol % H, in
N,, 1 bar) was probed by in situ combined XRD and XAS (Ru
K-edge) in a temperature programmed reduction (TPR)
experiment (25—700 °C).>****" With increasing temperature,
a decrease of the white line intensity and a gradual shift of the
absorption edge toward lower energies are observed in the X-
ray absorption near-edge structure (XANES) spectra of
Sm,Rug,Ce; 3O, Such changes are consistent with the gradual
reduction of Ru (Figure 2b). At 460 °C, the position of the
absorption edge of Sm,Rug,Ce;3O;(460.112) and its pre-edge
features are similar to the reference Ru foil, indicating that a
major fraction of Ru was reduced to the metallic Ru. Likewise,
in the extended X-ray absorption fine structure (EXAFS) data,
the amplitude of the peak due to the Ru—O coordination
sphere decreases continuously with increasing temperature
(Figure 2c). This reduction in amplitude is due to both a
decrease in the coordination number related to the reduction
of the oxide solid solution and an increase in the (thermal)
disorder. At 500 °C, in the FT of the EXAFS data, a peak
develops at ca. 2.4 A, which is due to the formation of a Ru—
Ru shell in Ru’. Next, we applied a principal component
analysis (PCA) to the in situ XANES spectra, which indicated
that the reduction is described well by three main components
(see the Supporting Information for details). To deconvolute
the spectra and their evolution with temperature during the in
situ TPR, multivariate curve resolution—alternating least-
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Figure 2. (a) Hlustration of the crystal structure of fluorite Sm,Ru,,Ce, 3O, solid solution (Sm and Ru atoms substitute Ce position in the lattice).
(b) Normalized Ru K-edge XANES spectra and (c) Fourier transforms of k*-weighted EXAFS data of the in situ TPR experiment (conditions 10%
H, in N,). (d) XANES spectra of C1, C2, and C3 components extracted from MCR-ALS analysis, attributed to Ru*", Ru’*, and Ru’. (¢) MCR-ALS
analysis of the Ru K-edge XANES data as a function of reduction temperature and (f) in situ XRD (4 = 0.49751 A) patterns of Sm,Ru,,Ce,; 3O,
obtained during the same TPR experiment.
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Figure 3. (a) Deconvolution of the XPS data at the Ru 3d core level and (b) atomic ratios of Ru/Ce, Ru/Sm, and Ru/(Ce+Sm) for
Sm,Ru,,Ce, ;O in calcined and reduced states (the standard error for quantitative analysis was within 10%). (c) Comparison of the in situ CO-
DRIFT spectra measured at —25 °C for Sm,Ruy,Ce, 3O, after reductive treatment in 10 vol % H, in N, for 30 min at 100, 300, or 500 °C. The
trace label shows the CO partial pressure. (d) Temperature dependence of propene conversion and propane NMR signal enhancement (SE) for
Sm,Ruy,Ce, 0, (C;Hy/p-H, = 1:4; total flow, 3.8 mL s™'; Sm,Ruy,Ce; 505, 30 mg).

squares (MCR-ALS) analysis was applied.** The MCR-ALS oxidation state) and metallic Ru, respectively, while we ascribe
analysis was performed assuming that the data can be component 2 to an intermediate oxidation state of Ru, i.e, a
described sufliciently by three components, as suggested by Ru’ state (Figures 2d and S1—S3). According to the
the PCA analysis. Components 1 and 3 extracted by the MCR- concentration profile (ie, a fraction of Ru species as a
ALS analysis match well the spectra of Sm,Ru,,Ce; sO, (Ru** function of temperature) obtained through the MCR-ALS
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analysis, the intermediate Ru’* state reaches a maximal weight
fraction of 0.7 already at 230 °C and then decreases to its
minimum at 680 °C. The fitting of the EXAFS data allowed the
determination of the variation of the interatomic Ru—O
distances as a function of reduction temperature. The Ru—O
interatomic distances increase from 1.96(6) to 2.02(7) A
between ca. 200 and 250 °C (Figure S9a and Table S3), which
correlates with the presence of an intermediate Ru®* state
determined by the MCR-ALS analysis of the XANES data
(Figure 2e). According to the MCR-ALS analysis, metallic Ru
starts to appear at ca. 220 °C and its weight fraction reaches ca.
0.8 at 500 °C and continues to increase up to 680 °C (Figure
2e). The XRD data collected during the same experiment
reveal the onset of supercell Bragg reflections, typical for
Sm,Ce, O, that crystallizes in a C-type phase, at ca. 220 °C
(Figure 2f). The presence of peaks due to the Sm,Ce,0, phase
confirms that the exsolution of Ru from Sm,Ru,,Ce; O,
triggers a fluorite-to-C-type transition that is characterized by
a rearrangement of oxygen vacancies.”” No XRD peaks related
to metallic Ru are observed up to 700 °C, which suggests the
formation of highly dispersed Ru nanoclusters on the surface of
the Sm,Ce, sO,_s support.”* The EXAFS fittings reveal that
the Ru—Ru coordination number for Sm,Rug,Ce; 07 (700.112)
(collected after cooling down to SO °C in situ) is 6.9(1) (Table
S4c and Figure S10c), which is indeed consistent with the
exsolution of Ru nanoparticles of ca. 1 nm in diameter’* under
these conditions.”> These results are in line with the
observations made by scanning transmission electron micros-
copy (STEM) (Figure S9b,c).

XPS spectra of calcined Sm,Ru,,Ce; O, and of reduced
samples (at 100, 200, 300, 400, and ca. 500 °C for 1 h for each
reduction temperature and at 300 mbar H,) were acquired to
assess the electronic states of the exsolved Ru surface species
and to probe for metal—support interactions. Core-level Ru 3d
spectra feature a doublet corresponding to the Ru 3d;,, and Ru
3d;,, states due to spin—orbit splitting. Calcined
Sm,Ru,,Ce; ;O, exhibits two deconvolved Ru 3d;s,, core
peaks at binding energies (BE) of 282.5 and 2814 eV,
corresponding to the Ru** state and Ru in a lower oxidation
state, denoted as a Ru’®* state.**™*” We note that a Ru®" state
with a BE of 281.4 eV has been ascribed previously to Ru**
cationic species.*>***” Notably, in comparison to Ru K-edge
XANES (i.e., a bulk probe used at 1 bar), a higher fraction of
surface Ru” species was detected by XPS analysis. This
difference can be explained by the surface sensitivity (sampling
depth, ca. 40—45 A) of XPS and the use of high vacuum.
Reduction at 100 °C yields a small peak at 280.1 eV that is
characteristic of metallic ruthenium (Figures 3a and S4a). 2!
The intensity of the Ru’ peak at 280.1 eV grows gradually with
increasing reduction temperature (up to 300 °C). At this
temperature, Ru’ and Ru’" states coexist (major and minor
components, respectively) while no Ru*" state is present. The
evolution of metallic and oxidized Ru species as a function of
the reduction temperature indicates that at ca. 400 °C, all
surface Ru is metallic (Figures 3a and S11). XPS data also
reveal a notable shift of the Ru’ peak position to lower BE with
increasing reduction temperature. Specifically, a shift by ca. 0.6
eV to lower energies of the Ru’ state is observed when
comparing the XPS spectra at 300 and 400 or 500 °C (i.e., the
BE position of metallic Ru shifted from 280.1 to 279.5 eV
when the temperature was increased from 300 to S00 °C).
This effect can be explained by an altered electronic structure
of metallic Ru due to alloying with a metal of the reduced

oxide support’™> or a char%e transfer from the reduced

support to the exsolved metal.”>>

In contrast to the reported XANES data on intermetallic
compounds of Ru with rare-earth metals (e.g, YRu,) that
exhibit an ca. 2 eV shift toward lower edge energies relative to
Ru’,*° we observe no such shift to lower energies in the Ru K-
edge XANES data of exsolved Sm,Ru,,Ce; ;O at least up to
700 °C (Figure 2b), suggesting that the formation of Ru—Ce/
Sm intermetallics is unlikely under these conditions. The
decrease of the work function of metallic ruthenium owing to
the transfer of electron density from the reduced support to
Ru’ was previously reported.”” " This precedent points to an
electronic metal—support interaction via charge transfer and
also indicates that the state of Ce was modified after the
reduction step, which facilitated the observed EMSL*™%
Indeed, while the Ce 3d XPS spectrum of calcined
Sm,Ru,,Ce; sO; shows a predominant Ce** state, reduction
at 500 °C transforms Ce*" to the Ce’* state, as suggested by
the emergence of broad shoulder peaks at BEs of ca. 885 and
903 eV,*" respectively (Figures S12a and $13). That being
said, the corresponding 3d XPS spectra of Sm do not show a
notable change of the Sm>* state, which makes Ce* ions a
likely source of electrons for the Ru’~ species (Figure S12b).
These results suggest that the high reduction temperature (ca.
500 °C) is the key parameter for establishing an EMSI effect
leading to Ru’~ species.”®>>°>%® XPS results revealed that the
atomic ratio of Ru/Ce at the surface is higher in the calcined
solid solution relative to the nominal bulk ratio (i.e., 0.2/1.0
and 0.2/1.8, respectively). This suggests a higher concentration
of Ru cations in surface layers of Sm,Ru,,Ce, 3O, relative to
the bulk concentration of Ru. Following the evolution of the
Ru, Ce and Sm surface species in Sm,Ruy,Ce O, as a
function of the reduction temperature shows that the Ru/(Ce
+Sm) ratio reaches its maximum already at 100 °C and then
gradually decreases up to 400 °C, indicative of a geometric
MSI due to the particle encapsulation of Ru (overcoating) by
Sm,Ce, sO,_s (Figure 3b).>**%% Thus, the influence of the
geometric and electronic MSI effects on the state of Ru (and
ultimately, its catalytic properties, vide infra) is entangled in
the present system. Notably, Nd,Rug,Ce, O, and
La,Ru,,Ce; 30, behave similarly to Sm,Rug,Ce; 4O, under
reducing conditions (Figures S14—S18).

The effect of MSI on the state of Ru in Sm,Ru,,Ce; ;O
reduced at 300 and 500 °C (5% H,/Ar) was further elucidated
by H,-TPD experiments.”' Notably, the amount of released H,
determined in H,-TPD experiments decreases from 104 to 96
umol g~' when increasing the reduction temperature from 300
to 500 °C (Table SS). These data are also consistent with CO-
TPD measurements that indicate a decreased CO uptake for
Sm,Rug,Ce; 3O, reduced at 500 °C relative to 300 °C, i.e., 60
and 82 umol g™, respectively (Table SS and Figure S19). This
decrease of chemisorbed H, and CO can be caused by
geometric (encapsulation of active sites) and/or electronic
MSI effects, consistent with XPS findings (Figure 3a,b). Note
that as the stoichiometry of H, chemisorption on Ru’" sites is
not clear currently, the assessment of the active surface area of
Ru’" and comparison of the catalytic activity expressed in
turnover frequencies (TOF) is unavailable. Thus, the catalytic
activity is compared only as conversion and product selectivity
(vide infra). As mentioned above, the Ru particle size reaches a
diameter of ca. 1 nm after reduction at 700 °C and is likely to
be smaller at lower reduction temperatures (Figure S9).
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DRIFTS experiments using CO as the probe molecule
provided additional insights into the chemical state of the
exsolved Ru species. Before CO adsorption, the reductive
treatment of calcined Sm,Ru,,Ce; 4O, was performed in a
Harrick cell with 10% H,/N, (30 mL min™") at 100, 300, or
500 °C for 30 min, followed by purging with N, (10 min, 30
mL min~") and cooling down in high vacuum. High-purity CO
(99.97%) was pulsed to the outgassed specimen at —25 °C to
avoid potential oxidation of CO by the material or CO-
induced agglomeration and/or restructuring of highly dis-
persed Ru sites (Figure 3c). The calcined Ru-free Sm,Ce,0O,
reference material showed no vibrational bands of adsorbed
CO species owing to a weak interaction between CO and
Sm,Ce,0; (Figure S20a). However, calcined Sm,Ru,,Ce; ;0
exhibited a characteristic low-intensity band of adsorbed CO at
2174 cm™ (no gaseous CO® was observed under these
conditions; Figure S20b). After reduction at 100 °C,
Sm,Ruy,Ce; O, features bands of adsorbed CO at 2174,
2117, 2047, 2005, and 1975 ecm™'. An increase of the CO
partial pressure from 0.12 to 1 mbar did not yield any
significant shift of peak maxima positions, and no additional
peaks appeared. The band centered at ca. 2174 cm™ is
tentatively ascribed to the monocarbonyl species Ru®*(CO),"”
while the band at ca. 2117 cm™ is associated with
multicarbonyl species on Ru’* sites.””~’" This assignment is
consistent with the complete disappearance of the 2174 cm™
band after reduction at 300 °C, along with a notable decrease
of the intensity of the 2117 cm™ band at this reduction
temperature, as would be expected based on the MCR-ALS
analysis of the Ru’* sites discussed above. Turning now to the
red-shifted CO, the strong band at ca. 2047 cm ™! is ascribed to
linear CO adsorbed on Ru’ (i.e, Ru’—CO),”" ™" while the
band at 1975 cm™" can be attributed to bridging CO (i.e,
Ru—CO)"® and/or linearly bonded CO on the Ru-top site.”’
The band at ca. 2005 cm™" has been observed previously and
was attributed to CO adsorbed linearly on high-energy Ru
defect sites of smaller crystallites; an alternative assignment is
CO adsorbed on isolated Ru® atoms surrounded by partially
oxidized Ru and/or monocarbonyl CO on partially oxidized
Ru (see Table S6 for details).”®”*~* Generally, the intensities
of the CO bands increase with increasing exsolution temper-
ature. Reduction at 300 °C gives two main bands at ca. 2052
and 1995 cm™". The first band could be a blue-shifted band at
2047 cm™!, while the new band at 1995 cm™ may be
attributed to CO on isolated Ru® atoms,”’ highlighting the
exsolution of highly dispersed Ru’ sites. At S00 °C, the spectra
evolved further, showing main bands at 2050 and 1977 cm™.
Similarly to the band at 1975 cm™" mentioned above, the band
at 1977 cm™ can be attributed to brid§ing Ru)—CO species,
possibly at a Ru—support interface.””””*>%  Alternatively,
compared to the spectra at 300 °C, the band at 1977 ecm™" is
red-shifted by 18 cm™" relative to the band at 1995 cm™" and is
notably more intense, especially at a low CO pressure. This
marked red shift would be consistent with the formation of the
electron-rich Ru’~ state, described above based on the XPS
data. The aforementioned assignment of the band at 1977
cm™! to CO on isolated Ru atoms, as was proposed for sites on
Sm,Ru; ,Ce; 307 (100-12), appears less likely for
Sm,Ruy,Ce; sO7(s00.112) OWing to the expected formation of
larger Ru clusters at higher exsolution temperatures (i.e., S00
°C vs 100 °C). A stronger red-shifted CO band can be
expected on more electron-rich, partially negatively charged
noble metals that permit more z-backdonation to the CO

antibonding orbitals, which weakens the CO molecule.>*+7%

However, assignment of the 1977 cm~! band to Ru*"—CO
species is tentative.

In summary, DRIFTS experiments with the CO probe
molecule are generally consistent with the formation of more
electron-rich Ru sites (Ru’~ surface species) with the reductive
treatment of Sm,Ruy,Ce;O; at S00 °C (Figure 3a,c). In
addition, it is likely that Ru’* surface sites only exist at low
reduction temperatures (ca. 100 °C) and, by and large,
disappear at ca. 300 °C.

We have also verified the surface structure of
Sm,Ru,,Ce; 4O, under reductive treatment by in situ Raman
spectroscopy. The TPR Raman experiment was performed in a
Linkam CCR1000 in situ cell with 10% H,/N, (30 mL min™")
in the temperature range of 25—500 °C (10 °C min™"). The
characteristic band of Ru sites in the Sm,Ruy,Ce, 3O, solid
solution at ca. 690 cm™' disappears almost entirely already at
ca 135 °C (Figure S21). This observation confirms a facile
exsolution of the Ru sites in the host oxide lattice, in a good
agreement with XAS and XPS data, as discussed above.
Importantly, exposure of the in situ reduced
Sm,Ruy,Ce; 3O (s0012) to air (30 mL min~', 30 min) at 500
°C leads to a reappearance of the band at ca. 690 cm™. This
indicates that the exsolved Ru can be redissolved reversibly in
the host oxide under these conditions.

The gas-phase hydrogenation of propene to propane using
p-H, under ALTADENA conditions®’ was chosen as a
structure-sensitive reaction to probe the speciation of Ru
surface sites. Propene and p-H, (3.8 mL s™', propene/p-H, =
1:4) were passed through a catalyst bed containing
Sm,Ru,,Ce; ;O while increasing the temperature from 100
to 500 °C and monitoring the conversion of propene and the
NMR signal enhancement of propane due to the pairwise p-H,
addition (weight-to-volume flow rate, W/F, was 0.24 ms gg,
mL~!, heating rate was 10 °C min~!).*”* Under these
conditions, Sm,Ru,,Ce; 3O, reaches the maximum of the
propene conversion at 200 °C (55%) that decreases to 30%
when increasing the temperature to 300 °C and further to 3%
at 500 °C (Figure 3d). Hence, despite the increasing amount
of exsolved metallic Ru with temperature (Figures 2b,e and
3a), the hydrogenation activity decreases, likely due to changes
in the nature of Ru sites (Ru®~ species and/or overcoat of the
reduced support) at higher temperatures and, at least partially,
due to the thermodynamics of the propene hydrogenation
(exothermic reaction, Figure $22).¥ Note that a similar
decline in the propene conversion of the supported Ir-based
catalyst was explained by SMSL>' To further demonstrate that
the discussed metal—support interactions modify significantly
the nature of the Ru surface species, we have tested
Sm,Ruy,Ce; 3O7(s00.12) (ic€., a catalyst that was pretreated in
H, at 500 °C for 1 h) at low reaction temperatures and
observed lower propene conversions compared to
Sm,Ruy,Ce; ;O, that was reduced in situ at low reaction
temperatures (Figure S$23). This result confirms the role of
MSI in the observed decrease in the hydrogenation activity.
These MSI effects can be described by the geometric blocking
of Ru sites by the reduced Sm,Ce; O;_s support,60’90 as
evidenced by XPS results (Figures S12, S13, and 3b), and/or a
significantly higher activity of Ru’ in propene hydrogenation
relative to Ru’" sites. It is noteworthy that the NMR signal
enhancement increased strongly at 500 °C, reaching a value of
95, which is an ca. 3-fold increase compared to the
enhancement at 300 °C (Figure 3d). This points to a change
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of the hydrogen addition pathways or a change in the structure
of the active sites. A similar increase of the pairwise addition
after reduction at 500 °C was observed for Ir/TiO, and
attributed to SMSI effects.”’ Our additional control experi-
ments show that Ru-free Ln,Ce,O, (Ln = Sm, Nd, La)
materials are inactive for the hydrogenation of propene under
similar experimental conditions. That said, Nd,Ru,,Ce; O,
and La,Ru,,Ce, 3O, display similar trends to Sm,Ru,,Ce; ;O
with regard to changes in the propene hydrogenation activity
and the selectivity for pairwise addition with temperature
(Figures S24 and S28).

Next, we probed the effect of the Sm,Ru,Ce,_ O,
composition (x = 0.05, 0.1, 0.2, 0.4) on the catalytic activity
in propene hydrogenation under similar reaction conditions.
Independent of the reaction temperature, we observed an
increase in the propene conversion (Figure S26a,b) and,
respectively, a monotonic decrease in the NMR signal
enhancement when increasing the Ru loading in the material
(Figure S26¢). For instance, at 300 °C, the propene conversion
and NMR signal enhancements were 5% and 87-fold for
Sm,Ruy osCe; 9505, and 29% and 14-fold for Sm,Ru,,Ce, (O,
respectively. These data suggest a higher extent of the pairwise
addition pathways on smaller supported Ru species, which are
expected from the exsolution of Sm,Ruyo;Ce; 450, (material
with 8-times lower nominal Ru content compared to
SmyRug 4Ce; s0-).

MSI phenomena are known to be reversible, that is, the
original state of the catalyst can be recovered upon reoxidation
owing to the dissolution of the exsolved species.”””” Indeed,
we observe that exposing Ln,Rug,Ce; §O7(500.112) to static air at
500 °C for 1 h and retesting the oxidized catalyst under the
same conditions lead, for all tested materials, to a recovery of
the propene conversion (Figure S27) and NMR signal
enhancement factors (Figure S28), as observed for the freshly
calcined materials. These ﬁndin§s confirm the reversible nature
of MSI effects discussed above.”'

4. CONCLUSIONS

The catalytic properties of Ru-doped Ln,Ru,,Ce, 30, (Ln =
Sm, Nd, La) catalysts can be tailored rationally toward a higher
activity or higher pairwise selectivity in propene hydrogenation
through the triggering or avoiding of metal—support
interactions (electronic and geometric) in the exsolved Ru
species. In situ Ru K-edge XAS data uncovered that the
reductive exsolution of Ru from Sm,Ruy,Ce; 3O, proceeds
through an intermediate Ru® state, ie, Ru*">Ru**—>Rd’.
XPS results demonstrated that the Ru’/support interaction
strengthens gradually with increasing reduction temperature
(from 300 to 500 °C), accompanied by an increased coverage
of the Ru® nanoparticles by the partially reduced support and
an enhanced interfacial charge transfer that creates a Ru’~
state. The selectivity of the pairwise addition of p-H, to
propene is strongly dependent on the nature of the Ru sites. At
500 °C, a ca. 3-fold larger enhancement of the NMR signal of
hyperpolarized propane is observed, which originates from the
pairwise addition of p-H, to propene and is likely favored by
the confinement effect and decreased hydride mobility, yet the
propene conversion is low. In addition, the varying binding
strengths of propene, propane, and key reaction intermediates
on Ru’" and Ru’ sites may also contribute to the observed
increase in the pairwise selectivity of p-H, addition. This is also
consistent with the presence of two types of Ru active sites that
have diverging pairwise selectivity and deactivation by SMSI

25304

and/or EMSI such that less selective sites are deactivated to a
larger extent. This increases the relative contribution of active
sites more selective in p-H, pairwise addition to propene,
leading to the observed higher signal enhancement. Overall,
the catalytic activity of Ru’ sites is significantly higher than that
of Ru’" sites, but the selectivity for pairwise addition and
hyperpolarization in the product is lower. These insights
provide a guideline for a more rational synthesis of active and
selective catalysts prepared by reductive exsolution.
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