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Exsolution of Metallic Ru Nanoparticles from Defective, Fluorite-
type Solid Solutions SmzRuxCezxO7 to Impart Stability on Dry Re-
forming Catalysts

Muhammad A. Naeem,” Paula M. Abdala,*" Andac Armutlulu,’ Sung Min Kim, Alexey Fedorov, T and
Christoph R. Miiller*"

T Department of Mechanical and Process Engineering, ETH Ziirich, CH 8092 Ziirich, Switzerland
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ABSTRACT: A key challenge in the catalytic conversion of CH4 and CO:z into a synthesis gas (CO and H>) via the dry reforming of
methane (DRM) is the development of stable catalysts. We demonstrate that the reductive exsolution of metallic Ru from fluorite-
type solid solutions Sm2RuxCe2xO07 (x =0, 0.1, 0.2, 0.4) yields catalysts with high activity and remarkable stability for the DRM. The
catalysts feature Ru(0) nanoparticles of ca. 1-2 nm in diameter that are uniformly dispersed on the surface of the resulting oxide
support. The exsolved material was interrogated by synchrotron X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS at
Ru, Sm and Ce K-edges), Raman spectroscopy and transmission electron microscopy (TEM). Operando XAS-XRD experiments
revealed that the exsolution of metallic ruthenium is accompanied by a rearrangement of the oxygen vacancies within the lattice. The
catalysts derived through exsolution outperform (stable over 4 days) the reference catalysts prepared by wetness impregnation and
sodium borohydride reduction. The superior performance of the exsolved catalysts is explained by their high resistance to sintering-
induced deactivation owing to the stabilizing metal-support interaction in this class of materials. It is also demonstrated that the Ru

nanoparticles can undergo re-dissolution (in air at 700 °C)—exsolution cycles.

1. INTRODUCTION

A strategy to mitigate anthropogenic climate change is the capture
and subsequent storage or conversion of CO,.!? In this regard, the
dry reforming of methane (DRM) is a promising technology>- as it
converts two major greenhouse gases into a synthesis gas (Eq. 1)
that can be utilized further for the synthesis of liquid fuels via the
Fischer-Tropsch process.®

CH4 + CO2 < 2CO +2H2 AH°298x = 247 kJ mol ™! 1)
CH4 —» C+2H> AH®298x = +75 kJ mol™! ?)
2CO <> C + CO2 AH°208k = =172 kI mol™!  (3)

A challenge for the industrial deployment of DRM is its high endo-
thermicity, necessitating operating temperatures above 700 °C to
yield high equilibrium conversions.”-® Hence, requirements for ef-
ficient DRM catalysts include a high resistance to thermal sintering
and coking (by CHa pyrolysis, Eq. 2, and/or the disproportionation
of CO, Eq. 3).>!! Carbon deposits may not only lead to catalyst
deactivation by blocking the active sites, but could also fracture
catalyst granules or lead to a high pressure drop in the reactor;'?-1¢
therefore, the development of DRM catalysts with a high resistance
to thermal sintering and coke deposition is a key challenge.® 7 Sev-
eral transition metals including Ni, Co, Pt, Rh, and Ru catalyze the
DRM reaction'®, among them Ni-based catalysts have received ap-
preciable attention due to their lower cost.!*2° However, DRM cat-
alysts based on Ni are prone to coke deposition, sintering and for-
mation of inactive phases (with the support) with time on stream
(TOS), e.g. the spinel NiAl20O4.2'?2 In contrast, DRM catalysts
based on noble metals (Pt, Ru, Rh) exhibit excellent coke resistance
and a higher specific activity relative to Ni-based catalysts, yet the

high cost of noble metals is a disadvantage that necessitates optimal
metal utilization.?>2* Therefore it is vital to develop supported no-
ble metal-based DRM catalysts with a minimized metal loading.
The latter objective could be achieved by a high dispersion of the
noble metal on a support.?* In addition, supported nanoparticles
should ideally have a uniform and controlled size and be resistant
to sintering under relevant operating conditions. This is yet a chal-
lenge for noble-metal based DRM catalysts.?*28 DRM catalysts are
commonly prepared by depositing a precursor of the active metal
on a metal oxide support via wetness impregnation, followed by a
reduction step to form supported metal nanoparticles. However, of-
ten this method does not allow controlling the dispersion and size
of the nanoparticles, and does not stabilize them against sintering
with time on stream (TOS).2>-3® Approaches to reduce sintering
have included a post-synthetic encapsulation or partial embedding
of the active metal in a thin layer of oxides with high Tammann
temperatures.>!32 These strategies indeed improved the thermal
stability of the DRM catalysts, however, at the expense of a reduced
specific activity due to the partial blocking of active sites or an in-
creased mass transfer resistance.*>-3¢ Recently, the so-called reduc-
tive exsolution (or reductive segregation) approach yielding highly
dispersed supported metallic nanoparticles has been introduced.?”
45 This method exploits the dissolution of a late transition metal
from a host oxide structure in an H> atmosphere and is typically
applied to substituted perovskite ABO3 phases, where a late transi-
tion metal replaces the B site metal.’® 4¢ As a result, highly dis-
persed nanoparticles of the exsolved late transition metal can be
obtained on the surface of the perovskite phase with a uniform size
distribution, owing to the inherent homogeneity of the parent solid



solution oxide.36-38 41.46-47 Ap interesting feature of exsolved nano-
particles is their socketing in the perovskite surface, a manifestation
of a strong interaction between the metal and the oxide support that
could reduce the mobility of the active metal under harsh reaction
conditions and limit sintering of the active phase.!”> 4> 48 Im-
portantly, investigations by transmission electron microscopy of
the metal phases, reductively exsolved from substituted perov-
skites, suggest that the entrapment of metallic nanoparticles in the
bulk of a host material is a viable scenario, and it should be mini-
mized or avoided to make all exsolved metal accessible for gas-
phase catalysis.*3° To date, mostly perovskite structures have been
utilized for the reductive exsolution while other crystalline oxides,
such as ceria-based materials with fluorite-related structures have
remained underexplored.’'? In general, these fluorite-related
structures possess a high thermal stability, oxygen ion mobility, re-
dox activity and contain oxygen vacancies, i.e., characteristics that
are advantageous for DRM catalysts.!® 3456 CeOz crystallizes in a
fluorite structure (F-type) with a face centered unit cell (Fm-3m
space group) and forms solid solutions with a large variety of metal
oxides. In addition, it is capable of accommodating a high concen-
tration of lattice defects.’’*® Depending on the composition, solid
solutions based on CeOz can exhibit a complex defect structure and
form superstructure phases, for instance the C-type (/a-3) solid so-
Iutions featuring ordered ion vacancies or pyrochlore (Fd-3m)
phases that show a characteristic ordering of the cation sites and
anion vacancies (Figure 1).°1-3%! As a consequence, the lattice pa-
rameter of C-type and pyrochlore structures is twice as large as that
of the fluorite.

Here, we report that the reductive exsolution of Ru from defective
fluorite-type solid solutions SmaRuxCe2xO7 (x =0, 0.1, 0.2, 0.4)
forms highly dispersed supported Ru(0) nanoparticles (NPs, ca. 1-
2 nm in diameter) that are highly active in DRM while featuring an
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exceptional resistivity against coking and sintering of the active
phase. After 100 h TOS at 700 °C, the catalysts deactivate by only
ca. 1 %. On the other hand, the benchmark catalysts prepared by
wetness impregnation and sodium borohydride reduction displayed
an inferior stability losing, respectively, ca. 8 and 12 % of the initial
activity after only 48 h TOS. The structural evolution of the pre-
pared materials was studied by X-ray diffraction (XRD), X-ray ab-
sorption spectroscopy (XAS), Raman spectroscopy, and transmis-
sion electron microscopy (TEM). Combined XAS-XRD experi-
ment revealed that the exsolution of Ru(0) NPs from the
SmzRuo2Ce1.807 solid solution is accompanied by the transfor-
mation of the defective fluorite to a cubic C-type structure due to a
rearrangement of the oxygen vacancies within the crystal lattice.
Using Ru K-edge XAS analysis, we demonstrate that Ru exsolution
and dissolution in reducing and oxidizing atmospheres, respec-
tively, is a reversible process, whereby the original structure can be
restored by the reincorporation of the exsolved Ru via air oxidation.

2. EXPERIMENTAL SECTION

2.1. Materials. Ce(NOs3)3-6H20, Sm(NO3)3-:6H20, RuO2 and Plu-
ronic P123 (EO20PO70EO20; Mx ca. 5,800) were purchased from
Sigma-Aldrich. Ruthenium(III) nitrosyl nitrate solution and NaBH4
were purchased from Acros Organics.

2.2. Catalyst synthesis. A series of Sm2RuxCe2.xO7—type materials
with x =0, 0.1, 0.2, 0.4 were synthesized by a gel-combustion ap-
proach.®%% In a typical experiment, Pluronic P123 (2 g) was dis-
solved in ethanol (40 mL) and the nitrates of Sm, Ce and ruthe-
nium(III) nitrosyl nitrate were added in the desired nominal stoi-
chiometry (3.2 mmol scale). After stirring at room temperature for
1 h, the resulting mixture was heated up to 85 °C forming a gel that
was subsequently dried at 120 °C (24 h), ground, combusted at
200 °C and calcined at 800 °C (3 h).
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Figure 1. Schematic of the unit cell and coordination polyhedra in (a) non-defective fluorite (Fm-3m; Ce at 4a and O at 8c sites) (b) C type-
based solid solutions, (Za-3, two cations sites: 24d and 8b occupied by both Ce and lanthanides atoms statistically disordered, two oxygen
sites at 48e and 16¢, with oxygen vacancies preferentially located at 16¢) and (c) pyrochlore structure (Fd-3m, A2B207, A at 16d B at 16¢

and O at 8b and 48f sites).



Benchmark catalysts with 3 wt.% Ru loading (i.e., similar loading
to that of SmaRuo2Ce1.807) were prepared by wetness impregnation
and sodium borohydride reduction. For the wetness impregnation
method, a Sm2Ce207 support, prepared as described above, was im-
pregnated with an appropriate amount of ruthenium(III) nitrosyl ni-
trate solution. The resulting slurry was dried overnight at 85 °C and
calcined at 800 °C (3 h) to give Ru/Smz2Ce207-Imp. For the sodium
borohydride reduction method, calcined Sm2Ce207 (0.485 g) was
stirred in a mixture of 20 mL DI water and ruthenium(III) nitrosyl
nitrate solution (1 g) at room temperature for 1 h. Subsequently,
under intensive stirring, 10 mL of a 0.3 M NaBH4 solution in an
ethanol-water (1:1) mixture was slowly added and the mixture
stirred at room temperature for another hour. The resulting material
was filtered, washed with DI water and dried overnight at 85 °C to
give Ru/Sm2Ce207-BH. Reference materials for XAS measure-
ments were prepared by wetness impregnation (RuO2/CeOz) and
gel-combustion (Sm2Ru207). RuO2/CeO2 was calcined at 800 °C
(3 h) while Sm2Ru207 was calcined at 1050 °C (5 h).

2.3. Materials Characterization.

2.3.1. X-ray powder diffraction. Laboratory-based X-ray powder
diffraction (XRD) data were collected using a PANalytical Empy-
rean X-ray powder diffractometer with Cu Ka X-ray radiation, op-
erated at 45 kV and 40 mA and equipped with a X’Celerator Sci-
entific ultra-fast line detector and a Bragg-Brentano HD incident
beam optics. The scans were performed in the 20 range of 5-90°
with a step size of 0.02° and a scan speed of 0.02° s™!. Additionally,
synchrotron XRD data were collected at the Swiss-Norwegian
beamline (SNBL, BMO01A) of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) using a 2M Pilatus area detector
and monochromatic radiation (A = 0.78956 A) selected by two Rh-
coated mirrors and a silicon (111) double crystal monochromator.%
Measurements were performed in a 0.3 mm borosilicate capillary.
NIST SRM660b lanthanum hexaboride was used for calibration of
the wavelength and azimuthal integration. Rietveld analysis of the
XRD patterns was performed using FullProf.%’

2.3.2. In situ XAS-XRD experiments. Combined in situ XAS and
powder XRD measurements were performed at BM31 (SNBL,
ESRF).% XAS spectra were collected at the Ru K-edge using a
Si(111) double crystal monochromator in transmission mode, with
continuous scanning between 21950 and 22800 eV using a step size
of 0.5 eV, with a total acquisition time of 150 s per scan. XRD data
were collected with a 2D DEXELA detector (averaging time 30 s)
using a Si (111) channel-cut monochromator set at A=0.49328 A.%7
The data averaging and azimuthal integration were performed us-
ing the pyFAI software and the NIST LaBes powder as a standard.5®
The beam size was set by slits in the horizontal and vertical direc-
tions to 0.5 mm x 2 mm for XAS and 0.5 mm x 0.5 mm for XRD
measurements. Approximately 2 mg of a fresh material was placed
between two plugs of quartz wool in a 1.5 mm diameter quartz ca-
pillary cell. The sample temperature was measured by placing a
thermocouple (K-type) inside the catalyst bed in a separate experi-
ment, providing a temperature calibration curve that relates the
temperature inside the capillary with that of the heat blower. The
materials were reduced first in 10% Hz in He (10 mL min™!) at
700 °C (10 °C min™"), followed by a DRM test (CHs : CO; : He =
3:3:3 mL min™) at 700 °C. The off-gases were analysed by on-
line mass spectrometry (MS). The cyclic reversibility of the exso-
lution—dissolution process was probed isothermally at 700 °C using
10% H2/He (1 h, 10 mL min™!) for reduction and 20 vol% O2/He
(1 h, 10 mL min™") for re-oxidation. In total, two reduction and re-
oxidation cycles were performed and, in each cycle, XANES (X-
ray absorption near edge structure) spectra and XRD data were col-
lected for both the reduced and re-oxidized states.

2.3.3. Ex situ XAS experiments. Ex situ exsolution-dissolution
experiments were performed by exposing the samples at 800 °C to
a DRM reaction mixture for 1 h (i.e., CHs : CO2 : N2=15:15:20
mL min!) and subsequently re-oxidizing either in air (20 vol%
02/N2), pure COz2, or a mixture of steam and COz (10 vol% H20)
for 1 h at different temperatures in a fixed-bed quartz reactor
(400 mm length, 12.6 mm internal diameter). After each treatment,
the materials were cooled down in the same stream that was used
for re-oxidation. The respective re-oxidized materials were then
pressed into pellets after mixing with the optimal amount of cellu-
lose for XAS transmission measurements. For each sample, a XAS
Ru K-edge spectrum was collected between 21900 and 23100 eV.
Bulk RuOz and Ru(0) foil were used as XAS references. The XAS
energy calibration was performed using a Ru(0) foil (absorption
edge 22117 eV). Sm and Ce K-edge spectra were collected for the
as prepared (calcined) materials at MB31, ESRF in transmission
mode, using the Si(111) double crystal monochromator. The spec-
tra were acquired between 40250-41300 eV (Ce K-edge) and
46600-48000 (Sm K-edge) with a step size of 1 eV. The processing
and fitting of the extended X-ray absorption fine structure
(EXAFS) data were performed using the Athena and Artemis soft-
ware, respectively.®’

2.3.4. H2-Temperature-programmed desorption. H>-TPD ex-
periments were performed using an Autochem 2920 (Micromerit-
ics) equipped with a thermal conductivity detector (TCD). For each
H>-TPD measurement, the catalyst (ca. 50 mg) was reduced at
700 °Cin 5 vol% H2/Ar for 1 h followed by an Ar purge at the same
temperature for 30 min. Subsequently, the reduced sample was
cooled down to 25 °C for the adsorption of Hz (30 min). Finally,
the sample was heated up to 800°C (10 °Cmin!) in Ar
(50 ml min') while monitoring the desorption of Hz. The disper-
sion of Ru (Dru) was calculated using the volume of chemisorbed
H: via the following equation:”

DRu [%] =

Total number of Ru surface sites ( SF x np,* Mg, ) % 100

Total number of Ru sites WRu

and the particle size of Ru (dru) was estimated assuming hemi-
spherical particles via:
6 x MRu

dpy (M) = ———
Pru X apy X NA x DRu

where SF is the stoichiometric factor (Rw/H = 1.0)"!; ny,is the
quantity of adsorbed Hz (pmol/gcat) as determined by H>-TPD; Mru
is the molecular weight of Ru (101.07 g mol™!); wru is the weight
fraction of Ru in the catalyst; pru is the density of Ru 12.45 g cm™);
aru is the cross-sectional area of the Ru atom (6.13 x 1072° m?) and
Na is the Avogadro constant (6.023 x 10?* atoms mol ™).

2.3.5. Raman spectroscopy. Raman spectra were recorded using a
Thermo Scientific Raman spectrometer in the range 100—1500 cm™
! using an argon laser for excitation (wavelength 455 and 514 nm).
The laser power was 4 mW and the spectral resolution was 4 cm™'.

2.3.6. Transmission electron microscopy. TEM data were col-
lected on a FEI Talos F200X equipped with a high-brightness field
emission gun, a high-angle annular dark field (HAADF) detector,
and a large collection-angle EDX detector. The operation voltage
was set to 200 kV in both TEM and Scanning transmission electron
microscopy (STEM) modes. Copper grids coated with Lacey car-
bon were used.

2.4. Catalytic test. DRM tests were carried out at atmospheric
pressure in a fixed-bed quartz reactor (400 mm length, 12.6 mm in-
ternal diameter). In a typical experiment, 25-50 mg (depending on
the gas space velocity, SV) of the calcined material was used. The
total flow rate of the feed gas was set to 50 mL min™! for experi-
ments with a SV of 60 L gear ' h™! and 120 mL min™! for a SV of
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144 and 288 Lgea'h! (CH4:CO2:N2 = 50mL min™'
: 50 mL min™!': 20 mL min ™). Prior to the activity tests, the mate-
rials were reduced in situ at 800 °C for 1 h using a DRM reaction
mixture. The composition of the off-gas was analysed via a Perki-
nElmer Clarus 580 GC equipped with thermal conductivity and
flame ionization detectors.

3. RESULTS AND DISCUSSION

3.1. Characterization of Calcined Materials. A series of
SmaRuxCe2<xO7 (x =0, 0.1, 0.2, 0.4) materials was prepared by a
gel-combustion method (see catalyst synthesis for details). Since
the exsolution method relies on a homogeneous incorporation of
Ru cations into the host oxide lattice (solid solution), the structure
of the calcined materials was characterized in detail by XRD, XAS
and Raman spectroscopy. XRD analysis shows that, in line with
previous studies,”>”* Sm2Ce207 (i.e., SmaRuxCe2xO7 with x = 0)
exhibits a C-type structure (Figures 1, 2a and S1). The C-type phase
is a superstructure of the fluorite-type structure® due to an ordering
of the oxygen vacancies. The C-type phase can be distinguished
from the fluorite-type structure by the appearance of additional low
intensity peaks in the XRD data (Figure 2a) owing to its superstruc-
ture (both C-type and fluorite phases exhibit similar main Bragg
reflections). We observe that the superstructure peaks decrease in
intensity upon Ru substitution in Sm2Ce207 (Figure 2a, inset). For
instance, comparison of the diffractograms of Sm2Ce207 with that
of SmoRuo2Ce1.807 shows that the superstructure peaks of the for-
mer phase are replaced almost entirely by a broad diffuse scattering
feature at the respective position in the diffractogram of
SmaRuo2Ce1.807. Rietveld refinement of the XRD data indicates
that Sm2Ruo2Ce1.807 and Sm2Ce207 can be described as defective
fluorite and C-type structures, with cell parameters of, respectively,
ar=5.4619(1) and a. = 10.9271(1) A (Figure S3). Altogether, these
XRD results demonstrate that upon incorporation of Ru into the
host structure, the host C-type structure transforms into a more de-
fective phase with disordered positions of oxygen vacancies.”*7°
The refined cell parameters of the different SmaRuxCe2-xO7 solid
solutions are summarized in Table S1. For comparison, the cell pa-
rameters are reported based on a fluorite type unit cell, while ar is
defined as one-half of the C-type cell parameter (Figure 1).”7 We
can observe only a slight decrease (<0.005 A) in the cell parameter
(ay) of SmaRuxCer-xO7 with respect to Sm2Ce207. This result is in
line with previous studies reporting a slight decrease in the cell pa-
rameter of CeO2 when doping it with Ru.”®7 Thus, the incorpora-
tion of Ru into the Sm2Ce207 lattice does not lead to a considerable
contraction of the unit cell (ionic radii of Ru*" and Ce*" are 76.0
and 111.0 A, respectively), instead it results in a structural rear-
rangement of the oxygen vacancies leading to a defective fluorite
type phase. On the other hand, the reference Ru/Sm2Ce207-Imp
material exhibits Bragg reflections ascribed to C-type Sm2Ce207
and the pyrochlore phase Sm2Ru207 (Fd3m space group). Accord-
ing to Rietveld refinement, the weight fraction of Smz2Ru207 in
Ru/Sm2Ce207-Imp is ca. 6% (Figure S3c). The refined cell param-
eters of the SmoRu207 and Sm2Ce207 phases in Ru/Sma2Ce207-Imp
are ap = 10.2704(4) A and ac = 10.9253(1) A, respectively (Table
S1). In contrast, the XRD pattern of the Ru/SmxCe>07-BH refer-
ence is similar to that of the SmxCe2O7 support, that is no Bragg
reflections related to Ru-species are observed, most likely owing to
the low Ru loading and a fine dispersion of Ru on the SmxCe207
support in Ru/Sm2Ce207-BH (Figure S4a). The Raman spectra of
Sm2Ce207 exhibit five main bands at 190, 250, 370, 465 and
590 cm™, consistent with a C-type solid solution (Figure 2b).”> 8-
81 The band at ca. 465 cm™ is characteristic for the F2g symmetric
vibration mode of the Ce—O bond with the Ce atom in an eightfold
coordination.®® 72 The band at ca. 590 cm™' is ascribed to oxygen

vacancies in the coordination sphere of Sm. A broad band of low-
intensity at ca. 190 cm™' is due to an oxygen vacancy surrounded
by four nearest neighbouring metal atoms, while the band at ca.
370 cm™! is assigned to the (Ag + Fg) symmetric stretching mode of
a Sm-O bond.%* # In general, the latter band at ca. 370 cm™! is
characteristic for C-type structures and is not observed in fluorite
structures, for instance it is not found in CeO2%2 or the reference
material RuO2 supported on CeO:z in whichCeO: has a fluorite
structure (RuO2/CeQz, Figure S4b). Similar to Sm2Ce207, the five
Raman bands described above are also detected in the series of
SmzRuxCex—«O7 (x =0.1, 0.2, 0.4) materials (Figure S2b). There-
fore, while XRD indicates that the substitution of Ce/Sm by Ru
transforms the C-type structure into a fluorite phase, Raman spec-
troscopy suggests the presence of C-type domains within a defec-
tive fluorite phase SmoRuxCe2-xO7, pointing to a complex defect
structure.®® 73 82 Increasing the fraction of Ru, we observe a red
shift of the bands at 190 and 465 cm™', a reduction of the intensity
of the F2¢ band and generally a broadening of all of the bands (Fig-
ure S2b). These changes are consistent with the formation of a solid
solution by the incorporation of Ru into the Sm2Ce207 lattice.*® 8
Noteworthy, a band at ca. 690 cm™ is present in Sm2RuxCe2—x07
and Ru/SmzCe207-Imp but is absent in Sm2Ce207 (Figure 2b).
While the exact nature of this band is not clear, it is likely related
to the substitution of Ce/Sm by Ru cations in the host oxide lat-
tice.8*-%, Since the intensity of the band at ca. 690 cm™ is higher in
Ru/Sm2Ce207-Imp compared to SmzRuo2Ce1.807, and the latter
material contains a Sm2Ru207 phase according to XRD analysis,
the band at 690 cm™!' might be indicative of the Sm~O-Ru environ-
ment. The absence of the 690 cm™! band in the Raman spectra of
the reference material Ru/Sm2Ce207-BH, synthesized by a sodium
borohydride reduction method, provides further support for the link
between this band and the substitution of Ce or Sm cations by Ru
cations in the host oxide (Figure S4c,d). It is important to note that
Raman bands due to rutile RuO2 (namely Eg, Ai¢ and B2¢ modes at
528, 644 and 716 cm™, respectively) were not detected in either
materials (455 and 514 nm lasers utilized), ruling out the presence
of RuQ,.56-87

Next, Ru K-edge XAS analysis was employed to probe the local
coordination environment around the Ru atom in SmzRuxCe2xO7
and Ru/Sm2Ce207-Imp. We used Ru foil, bulk rutile RuOz, a sin-
gle-phase, cubic pyrochlore SmzRu207 and RuO2/CeO: as refer-
ence materials for the analysis of the XANES and EXAFS data.
Since there are no obvious differences in the XANES and EXAFS
data between RuO2/CeO:2 and RuO2, we conclude that no solid so-
lution between RuO: and CeO: had formed (Figure S5a-c). The
normalized Ru K-edge XANES spectra and Fourier transformed
EXAFS functions of SmzRuo2Ce1.807 and Ru/Sm2Ce207-Imp are
compared with selected reference materials in Figure 2c-d. The
edge position of Sm2Ruo.2Cei.807 is close to that of RuO2 suggest-
ing the same +4 oxidation state of Ru (22131 and 22130 eV, re-
spectively). However, the distinct features observed in the white
line region (ca. 22125-22165 eV) of Sm2Ruo.2Ce1.807 relative to the
references RuO2 and Sm2Rux07 (Figures 2¢ and S2) suggest a dif-
ferent environment of Ru in SmaRuo2Ce1.807. Next, the Fourier and
the wavelet transforms (FT and WT, respectively) of the EXAFS
data were analyzed. The WT method allows resolving the contri-
bution of different backscattering neighbouring atoms located at
similar distances from the scattering atom.3¥-%? The FT and WT of
the EXAFS of RuO: exhibit two coordination spheres at ca. 1.6 and
3 A, ascribed to Ru-O and Ru—Ru shells, respectively (Figure 2d
and S5d). In contrast, the FT and WT (not corrected for the phase
shift) for SmaRuo2Ce1.s07 reveal a Ru—O shell at about 1.6 A with-
out well-defined features at higher interatomic distances. The ab-
sence of a second coordination shell at ca. 3 A (i.e., Ru-Ru shell)
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rules out the presence of a RuO: phase in SmzRuo2Ce1.307, in and suggests the full dissolution of Ru*" cations into the fluorite
agreement with the results of the Raman spectroscopy and XRD, host structure.”*-%!
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Figure 2. Comparison of the synthesized materials calcined at 800 °C: (a) XRD patterns (A=0.78956 A) of Sm2Ce207, Sm2Ruo2Ce) 307 and
Ru/Sm2Ce207-Imp. (b) Raman spectra (455 nm laser excitation) of Sm2Ce207, Ru/Sm2Ce207-Imp, and SmaRuo2Ce1.507 with the assignment
of bands (V; is an oxygen vacancy site). (c) Normalized Ru K-edge XANES spectra, (d) Fourier transforms of k3-weighted EXAFS data,
and (e, f) WT of k3-weighted EXAFS signals for SmaRuo.2Ce1.807 and Ru/Sm2Ce207-Imp catalysts.

Likewise, the series of SmaRuxCe2xO7 (x = 0.1, 0.4) materials pos- EXAFS fitting results of SmaRuxCe2<O7 (Table S2) show an aver-
sess only a Ru—O shell, suggesting a similar local Ru coordination age coordination number of the nearest Ru-O shell at 1.97(1) A of
environment for varying Ru contents (Figure S2). The Ru K-edge 6(1). The fact that this coordination number is lower than the metal-



oxygen coordination in a perfect non-defective fluorite-type struc-
ture (8 oxygen neighbors), and lower than for the Ce—O and Sm—-O
path (vide infra), suggests that the oxygen vacancies in the solid
solution are preferentially located adjacent to the Ru cations.?>%
Moreover, this preferential location of oxygen vacancies in the vi-
cinity of Ru atoms, together with the differences between the Ru—
O distance and the longer Ce—O and Sm—O distances (Table S3 and
vide infra) lead to a local, structural distortion around the Ru atoms.
The local disorder around Ru in the SmzRuxCe2-xO7 solid solutions
leads in turn to an unobservable second shell by Ru K-edge EXAFS
(Figure 2c,d). The absence of a second shell peak in the FT-EXAFS
is explained by a destructive interference of EXAFS signals of the
scatters from Sm and Ce atoms located at different distances from
the absorbing Ru atom (Figure 2¢,d). The Ce K-edge and Sm K-
edges XANES and EXAFS provided complementary information
to the local structure of the Sm2RuxCe2-xO7 solid solutions (Fig-
ure 3a-d). The corresponding FT of the Ce K-edge and Sm K-edge
EXAFS are presented in Figure 3b and Figure 3d, respectively. The
first peak in the FT is ascribed to the Ce—O or Sm—O shells, i.e., the
nearest neighbors, while the second peak is attributed to the Ce-M
or Sm—M shell, where M can be either Ce, Sm or Ru. In both Ce

K-edge and Sm K-edge EXAFS spectra, a reduction in the ampli-
tude of the FT intensity with increasing Ru loading in
SmaRuxCez2—<O7 is observed (Figure 3b,d), which could be ascribed
to an increasingly more defective crystalline lattice. This is in
agreement with the XRD data that suggest a transition from an or-
dered C-type to the more disordered structure and is also consistent
with the Ru K-edge analysis that indicates the appearance of a local
disorder upon the incorporation of Ru in the structure. Previously,
a reduction in the amplitude of the FT EXAFS intensities with an
increasing fraction of a dopant in CeixLnxO2 (Ln = Sc, Y, Nd, Sm)
solid solutions was linked to a disruption of the local structure.**%
The structural parameters determined by the fitting of the EXAFS
data at the Ru, Ce and Sm K-edges are summarized in Table S3. It
is noteworthy that in all Sm2RuxCe2-<O7 solid solutions, the Ce—O
and Sm-O distances remain nearly constant at ca. 2.29(1) and
2.37(1) A, respectively. Similar results were reported for solid so-
lutions of the type Cei-xSmx02,% in agreement with the larger ionic
radius of Sm*" compared to Ce** (108 and 97 pm, respectively).’’
The solid solutions of the type SmzRuxCe2-xO7 feature coordination
numbers between 8.3(8) and 8.4(8) for the nearest O shell sur-
rounding Ce and between 7.1(8) and 7.8(9) for the nearest O shell
surrounding Sm atoms (Table S3 and Figure S6c).

m Ce-K ——CeO, m Ce-K —— SmyRu, 4sCe4 450,
'; — Sm,Rug 45Ce4 507 — Sm,Ruy ,Ce, 30,
3 —— Sm,Ruy,Ce, 40, — Sm,Ru, ,Ce, O,
'E' — Sm,Ru, ,Ce, (O,
et
- —
o <
o |
5 =
< —~
> <
3 X
N
®©
£
—
o
Z

T T T T T T T T T
40375 40460 40545 40630 0 1 2 3 4 5 6
Energy [eV] Radial distance [A]

m Sm-K — SmyRu i;Ceq 450, m Sm-K — SmyRu osCeq 450,
';‘ —— Sm,Ru, ,Ce, 30, —— Sm,Ru,,Ce, ;0,
© Sm,Ru, ,Ce, 6O, —— Sm,Ry, Ce, O,
c
el
2 T
S =<
vl =
5 <
8 X
=
IS
—_
(o]
z

T T T T T T T T T T T

46695 46750 46805 46860 46915 46970 0 1 2 3 4 5 6
Energy [eV] Radial distance [A]

Figure 3. Normalized Ce (a, b) and Sm (c, d) K-edges XANES spectra and Fourier transforms of k3-weighted EXAFS data for SmzRuxCe-
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To summarize, the local analysis of the Ru, Sm and Ce sites high-
lights the formation of Sm2RuxCe><O7 solid solutions that are
highly defective around the Ru positions in the structure. Con-
sistent with our XRD and Rietveld refinement results (Figures 2a
and S3c), Ru/Sm2Ce207-Imp shows similar XANES and EXAFS
features as the reference Sm2Ru207 pyrochlore phase (Figure 2¢,d).
According to WT EXAFS analysis, the local structure of
Ru/Sm2Ce207-Imp has two coordination spheres, the first is the
Ru-O sphere and the second shell is composed of two subshells,
Ru—Sm and Ru—Ru, confirming the formation of Sm2Ru207 pyro-
chlore domains in Ru/Sm2Ce2O7-Imp (Figure 2e,f). Full details of
the FT-EXAFS fittings are presented in Figure S6a,b and Table S2.
HR-TEM coupled with STEM-EDX analysis was applied to com-
pare the morphology, structure and the compositional homogeneity
of SmaRuo2Ce1.807 and Ru/Sm2Ce207-Imp. STEM-EDX confirms
a high atomic dispersion of Sm and Ce in Sm2Ce207 with a rec-
orded inter-plane spacing of 0.315 nm that corresponds to the (2 2
2) plane of the Sm2Ce207 lattice (Figure 4a,b). As evidenced by the
lattice fringes in HR-TEM, Sm2Ruo.2Ce1.807 is highly crystalline
and exhibits a homogeneous spatial distribution of Ru, Sm, and Ce
(Figure 4c,d). A similar degree of crystallinity and homogeneity
was also observed for Ru/SmzCe207-Imp (Figure 4e,f).

3.2. Exsolution of Ru from SmzRu¢.2Ce1.307 and Ru/Sm2Ce207-
Imp. Having established the structure of the as-prepared (calcined)
materials, we probed their evolution under reductive H2 conditions
by in situ XAS (Ru K-edge) and XRD. Upon reductive treatment
at 700 °C in 10 vol% Hz in He (10 mL min™!, 1 h), the absorption
edge in the XANES spectra for both SmzRuo2Ce1.sO7 and
Ru/Sm2Ce207-Imp  shifts towards lower energies (from ca.
22131 eV in the calcined materials to 22117 eV in the reduced ma-
terials), consistent with the formation of metallic Ru (the edge po-
sition for Ru foil is at 22117 eV, Figures 5a, S7a,b).

Comparison of the Ru K-edge XANES spectra of SmaRuo.2Ce1.807
and Ru/Smz2CexO7-Imp after the reductive treatment reveals their
close match to the spectrum of the Ru foil, suggesting a complete
Ru reduction (an important aspect with regards to high metal utili-
zation). The WT of the Ru K-edge EXAFS data of
SmoRuo2Ce1.807m2-700) collected at 25 °C exhibit a Ru—Ru shell at
about 2.5 A confirming the exsolution of metallic Ru from the
structure (Figure 5b). The XRD data show that the reductive exso-
lution of Ru from SmzRuo2Ce1307 induces a fluorite-to-C-type
transition (Figure 5c), leading to the formation of a super-cell with
ordered oxygen vacancies that are typical for Sm2Ce207, as dis-
cussed above. On the other hand, the reduction of
Ru/Sm2Ce207-Imp leads to XRD reflections ascribed to metallic
Ru. Simultaneously, peaks due to the Sm2Ru207 pyrochlore phase
disappear (Figure 5d). Figure S7c¢ compares the FT EXAFS of
SmzRuo2Ce1.807 and Ru/Sm2Ce207-Imp reduced at 700 °C, re-
ferred to as SmaRuo.2Ce1.807(700-12) and Ru/SmaCe207-Imp(700-12),
to that of Ru foil. The amplitude of the peak related to the Ru-Ru
coordination sphere in SmzRuo2Ce1.807(700-n2) is smaller than in
Ru/Sm2Ce207-Imp(700-12) and the Ru foil, in agreement with the fit-
ted Ru-Ru coordination numbers of 6(1), 10(1), 12.0, respectively
(Table S2), which indicates a smaller size of the exsolved Ru(0)
nanoparticles in SmaRuo2Ce1.807(700-H2) relative to
Ru/Sm2Ce207-Imp(700-12). This analysis suggests the exsolution of
very small (ca. 1-1.5 nm in size) Ru nanoparticles in
Sm2Ruo.2Ce1.807(700-12)°%% explaining the absence of XRD peaks
due to metallic Ru in SmzRuo2Ce1.807(700-n2) (in contrast to
Ru/Sm2Ce207-Imp700-n2), Figure 5c,d). To probe the cyclic revers-
ibility of the Ru exsolution—dissolution process, we subjected
Sm2Ru0.2Ce1.807(700-m2) in situ to a flow of 20 vol% O: in He at
700 °C (isothermal conditions) and observed the re-incorporation
(dissolution) of the exsolved Ru(0) back into the lattice of the host
oxide and the restoration of the original structure.

Figure 4. TEM, Selected area electron diffraction (SAED) and STEM-EDX images of calcined (a, b) Sm2Ce207, (¢, d) Sm2Ruo.2Ce1.807 and

(e, f) Ru/Sm2Ce207-Imp.
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According to Ru K-edge XANES data, the dissolution of exsolved
Ru(0) into the host oxide proceeded rapidly at this temperature,
since the re-oxidized Sm2Ruo.2Ce1.807(700-n2) material fully recov-
ered all features of the freshly calcined material within ca. 10
minutes (Figures S6d and 2¢). Next, we repeated cycles of alternat-
ing Ha reduction for Ru exsolution (10 vol% H: in He) followed by
air oxidation for Ru dissolution at 700 °C. Our results demonstrate
that the Ru exsolution—dissolution process is reversible according
to in situ Ru K-edge XANES data (Figure 5e). In line with the
XANES observations, the FT EXAFS data of the re-oxidized
SmaRuo2Ce1.807(700-H2) (collected at 25 °C) shows a peak owing to
the Ru-O shell and no strong contribution from the second and
third nearest neighboring coordination shells in the range 2-4 A
(Figure S7d,e), i.e., similar signatures as the initial solid solution.
This excludes the presence of Ru(0) and RuO: phases in the re-
oxidized SmaRuo2Ce1.807(700-n2) and highlights that Ru is re-dis-
solved into the host structure re-forming the original
Sm2Ruo.2Ce1.807 solid solution (Figure S7d,e).!%° The EXAFS fit-
tings confirm that the Ru—O coordination numbers for both re-oxi-
dized Sm2Ruo.2Ce1.807(700-n2) and freshly calcined SmaRuo.2Cei1.807
are similar, i.e., 6(1) (Table S2), highlighting the reversibility of the
Ru exsolution—dissolution process. In addition, ex situ prepared

SmzRuo.2Ce1.807(700-02) and Ru/Sm2Ce207-Imp(700-n2) (10 vol% Hz
in N2, 700 °C, 1 h) were characterized by TEM, STEM, and STEM-
EDX (Figures 6a,b, S8a,e and S9a,b). The surface morphology of
SmzRuo.2Ce1.807(700-H2) is highly porous according to the secondary
electron image that was recorded simultaneously with the HAADF-
STEM image at the identical location (Figure S10). EDX elemental
mapping of SmaRuo.2Ce1.807(700-n2) shows that Sm, O, and Ce are
more uniformly distributed than Ru (Figure S8e). This is in contrast
with the calcined material that shows a homogeneous distribution
of all elements (Figure 4d). In fact, very small Ru NPs of ca. 1.5
nm are discernible by TEM on the surface of
Sm2Ru02Ce1.807(700-n2) (Figure 6a), in agreement with the absence
of reflections due to metallic Ru in XRD and the low Ru coordina-
tion number extracted from the EXAFS fittings. In contrast, poorly
dispersed and larger Ru nanoparticles of ca. 4 nm are observed in
Ru/Sm2Ce207-Imp00-12) (Figure S9a,b). Subsequently, H>-TPD
measurements were employed to compare the specific Ru disper-
sion and the particle size to the sizes obtained from XAS and TEM
measurements. H>-TPD data show a significantly higher Ru disper-
sion for Sm2Ruo.2Ce1.807(700-H2) relative to
Ru/Sm2Ce207-Imp700-12), i.e., 65 and 26 %, respectively (Table
S4). Accordingly, the average particle size of Ru(0) in
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SmzRuo2Ce1.807(700-H2) is smaller than that in
Ru/Sm2Ce207-Imp(r00-12), i.€., ca. 2 and 5 nm, respectively, as de-
termined by H>-TPD, which is in reasonable agreement with TEM
and XAS measurements. Based on these results, we conclude that
the reductive exsolution of Ru from Sm2Ruo.2Ce1.807 solid solution
yields highly dispersed supported Ru(0) NPs of ca. 1-2 nm in di-
ameter on the surface of C-type Sm2Ce1.807-5 and does not form
Ru(0) NPs in the bulk of the Sm2Ce1.807-5 support.

3.3. Active structure under DRM conditions and catalytic per-
formance. In order to determine whether Ru/Sm2Ce2O7-Imp(700-n2)
and SmaRuo.2Ce1.807(700-12) evolve structurally under DRM condi-
tions with TOS, alternating XRD and XAS (Ru K-edge) data were
collected under operando DRM conditions in a quartz capillary re-
actor (700 °C, 2 h, SV =270 L gea”' h™!). The off-gas composition
was monitored by a mass spectrometer (Figure S11). For both cat-
alysts, the main products under DRM conditions were Hz, CO, and
H20 and no other carbon-containing side products were detected.
Interestingly, no apparent deactivation was observed in the oper-
ando XAS experiment within 2 h TOS for both catalysts at 700 °C.
Operando XANES (Figure S12a,d) results reveal no noticeable
structural changes under DRM conditions compared to reduced
SmoRuo2Ce1807(700-2), also revealing that the C-type support
structure is preserved under reactive conditions according to XRD
(Figure S12b,e). However, FT EXAFS results uncover a small rise
in the amplitude of the Ru-Ru coordination peak and the respective
coordination number at the end of the operando DRM test (labelled
as post-DRM, Figure S12c,f). The coordination number of Ru in-
creased from 10(1) to 11(1) for Ru/Sm2Ce207-Imp(700-n2) and from
6(1) to 7(1) for SmaRuo2Ce1.807(700-12) (Table S2). This increase
can be attributed to the growth of the Ru NPs with TOS.

Next, we assessed if Ru exsolution could proceed also under DRM
conditions (hence, alleviating the need for the H» pre-treatment
step). To this end, we exposed calcined SmaRuo2Ce1.807 to DRM
conditions at 800 °C for 1 h and collected ex situ Ru K-edge XAS
and XRD data of the resulting SmaRuo2Ce1.807(s00-prM) material
(Figures S13a-b and S13c, respectively). In the XANES region, the
identical absorption edge position and the white-line feature of the
reference Ru foil and SmzRuo2Ce1sO7s00-prM) reveal that Ru
exsolves indeed under DRM conditions, forming metallic Ru nano-
particles (Figure S13a). Figure S13b compares the FT EXAFS

Figure 6. (a, b) TEM and STEM-EDX images of the ex situ prepared (10 vol% Hz, 700 °C, 1 h) SmzRuo.2Ce1.807(700-H2).

function of Sm2Ruo.2Ce1.807(s00-prM) With the reference Ru foil. Ex-
pectedly, similar to Smz2Ruo.2Ce1.807(700-12) (Figure S7¢), the ampli-
tude of the peak related to the Ru-Ru coordination sphere in
SmoRuo.2Ce1.807800-prM) 1s smaller than in the Ru foil. EXAFS fit-
tings reveal that the Ru-Ru coordination numbers for both
Sm2Ru0.2Ce1.807(s00-brRM) and SmaRuo.2Ce1.807(700-H2) are compara-
ble (i.e., 6.6 and 6.1, respectively, Table S2), highlighting the exso-
lution of Ru nanoparticles of similar size (ca. 1-2 nm) under these
conditions. Additionally, similar to the exsolution experiments in a
Hz atmosphere, superstructure peaks appear in the XRD pattern of
Sm2Ru0.2Ce1.807s00-brM) (Figure S13¢,d). These results indicate a
very similar structural evolution of Sm2Ruo2Ce1.807 upon Ho.re-
duction at 700 °C or treatment under DRM conditions at 800 °C.
We speculate that H2 and possibly CO produced under DRM con-
ditions on surface Ru sites are responsible for the exsolution of Ru
nanoparticles from SmzRuo2Ce1.507.

The catalytic activity and stability of the prepared Ru-based mate-
rials for the DRM (Eq. 1) was evaluated further in a fixed bed re-
actor at 700 °C under atmospheric pressure (SV = 60 L gear ! h™h)
for 48 h time on stream. Prior to acquiring the activity data, the ma-
terials were treated in situ with a DRM reaction mixture for 1 h at
800 °C. Smz2Ruo2Ce1507, Ru/Sm2Ce207-Imp as well as an addi-
tional reference catalyst Ru/Sm2Ce207-BH (see Figure S4b,c for
characterization data of this material) yielded a nearly identical in-
itial conversion of methane of ca. 70 % (Figure 7a). However,
Ru/Sm2Ce207-BH deactivated with the fastest rate reaching a plat-
eau at ca. 62 % conversion after 48h of TOS (12 % drop).
Ru/Sm2Ce207-Imp deactivated to a lesser extent. The CHa conver-
sion decreased by only 8 % over 48 h TOS. The highest catalytic
activity and stability was observed for SmaRuo.2Ce1.807 maintain-
ing a stable 69 % CHa conversion throughout 48 h. Further cata-
lytic tests of SmzRuo2Ce1.807 assessed the dependence of the cata-
lyst’s stability on the space velocity (24 h TOS at 700 °C) and tem-
perature (Figure 7b,c). A nearly constant CH4 conversion was ob-
served at a high SV of 288 L gear! h! (Figure 7b). The long-term
stability of SmzoRuo2Ce1807 was confirmed further at 700 °C for
ca. 105h TOS (SV 60 L gear! h!) with the catalyst not showing
any signs of deactivation (Figure S14).
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Figure 7. (a) CHas conversions versus time on stream for
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perature on the catalytic performance of Sm2Ruo2Ce1.807. Prior to
acquiring activity data, each catalyst was treated under the DRM
reaction mixture for 1 h at 800 °C.

We note that for all of the space velocities tested here and inde-
pendent of the catalyst, the CO2 conversion was greater than the
CHa4 conversion due to the competing reverse water gas shift reac-
tion (RWGS, Eq. 4, Figures S15a and S16a) giving a H2/CO ratio
of ca. 0.85, 0.83 and 0.86 for SmoRuo.2Ce1.807, Ru/Sm2Ce207-Imp
and Ru/Sm2Ce207-BH catalysts, respectively.

CO2+H24>CO+H20  AHC98x =+41.2 kJ mol™ )

Our experiments show also that the stability of SmzRuo.2Ce1.807 is
maintained at higher temperatures, viz. 850 °C and a higher SV of
288 L gear ' h™! during a 24 h TOS test (Figures 7c and S15b, 80
and 89 % conversions of CH4 and COz, respectively). In line with
the endothermicity of the DRM reaction, the conversion of methane
is decreased to 23 % at 650 °C (Figure 7c), yet the lower tempera-
ture did not affect the stability of the catalyst. Next, we assessed the
impact of the Ru loading in Sm2RuxCe2xO7 (x =0.1, 0.2, 0.4) on
the catalytic performance and found that all SmoRuxCe2xO7 mate-
rials provided a stable activity over 24 h TOS (Figure S17). Expect-
edly, the conversions of CHs and COz increased with increasing Ru
loading in the catalyst. An Arrhenius plot reveals an apparent acti-
vation energy (Ea) of ca. 73kJ mol™! for Sm2Ruo2Ce1.807 (Fig-
ure S16b), comparable with other Ru-based catalysts.! In sum-
mary, our DRM tests, including those at high temperature and
space velocity, demonstrate an excellent performance and in par-
ticular stability of SmoRuxCe2-xO7, independent of the Ru loading,
highlighting that reductive exsolution leads to active and highly sta-
ble Ru-based DRM catalysts. Analysis of SmaRuo2Ce1.307 after the
DRM reaction (laboratory experiment, 700 °C, 48 h TOS, SV = 60
L gear! h™') by HR-TEM and STEM shows that the reacted material
contains exsolved Ru nanoparticles of an average size of ca. 2.2 nm
(Figure 8a,b), somewhat larger compared to those in
Sm2Ruo2Ce1.807(700-n2). After the catalytic test, the exsolved nano-
particles appear partially embedded (socketed)*® into the parent ox-
ide surface (Figure 8b). Increasing the DRM reaction temperature
to 800 °C while keeping the other parameters constant, gives
slightly larger Ru particles of ca. 2.7 nm for SmzaRuo.2Ce1.807 cata-
lyst, albeit still being highly-dispersed on the oxide surface accord-
ing to TEM (Figure 8c,d). This slight increase of the particle size
occurs while preserving the high dispersion of the Ru NPs on the
support, hence pointing to Ostwald ripening as the main sintering
mechanism (via Ru clusters < 1 nm in size that are not detectable
by HR-TEM). The high dispersion of the exsolved Ru NPs is also
maintained in SmzRuo2Ce1 307 after the extended stability test
(105 h, Figure S18a). Similar observations were made for the cata-
lyst with the high Ru loading, i.e., Sm2Ruo.4Ce1.607 (Figure S19).
This contrasts with what is observed for spent Ru/Sm2Ce207-Imp
and Ru/Sm2Ce207-BH. Already after 48 h TOS (at 700 °C), a sig-
nificant sintering-induced growth of the Ru nanoparticles was ob-
served in these materials (Figures S9¢ and S18b), which correlates
well with their deactivation with TOS (Figure 7a). Overall, electron
microscopy and operando XAS study point to an increased re-
sistance of Ru NPs against sintering with TOS as a key factor to
explain the superior stability of the exsolved catalysts compared to
the references Ru/Sm2Ce207-Imp and Ru/Sm2Ce207-BH.

3.4. Reversibility of Ru exsolution. Metal exsolution from and re-
incorporation back into the host oxide lattices (dissolution) is a
temperature-dependent process.*’ To further understand the disso-
lution process, we treated SmaRuo2Ce1.807s00-prRM) in air (1 h, 50
mL min~!, SV = 60 L gear”! h™") isothermally at 400, 500, 700 and
800 °C while determining the reincorporation of Ru by ex situ
XANES, EXAFS, Raman spectroscopy and XRD (Figure 9). Each
re-oxidation at a given temperature was performed with a fresh ma-
terial of Sm2Ruo2Ce1.807800-prM). As already discussed above, the
edge position of Ru in SmzRuo2Ce1.507(s00-prM) s identical to that
of Ru foil, suggesting that Ru is in a metallic state. Subjecting
Sm2Ruo.2Ce1.807(800-prM) to air at 400 °C already gives an average
oxidation state of Ru that is close to that in the calcined material.
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The full recovery of all of the XANES features of the freshly cal-
cined material occurs after re-oxidation at 700 °C, indicating a
complete re-oxidation and dissolution of Ru (Figure 9a). In line
with this, the FT and WT EXAFS data of the re-oxidized
SmaRuo2Ce1.807(300-brM) samples show only a peak due to the Ru—
O shell but no signatures for a Ru—Ru shell, i.e., similar to the initial
sloid solution (Figures 9b and S20a,b). The series of
SmaRuxCer—xO7(s00-prmy (X = 0.1, 0.4) materials could also be re-
oxidized in air (Figure S21). Again, only a peak due to the Ru-O
shell was observed in the respective FT EXAFS spectra (Figure
S21b,d). However, according to XANES spectra, the Ru loading
influences the temperature when Ru is fully re-incorporation in the
host oxide structure. For instance, Sm2Ruo.1Ce1.907 is re-oxidized
at a lower temperature of 500 °C than Sm2Ru0.4Ce1.607 which is
requiring 700 °C (Figures 9a and S21a,c). Comparison of the Ra-
man spectra of SmaRuo2Ce1.807 after re-oxidation at different tem-
peratures with the calcined and reduced materials shows that the
band at ca. 690 cm™! (signature of the Ru dopant in the host lattice)
vanishes after Ru exsolution and reappears after the re-incorpora-
tion of Ru above 500 °C (Figure 9¢). Additionally, XRD results re-
veal that the superstructure-related peaks weaken and broaden with
re-oxidation at temperatures > 500 °C, due to the re-incorporation
Ru (Figure 9d). Further discussion on re-oxidation tests using
milder oxidizers such as CO: or a mixture of COz-steam (10 vol%
H20) can be found in the supporting information (Figures S20 and
S22). To conclude, experiments with SmzRuo.2Ce1.807800-DrRM) cOn-
firm that dissolution of exsolved Ru can be utilized to effectively
regenerate the catalyst by simple re-oxidation in air above 700 °C

Particle size [nm]

prior to a new exsolution cycle. Such repeated reduction and re-ox-
idation cycles can be performed at least twice without compromis-
ing the host structure (Figure S23).

4. CONCLUSIONS

Ru-based catalysts with a high activity for the dry reforming of me-
thane and an enhanced thermal stability were prepared by the re-
ductive exsolution of Ru(0) nanoparticles from the defective
fluorite-type solid solution phases SmaRuxCe2xO7 (x = 0.1, 0.2, or
0.4). The exsolution of very small Ru NPs with a size of approxi-
mately 1-2 nm transforms the defective fluorite SmoRuo2Ce1507
phase into a C-type structure Ru(0)/Sm2Ce 3075 via a rearrange-
ment of the oxygen vacancies that concentrate around the Ru atoms
within the crystal lattice of SmaRuo.2Ce1.807. This transformation
process is reversible, whereby the original structure can be restored
by the dissolution of the exsolved Ru NPs via air oxidation at >
700°C. Such Ru exsolution and dissolution cycles can be per-
formed for at least two cycles. Overall, the reductive in situ exso-
lution is an efficient approach to yield catalysts with favourable
features including high metal dispersion, very small particle size,
and improved metal-support interaction ensuring an enhanced ther-
mal stability of the material. Catalytic tests confirmed the superior
performance of the catalysts prepared through the reductive exso-
lution approach, as compared to benchmark catalysts synthesized
via wetness impregnation or sodium borohydride reduction meth-
ods.
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Figure 9. Ex situ Ru K-edge (a) XANES spectra, (b) FT of the k’>-weighted EXAFS data, (c¢) Raman spectra, and (d) XRD patterns
(2=0.49328 A) of SmzRuo.2Ce1.807DrRM-300) after re-oxidation in air at different temperatures. SmoRuo2Ce1.807(prM-300) Was pre-treated at 800
°C for 1 h in a DRM reaction mixture for each experiment. Re-oxidation was performed in the air (20 vol% Oz in N2).
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Nanoparticles from atoms in an oxide lattice: reductive exsolution of Ru from fluorite-type SmaRuxCe2xO7 yields Ru(0) nano-
particles of 1-2 nm in diameter uniformly dispersed on the oxide support, accompanied by rearrangement of oxygen vacancies
within the oxide lattice. Resulting material shows a remarkable stability for the dry reforming of methane.
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