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Ethanol steam reforming (ESR) is a promising route for renewable hydrogen production, but it requires
highly active and coke resistant catalysts to efficiently convert ethanol into hydrogen-rich mixtures. The
ESR catalytic activity is investigated in single-phase LaCr;_,Ru,Os3 solid solutions with 0.0 < x < 0.20. Highly
active ruthenium species are formed at the surface of the oxide in operando during ESR at 600 °C. These
species have remarkable stability for ESR with strong resistance for coke formation, resembling single-
atom catalysts. Samples reduced ex situ at higher temperature (900 °C) exhibit Ru exsolved nanoparticles
with lower catalytic stability than the species obtained in operando during ESR reaction. X-ray absorption
Received 25th June 2025, spectroscopy and high-resolution transmission electron microscopy reveal that small metallic Ru species
Accepted 13th August 2025 (<2 nm) are formed under ESR reaction, whereas in samples exsolved at 900 °C such species coexist with
larger exsolved Ru particles (~5 nm), which are more likely to deactivate. The experimental results provide
an innovative approach for solid solution-derived species in refractory oxide matrix that are valuable for
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rsc.li/catalysis designing robust catalysts for ESR.

1. Introduction storage space is limited but autonomy is critical.
Furthermore, ethanol can seamlessly integrate with existing
Recently, ethanol derived from biomass has emerged as an  liquid fuel infrastructures, such as gasoline and diesel
attractive hydrogen carrier due to its renewable origin and  distribution networks. As a result, ethanol has become the
energy efficiency.” This biofuel offers simplified storage  most widely used biofuel in combustion engines across
and transportation, as well as the potential to produce  several countries.
hydrogen via the ethanol steam reforming (ESR) reaction.®® Ethanol steam reforming (ESR) (eqn (1)) involves
Compared to methane, ethanol provides safer and denser  multiple chemical pathways, with several parallel reactions
energy storage owing to its liquid state under ambient occurring depending on the catalyst and reaction
conditions.®” This characteristic is particularly advantageous  conditions.’
for mobile applications, such as trucks and cars, where

C,HsOH + H,O — 2CO + 4H, (1)
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iii) Ethanol decomposition, yielding methane (CH,),

hydrogen gas (H,), and carbon monoxide (CO) (eqn (4)).
C,H;OH — CH, + H, + CO (4)

iv) Methane steam reforming (MSR), which generates CO and
H, (eqn (5))-

CH, + H,0 — CO + 3H, (5)

v) Water-gas shift reaction (WGSR), where CO from the
preceding reactions reacts with water to produce carbon
dioxide (CO,) and additional hydrogen gas (H,) (eqn (6)).

CO + H,0 — CO, + H, (6)

Under certain conditions, solid carbon deposits (coke) can
form as a byproduct of ethanol decomposition or its
intermediates.® This is generally an undesirable side reaction.
Factors influencing coke formation include temperature,
pressure, catalyst type (e.g., nickel-based catalysts), and
reactor residence time. Optimizing reaction conditions and
catalyst selection is crucial for maximizing the yield of
desired products, such as hydrogen gas.

Lanthanum chromite (LaCrO;) is a p-type electronic
conductor known for its high stability in both reducing
and oxidizing atmospheres. These properties make it one
of the preferred materials for applications such as
interconnectors in high-temperature solid oxide fuel cells
(SOFCs).” ™™ A key challenge in using LaCrO; in SOFCs lies
in achieving a dense ceramic due to its limited sintering
characteristics.'?> Nonetheless, its resistance to densification,
combined with its stability across a wide range of
temperatures and oxygen partial pressures, makes LaCrO;-
based ceramics ideal for high-temperature catalytic
applications. In such applications, the stability and
durability of the substrate supporting catalytic active sites
are critical to maintaining high performance, preserving
morphology, and avoiding grain coarsening. Additionally,
perovskite-based materials are promising for catalysis due
to their resistance to coke deposition and weak binding to
sulfur.'>*

The ABOj; perovskite structure is highly versatile, allowing
for high concentration doping at the B-site. The hybridization
of orbitals and charge transfer between the transition metal at
the B-site and oxygen are typically identified as mechanisms
governing their electronic, magnetic, and catalytic properties.'
Ruthenium-doped lanthanum chromite ceramics have
demonstrated excellent catalytic performance for methane and
heavy hydrocarbon reforming. Previous research has shown
that materials doped or impregnated with Ru are effective
catalysts for methane reforming,'®'” and that Ru is an active
catalyst for ESR." ' Moreover, Ru-substituted LaCrO; has
been studied as an effective catalyst for various reactions,?**
but only recently our group reported its use for ESR.>® In
impregnated catalysts, highly dispersed Ru nanoparticles
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derived from cluster precursors were significantly smaller
than those produced from metal-salt precursors.'”'® These
catalysts outperformed those prepared using conventional
impregnation methods with inorganic salts.

More recently, ruthenium species in doped LaCrO; have
been shown to exhibit distinct catalytic properties depending
on their origin, either as segregated oxide particles or as
exsolved nanoparticles. Exsolution involves the formation of
metallic particles from ionic species in a solid solution,
typically within a mixed-oxide ceramic phase, through
thermochemical treatment under reducing conditions.?”*®
The resulting nanoparticles are nanometric and resistant to
agglomeration due to their strong substrate bond. This
resistance arises because nucleation begins just below the
substrate surface, leaving the exsolved particles partially
embedded in the oxide matrix.>**

Recent studies have explored the role of exsolved metals
from perovskites in ESR reactions.*”®® For example, in
perovskite titanates such as (LagsCag.s)(1-e)Nio.06Ti0.0403-5,
A-site deficiency has been shown to influence the size and
abundance of exsolved nickel particles.**?® These nickel
nanoparticles exhibited significant catalytic activity in ESR
reactions, achieving complete ethanol conversion at 750 °C.
However, controlling and maintaining the nanoparticle size
at a few nanometers remains a challenge.

A similar approach to achieving highly dispersed active
sites has been explored in other catalyst systems, where a
dopant active metal ion is dissolved in the oxide matrix.**
Maintaining a low dopant concentration prevents phase
segregation and ensures a solid solution. This method has
been extensively studied for preparing single-atom catalysts
derived from metal ionic species in solid solutions within
an oxide matrix. For instance, a recent study investigated
various synthesis methods for Ni-doped ceria.”> Depending
on the -catalyst preparation method, high-resolution
electron microscopy revealed nickel species in different
forms: large NiO particles on the ceria surface, small NiO
ensembles, or nickel ions incorporated into the -ceria
lattice. = The most active species for acetylene
hydrogenation were nickel ions integrated into the lattice,
whereas Ni-impregnated samples showed poor
performance.

A more recent study on metal-support interactions in Ru-
doped LaCrO; observed that Ru species emerged on the
perovskite surface in various forms, including 3D
nanoparticles, 2D layers, and 0D single atoms.>"

The present study demonstrates a novel strategy for
achieving high catalytic activity in ethanol steam reform
using ruthenium substituted LaCr;_,Ru,O; compounds.
Under reaction conditions, small metallic Ru species are
generated resulting in enhanced catalytic activity as
compared to catalysts prepared either by exsolution or by
standard impregnation. Combined with the stable LaCrO;
matrix, the solid-solution-derived Ru species provide a robust
catalyst for hydrogen production from an economically viable
renewable carrier.

This journal is © The Royal Society of Chemistry 2025
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2. Experimental
2.1. Catalyst preparation

Ceramic powders of Ru-doped lanthanum chromite La(Cry_,-
Ru,)O3, x = 0, 0.05, 0.10, and 0.20, were produced by the
Pechini method.*®*” La(NO;);-6H,0 (99.9% Sigma Aldrich),
Cr(NO;3)3-9H,0 (99.9%, Sigma Aldrich), and RuClz-nH,0
(99.9%, Sigma Aldrich) were the cation precursors. Citric acid
was employed as a chelation agent, and ethylene glycol for
polyesterification. A molar ratio of 1:2:4 of metallic ions:
citric acid: ethylene glycol was adopted. First, the citric acid
and ionic precursors were solubilized in water and kept
under stirring for two hours to ensure full solubilization and
homogenization. Following, the ethylene glycol was added,
and the solution was heated to 180 °C to eliminate excess
water and induce the polymerization of the chelates. A dark
and brittle metal-organic resin was produced, which then
was ground into a fine powder. The resin was calcined in air
at 1000 °C for 1 hour in air to eliminate organics and
crystallize the ceramic material. For the sake of simplicity,
the compositions with Ru x = 0, 0.05, 0.10, and 0.20 are
referred to as LCRO, LCR5 (2.1 wt% Ru), LCR10 (4.1 wt% Ru),
and LCR20 (8.1 wt% Ru), respectively.

The formation of active solid-solution derived Ru species
was done in operando during ESR reactions. The effect of
exsolution was further investigated by ex situ reduction heat
treatment under hydrogen flow. The ex situ thermochemical
heat treatment of the as-prepared powders were carried out
by following one of the two procedures: i) at 900 °C for 4
hours under pure H, (99.999%) flow (100 sccm) in a tubular
furnace with controlled atmosphere, referred to as LCRx-exs
samples, or ii) at 250 °C or 550 °C, in the fixed-bed catalytic
test furnace reactor or in the X-ray absorption spectroscopy
sample holder, as described next. The ex situ exsolution
treatments were performed by flowing H, at the targeted
temperature, while both heating and cooling down to room
temperature ramps were under inert gas flow.

A reference impregnated sample (LCR-imp) was obtained
by adding a solution of RuCl; into the LCRO with ~10%
molar (4.0 wt%) Ru doping. The impregnated powder was
calcined at 700 °C in air.

2.2. Catalyst characterization

X-ray diffraction (XRD) was used to identify the crystalline
phases. The XRD was measured in a STADI-P X-ray powder
diffractometer (STOE). The samples were placed in the
middle of two cellulose acetate foils and measured in
transmission geometry. Data were collected in a range from
5° to 50° (26) with an angular step of 0.015°. The radiation of
MoK,; (0.7093 A) was filtered by a primary beam
monochromator (Ge (111) crystal). The diffraction results
were fitted using Rietveld refinement and the TOPAS software
to obtain quantitative information about the crystal
structure.*®?°

Temperature-programmed reaction (TPR) experiments
were performed in a TPR/TPD 2900 Micromeritics system
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equipped with a thermal conductivity detector (TCD). The
catalyst was dried under a helium (He) flow (30 mL min™"),
and the analysis was carried out under a flow of a gas
mixture of 5% H,/Ar (30 mL min"), using 100 mg of sample.
The temperature was increased to 1000 °C at a heating rate
of 10 °C min™".

Analysis of the chemical composition of the catalysts was
performed by X-ray fluorescence spectroscopy (WDXRF) using
the Rigaku Supermini200, with an X-ray tube of 50 kv, 200 W
(Pd-anode).

Raman spectra were carried out to identify both changes
in the perovskite lattice by the addition of ruthenium and to
evaluate coke formation after ESR reactions. The catalysts
were analyzed in a Raman Horiba Jobin Yvon/XploRA PLUS
Spectrometer, model 800 equipped with LabRAM confocal
microscope Olympus BX40 Model coupled to a HORIBA
Instruments Incorporated/SyncerityTM CCD Detector using a
He-Ne laser ions (4 = 632 nm).

Scanning electron microscopy (SEM) was used to
characterize the morphology of the powder. High-
magnification images were obtained on a JEOL microscope
(model JMS-6701F) with a field emission gun (FEG-SEM).
Energy dispersive X-ray spectroscopy (EDS) analyses were
performed to verify the stoichiometry of the produced
powders, using a JEOL JSM-6010LA microscope.

Transmission electron microscopy (TEM) was employed to
verify local crystal structure and sample morphology. The
analyses were performed on a JEOL JEM-2010 microscope.
Samples were prepared by depositing a suspension of the
catalysts in isopropyl alcohol onto a 200 mesh copper grid
coated with Formvar and carbon (Ted Pella, Inc.). The
samples were air-dried for 24 hours. To obtain atomic-scale
images and EDS mapping we used an aberration-corrected
STEM JEOL 200 CF NeoArm equipped with dual EDS
detectors (ACSTEM-EDS). Both bright field and annular dark
field images were recorded.

X-ray photoelectron spectroscopy (XPS) was performed by
using a Phi 5000 VersaProbe II X-ray photoelectron
spectrometer at Nissan Research Center (Japan). For XPS
measurements the energy scale is calibrated by using the
binding energy for an La 4ds5,, peak top, 101.7 eV.

Ru K edge X-ray absorption spectroscopy (XAS) was
conducted at the Argonne National Laboratory Advanced
Photon Source 10-BM MRCAT bending magnet beam line.
Samples were pressed into separate sample holders, which
were all sealed inside an in situ gas/temperature treatment
cell with X-ray transparent windows. Three ion chambers
were used, which enables simultaneous measurement of the
Ru foil, used for an extended X-ray absorption fine structure,
EXAFS, (12 Ru-Ru at 2.68 A) reference. The samples were
scanned over an energy range from 250 eV to 1 keV above the
edge. The X-ray absorption near-edge structure (XANES)
spectra were normalized with a linear and cubic fit of the
pre-edge and post-edge regions, respectively. All spectra were
calibrated to Ru foil (22.1172 keV), which was acquired at the
same time as the samples. A 2% Ru/SiO, sample was used as
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a reference XANES spectrum for metallic Ru NPs. The sample
was synthesized using incipient wetness impregnation (IWI).
Davisil grade 646 silica (35-60 mesh, Sigma-Aldrich) was used
as a support. 2 wt% Ru, from a ruthenium(im) acetylacetonate
precursor, was dissolved in acetone and deposited on the
silica dropwise while mixing. The sample was dried for 6
hours at room temperature, then overnight at 125 °C. The
sample was calcined at 300 °C in air for 3 hours, cooled to
room temperature, then reduced at 550 °C in 5% H, for 3
hours.

The samples LCRx, LCRx-exs, LCR-imp, and Ru/SiO, were
scanned as-received in He flow at 25 °C. Exposure to air at
RT leads to surface oxidation of Ru NPs. The samples were
then heated to 550 °C in 3% H, in balance He for 30 minutes
and scanned again. After this scan, the samples were cooled
to 25 °C in 3% H, in balance He and scanned. Finally, 20%
0,/He was flowed for 30 minutes and scanned one more
time. This final low-temperature oxidation leads to surface
oxidation of the Ru NPs present in the sample.

2.3. ESR

Ethanol steam reforming was performed at atmospheric
pressure in a fixed bed reactor at 600 and 700 °C using 5, 10,
20, or 50 mg of catalysts. The reactive feed consisted of 2.5
vol% ethanol and 7.5 vol% water, diluted in the N, carrier
stream. The reactant mixture was obtained by flowing N,
streams through two saturators containing ethanol and water
separately (30 and 30 mL min ', respectively), which were
maintained at 18 °C and 54 °C, respectively, to obtain the
desired H,O/ethanol molar ratio of 3/1. The reactants and the
reaction products were analyzed by gas chromatography
(Agilent 7890A), equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID)
connected in series and two columns (molecular sieve and
PLOT U). Ethanol conversion (Xethanol) (eqn (7)) and product
distribution (S,) (eqn (8)) were determined as follows:

(nethanol ) in- (nethanol ) out
(nethanol ) in

Xethanol = X100 (7)

S, = (ny) produced <100 ®)
(n¢) produced

where (n,) produced = moles of x produced (x = reaction

products) and (n,) produced = sum of the moles of products

(excluding water).

The ESR test protocol proceeded as follows: first, the
catalyst powder was loaded into a quartz tube between quartz
wool plugs. Starting from room temperature the furnace was
heated at a rate of 10 °C min™* under N, flow. Once the
desired reaction temperature (typically 600 °C) was reached,
the system was allowed to stabilize for 90 minutes while the
N, flow began to flow into the saturators to prepare the
mixture of H,O/ethanol with a molar ratio of 3/1. After
temperature stabilization, the reactant mixture was flown
through the quartz tube, and the outlet was subsequently
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analyzed by gas chromatography (GC). In the present study,
unless otherwise stated, the ESR tests were conducted
without pre-reduction treatment of the samples. Gas
sampling during ESR tests at fixed temperature intervals
occurred every 34 minutes. After the ESR tests, samples were
cooled under nitrogen to preserve the spent catalysts for
post-test analyses. Regeneration tests under a water-rich
atmosphere or nitrogen were performed by discontinuing the
ethanol flow in the reactor.

3. Results and discussion
3.1. Ethanol steam reforming performance

Ethanol conversion and product distribution as a function of
time on stream (TOS) for the ESR at 600 °C are shown in
Fig. 1. It is worth mentioning that the as-prepared samples
tested following the protocol described in the
Experimental section without any pre-treatment before the
ESR reaction.

The most notable result is the high catalytic activity of the
oxide compounds LCR10 and LCR20 for ESR, achieving 100%
ethanol conversion and maintaining high stability over 20
hours (Fig. 1c and d). The parent compound (LCRO) was
inactive for the ESR reaction (Fig. 1a). The main reaction
taking place was ethanol dehydrogenation, forming
acetaldehyde (C,H,0) and H,.*° Ethanol can undergo
dehydration to produce acetylene, which in turn can
decompose into coke and hydrogen, possibly accounting for
the deactivation observed within the first hours of the
reaction, whereas the LCR5 catalyst initially facilitated ESR
and WGS reactions, producing H,, CO, and CO, during the
first 2 hours. However, after this period, its activity declined,
leading to a shift in selectivity toward acetaldehyde, which
stabilized as the predominant product for the remaining 18
hours (Fig. 1b).

On the other hand, Ru doping levels of x > 0.1 resulted in
highly active LCR samples. For these samples, the primary
products were H,, CO, and CO,, derived from the ethanol
steam reforming and water—gas shift reactions. Notably, the
LCR10 sample exhibited exceptional ESR performance, with
100% ethanol conversion and no signs of deactivation after
20 hours.

Fig. 1a-d shows the effect of Ru substitution on the
catalytic properties of the LaCrO; perovskite matrix. The ESR
is only active when Ru substitution is x = 10%, whereas the
LaCrO; parent compound and catalysts with lower amounts
of substituted Ru have poor activity for ESR. Such a behavior
indicates that, when Ru amount is x < 10%, the
dehydrogenation promoted by the oxide matrix prevails. In
catalysts with higher fractions of Ru, enough active species
are produced that can sustain the ESR.

Raman spectroscopy (Fig. 1e) was utilized to investigate
catalyst deactivation. It provides insights into the decline in
ethanol conversion observed during the initial hours of
reaction for LCRO and LCR5. The spectra of the spent
catalysts revealed two distinct bands: one at 1315 cm™* and

were
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Fig. 1 Composition impact on catalysis. Ethanol conversion over time. Ethanol conversion (O Xethano) @nd product distributions versus TOS for
ESR at 600 °C under H,O/ethanol molar ratio = 3.0 for samples LaCr;_,Ru,Os_5 (@) x = 0 LCRO, (b) x = 0.05 LCR5, (c) x = 0.10 LCR10, and (d) x =
0.20 LCR20 (mass of catalyst = 50 mg and residence time = 0.075 g s mL™). e) Raman spectra of spent catalyst after ESR.

another at 1590 cm ™", corresponding to the D and G bands of
sp> carbon, respectively. These prominent carbon bands
confirm coke deposition on the material surface during the
ESR reaction.*™*> In contrast, the Raman spectra of the spent
LCR10 and LCR20 catalysts did not show the D and G bands
after the reaction. The absence of these carbon-related bands
indicates that these catalysts are resistant to carbon
deposition. Furthermore, sintering of the active species is
unlikely due to the relatively low ESR reaction temperature
compared to the catalyst fabrication temperatures (1000 °C).
Minor bands observed at ~480 and ~700 cm ' are
attributed to vibrational modes of the perovskite matrix and
do not relate to carbon species. In particular, the peak near
700 cm™' corresponds to the B,, vibrational mode of the
LaCrO; orthorhombic structure (Pbnm symmetry), as reported

This journal is © The Royal Society of Chemistry 2025

in previous Raman studies of chromite perovskites.”* These
bands further confirm the chromite structure of the catalyst
surface and are not indicative of deactivation or reaction
byproducts.

Thermogravimetric analysis and differential thermal
analysis (TGA/DTA) measurements (Fig. S1) were also
conducted on the spent catalysts to detect the presence of
carbon deposits. Measured mass losses of the spent
catalyst were close to the detection limit (~5%) of the
experimental apparatus. For the LCR5 samples, which
experienced  significant deactivation, a characteristic
exothermic event was observed around 300 °C,
accompanied by a slight mass loss. These features are
indicative of the inhibited carbon accumulation on the
surface of the spent catalyst.

Catal. Sci. Technol., 2025, 15, 5907-5923 | 5911
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Interestingly, additional ESR tests carried out with
samples reduced ex situ by thermal treatments at 900 °C in
H, (LCRx-exs) show a decreased performance when compared
to the as-prepared samples performance (Fig. S2).

3.2. Catalyst stability and regeneration

To further investigate the active ruthenium species, the
stability of the catalysts was evaluated over extended periods
(>100 hours). These tests were conducted by reducing the
residence time to achieve lower conversion rates, enabling a
detailed analysis of catalyst deactivation, as shown in Fig. 2.
Additional measurements show the catalytic properties of the
sample reduced ex situ at 900 °C (LCR20-exs) in Fig. S3.

For ESR tests conducted at 600 °C (Fig. 2a), the LCR20
sample maintained 100% ethanol conversion for
approximately 85 hours of operation, demonstrating superior
performance of the catalytic active species derived from the
solid solution without requiring any previous reduction
treatment. The catalytic activity facilitated the conversion of
ethanol into H,, CO, CO,, and trace amounts of CH,.

In contrast, Ru-impregnated reference sample (LCR-imp)
exhibited a more pronounced degradation compared to the
LCR20 catalyst (Fig. 2b). Unlike LCR20, the impregnated
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sample showed continuous deactivation during the initial
hours of the reaction.

Deactivation was marked by a slight decline in H, and CO
production, accompanied by an increase in acetaldehyde
formation. Additional catalytic tests were performed to
further explore the LCR properties. Adding excess water to
ESR was ineffective in preventing sample deactivation (Fig.
S4).

It is worth noting that in Fig. 2a, the LCR20 catalyst
exhibits an abrupt decrease in ethanol conversion at ~80
hours and 300 hours of TOS. These sharp drops in activity
may indicate the onset of catalyst deactivation events such as
the accumulation of surface carbon species, pore blockage,
or restructuring of surface Ru active sites. While the catalyst
maintains high stability for extended periods, these
deactivation events suggest that under prolonged operation,
the balance between coke formation and gasification may
become unstable promoting stepwise deactivation of the
catalyst.

During stability tests, ethanol/steam injection was paused
for 2 hours, leaving the catalysts under an N, flow at 600 °C.
Upon reinjection of the ESR reaction mixture, both the
LCR20 and reference LCR-imp catalysts restored 100%
ethanol conversion and selectivity, matching their initial
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Fig. 2 Endurance catalytic testing. Ethanol conversion (O, Xethano!) vVersus TOS for ESR at 600 °C under H,O/ethanol molar ratio = 3.0 over LCR20
(a) and LCR-imp (b) catalysts (mass of catalyst = 20 mg and residence time = 0.020 g s mL™). The time interval for regeneration under N, was 2

hours. (c) Raman spectra of used catalysts after reactions.
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performance. These results indicate that both catalysts can
be regenerated by brief exposure to an inert gas at the same
temperature as the ESR reaction.

The catalysts used in the stability tests were analyzed by
Raman spectroscopy after the reaction. Only the LCR-imp
catalyst exhibited the presence of D and G bands, which are
characteristic of carbon deposition on the catalyst surface.
The recovery of catalytic activity in the LCR-imp catalyst can
be attributed to the presence of oxidizing species adsorbed
on the catalyst surface, such as CO,, along with oxygen from
the perovskite lattice.***> These species assist in the removal
of coke deposited on the catalyst surface. In contrast, the
regeneration of the LCR20 catalysts may be attributed to the
desorption of weakly bound species from the catalyst surface,
which hinder access to active sites.

3.3. Effect of reduction temperature

The catalytic properties of LCR samples towards ESR
reactions were further investigated using the LCR10 catalyst
and decreasing the residence time relative to the initial tests
(Fig. 1 and S2) to avoid complete conversion. Three different
tests were performed, each using fresh samples of the LCR10
catalyst subjected to different (ex situ) reducing treatments
under H, in the catalytic test reactor before ESR tests. In the
first test, the ESR reaction was carried out without reduction
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(Fig. 3a) of the catalyst, similar to the tests shown in Fig. 1.
The second test was carried out after reduction at 250 °C for
1 hour in H, before the reaction (Fig. 3b). The effect of
increasing the reducing temperature was investigated in a
sample reduced at 550 °C for 1 hour in H, prior to the ESR
reaction (Fig. 3c). Such temperatures were defined after TPR
runs of the LCR samples (Fig. 4).

The test performed with as-prepared LCR10 sample
showed an initial conversion of ~80%, which gradually
decreased to 50% within 10 hours of reaction. The main
products were H,, CO, CO,, and acetaldehyde (C,H,0). These
results suggest that the ESR reaction is the dominant
process, but as the catalyst deactivates, ethanol
dehydrogenation becomes prevalent. The ESR test following
reduction at 250 °C showed slightly better initial activity than
the non-reduced test, achieving 100% conversion that rapidly
decreased to 60%, with stabilization up to 15 hours. Product
selectivity remained similar in both tests, with acetaldehyde
increasing and CO decreasing as the reaction proceeded. In
contrast, the sample reduced at 550 °C reached 100%
conversion with slower deactivation, dropping to 80%
conversion after 15 hours. The primary products were H,,
CO, and CO,, with acetaldehyde increasing as the reaction
deactivated.

The combined -catalytic tests revealed that the LCR
samples are activated in operando by the reducing
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Fig. 3 Reduction temperature tests. Ethanol conversion (O, Xethanot) @and product distribution versus TOS for ESR over LCR10 at 600 °C without
pre-reduction treatment (a), reduction at 250 °C before reaction (b), reduction at 550 °C before reaction, under H,O/ethanol molar ratio = 3.0

(mass of catalyst = 10 mg and residence time = 0.010 g s mL™).
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atmosphere of the ESR reaction. It is important to note that
such mild reduction conditions typically do not induce
complete exsolution of 3D nanoparticles, which generally
requires higher reduction temperatures.>*”*”2° Thus, these
results indicate that LCR samples can be activated by the
reducing environment of the ESR reaction, likely promoting
the formation of highly active Ru species. This observation
aligns with previous studies on ruthenium reduction under
catalytic conditions, such as in dry reforming of
methane.”"**

The catalytic tests for the LCR samples demonstrate that
Ru-substituted LaCrO; exhibits outstanding catalytic
properties for ESR. As widely accepted in ESR mechanisms,
oxides promote the dehydrogenation of ethanol, while
metallic species are required for C-C bond cleavage during
reforming.”’~*° The catalysis data suggests that ESR catalytic
active species are generated from ruthenium species in the
solid solution in LCR oxide compounds. Moreover, the
experimental data clearly differentiates the enhanced
catalytic properties of the as-prepared LCR samples (Fig. 1)
from that of both the impregnated reference and the
samples reduced ex situ at 900 °C in H, (Fig. S2) The key
finding is that the oxide single-phase LCR (Ru x > 5%)
catalysts are activated in operando under ESR conditions at
600 °C through a mild reduction promoted by the hydrogen

5914 | Catal. Sci. Technol, 2025, 15, 5907-5923

generated during the reaction. Previous studies have shown
the formation of active Ru exsolved nanoparticles in similar
compounds. However, ex situ reduction for exsolution of
nanoparticles usually requires significantly more severe
reduction conditions than those of the ESR. As shown in
Fig. 1 and 2, the active species derived from LCR solid
solutions during ESR exhibit high resistance to deactivation
and do not lead to carbon formation. Thus, further
investigation is required to understand the effect of the Ru
incorporated in the chromite lattice and the active species
in the LCR samples.

3.4. Structural properties

Fig. 4a presents the X-ray powder diffraction (XRD) patterns
of the LCR compounds. Additional XRD results for the
impregnated and exsolved samples can be found in Fig. S5.
All samples exhibit a single-phase structure, crystallizing in
the Pbnm symmetry, consistent with the lanthanum chromite
orthorhombic structure (ICSD#9938). No peaks
corresponding to Ru compounds, such as Ru® or RuO,, are
observed, indicating that Ru is fully incorporated into the
LaCrO; lattice. Within the detection limits of XRD, Ru-doped
LaCrO; remains single-phase up to 20% at., confirming the
formation of a solid solution.*®

This journal is © The Royal Society of Chemistry 2025
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With increasing Ru doping, a shift in the XRD peaks is
observed in Fig. 4a the substitution of Cr*" (0.615 A) with the
slightly larger Ru** (0.68 A) induces minor distortions in the
orthorhombic structure.”® The solid-solution formation is
further evidenced by the dependence of the LCR lattice
parameters on Ru content. Refined unit cell parameters
increase linearly with Ru doping, following a Vegard-type
relationship,”* which strongly supports the formation of a
solid solution (Fig. S5). Such an increase of the lattice volume
is likely due to the slightly higher ionic radii of Ru*/*" than
that of Cr** and possible formation of oxygen defects upon
Ru substitution. As shown in Fig. S5, samples reduced at
high temperature (900 °C) display a small lattice volume
decrease, which can be related to oxygen release and vacancy
formation, as observed for the parent compound (x = 0). Such
a decrease of the lattice volume is more pronounced at
higher Ru content, indicating that ruthenium reduction also
modifies the crystalline structure of the compound. Indeed,
this is an indication of possible formation of Ru’ that leaves
the LaCrO; crystal lattice upon reduction.

The chemical composition and morphology of the LCR
samples were examined using various techniques. Table 1
summarizes stoichiometric results obtained from Rietveld
refinement (Table S1), wavelength-dispersive  X-ray
fluorescence  (WDXRF), and energy-dispersive  X-ray
spectroscopy (EDS) (Table S2). WDXRF analysis confirmed
that LCR samples have compositions close to the nominal
values, consistent with EDS and Rietveld refinement data.
While Ru contents in the LCR5 catalysts could not be
measured due to X-ray wavelength limitations, both Rietveld
refinement and EDS-derived La/Ru ratios align with nominal
values. Furthermore, Rietveld refinement confirmed that Ru
occupies the B-site of the perovskite lattice.

The temperature-programmed reduction (TPR) profile of
the undoped LCR (Fig. 4b) exhibited two reduction peaks
between 200 and 440 °C and a broad peak around 800 °C.
The low-temperature peaks are associated with the reduction
of surface Cr®" (T-range II, ~250 °C) and Cr*" (T-range III,
~350 °C), while the high-temperature peak (T-range V, ~800
°C) corresponds to the reduction of bulk chromium species.
Ru-doped  samples displayed enhanced  hydrogen
consumption in regions II, III, and V (Table S3), along with
the a new peak at =500 °C (T-range IV), which is attributed
to Ru species in the LaCrO; lattice. These results suggest that
Ru introduces new redox-active species and promotes the
reducibility of Cr species contributing to H, consumption in

Table 1 Chemical analysis. Ru/La stoichiometric molar ratios obtained
from EDS analysis, site occupancy from Rietveld refinement, and WDXRF
chemical composition of the samples

Sample Nominal Ru/La (at%) EDS Rietveld WDXRF
LCRO — — — —

LCR5 5 5(1) 6.2(3) —
LCR10 10 9(1) 11.2(4) 12.1
LCR20 20 18(2)  17.5(4) 20.5

This journal is © The Royal Society of Chemistry 2025
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distinct temperature regions, particularly at lower
temperatures. The low-temperature peaks (T-range II and III)
can be attributed to the reduction of surface Ru and Cr ions,
while the high-temperature peaks (IV and V) correspond to
bulk Ru and Cr species.>

3.5. Microstructural analysis

Microstructural features of the samples were investigated
using electron microscopy. Field-emission SEM (FEG-SEM)
and aberration-corrected STEM (ACSTEM-EDS) analyses
revealed significant details about the samples. The as-
prepared powders, like the LCR10 shown in Fig. 4a, exhibit
smooth and homogeneous surfaces characteristic of single-
phase particles with an average size of ~100 nm. The
relatively high calcination temperature (1000 °C) promoted
well-defined rounded polygonal grains with discernable grain
boundaries and no visible segregation or secondary phases,
while retaining particles size in the nanometric domain. Such
features are compatible with the refractory behavior of the
LaCrO; perovskite. Upon further Ru doping, as in the LCR20
sample (Fig. S6) resulted in similar microstructure with no
evidence of second phases, such as segregated RuO, at the
surface that could be the source of metallic active ruthenium
species. Such a segregation could be easily detected as shown
by the SEM images of the reference impregnated sample
(LCR-imp), which displayed elongated RuO, particles
deposited on the surface of the perovskite, clearly observed
by their brighter contrast compared to the LaCrO; matrix
(Fig. S6).

A deeper assessment of the microstructure of the samples
was performed by ACSTEM-EDS. Representative images from
distinct regions of the as-prepared LCR10 sample showed a
clean surface with homogeneous distribution of all elements,
as shown in Fig. 5c and d. Therefore, high-resolution
ACSTEM-EDS screening of the as-prepared sample LCR10
revealed single-phase oxide compound with no secondary
phases.

To investigate possible formation of Ru species upon
reduction, the LCRx samples were reduced ex situ at 900 °C
under H, (samples referred to as LCRx-exs). FEG-SEM images
of the LCR10-exs sample (Fig. 5b) indicate that the reduction
treatment had no effect on the microstructure. Similarly to
the LCR10, the exsolved samples exhibit clean surfaces and
well-defined rounded particles with similar average size
(~100 nm). However, higher magnification of the ACSTEM
images (Fig. 5e and f) of the exsolved sample LCR10-exs
revealed readily observable small protuberances on the
surface. The ACSTEM image can be directly related to the
corresponding EDS map in Fig. 5f in which the bright spots
clearly exhibit a high concentration of Ru (in blue), which are
further confirmed by TEM (Fig. S7). The rounded spots have
estimated sizes spanning roughly from ~1 nm to 5 nm. Such
a broad range of sizes suggests that different Ru species
coexist on the sample reduced at 900 °C. The ACSTEM data
indicate that these regions correspond to metallic Ru species,
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Fig. 5 Catalyst microstructure. FEG-SEM images of the as-prepared (a) LCR10 and (b) LCR10-exs. ACSTEM images and ACSTEM-EDS mapping of
LCR10. (c) LCR10 ACSTEM image, (d) LCR10 combined Ru, La, Cr, and O EDS maps, (e) LCR10-exs ACSTEM image (f) LCR10-exs combined Ru, La,

Cr, and O EDS maps, nanoparticles.

consistent with previous reports on Ru-doped LaCrO;.>* The
electron microscopy analyses confirm that La(Cr;_,Ru,)Os_s
(for x < 0.20) has no signs of segregated Ru or secondary Ru
phases, e.g., RuO,, while upon reduction at high temperature
(900 °C) metallic ruthenium species are formed. These
findings strongly suggest that the outstanding catalytic
properties of LCR (x = 10) are related to active metallic Ru
species generated in the reducing conditions of ESR at 600
°C. Additional lower-magnification TEM images, provided in

Fig. S8, further illustrate that the reduction and formation of
these particles occur homogeneously throughout the sample
rather than in isolated regions.

To confirm the formation of ruthenium species during
ESR, the LCR20 sample was analyzed using high-resolution
TEM (HR-TEM) under two conditions: as-prepared and post-
ESR (600 °C). The HR-TEM analyses provide critical insights
into the structural changes and active species formation
during the reaction. The HR-TEM images of the as-prepared

Fig. 6 Microstructure induced by ESR. HR-TEM images of the LCR20 compound: (a and b) as-prepared and (c and d) post ESR reaction at 600 °C.
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LCR20 (Fig. 6a and b) reveal a single-phase crystalline
structure devoid of noticeable segregations or nanoparticles.
In contrast, post-ESR imaging (Fig. 6¢c and d) demonstrates
the formation of small crystalline species. These highly
dispersed Ru species formed during ESR (at 600 °C) have a
size lower than 2 nm and are likely to be precursors to larger
exsolved nanoparticles observed at higher reducing
temperature (900 °C).

While Fig. 6¢ and d clearly illustrates the formation of
sub-2 nm Ru species under ESR conditions at 600 °C, a direct
comparison to exsolved nanoparticles formed after reduction
at 900 °C (Fig. S7 and S8) reveals a broader distribution of
particle sizes, often extending up to ~5 nm. The observed
contrast between the small, highly dispersed Ru species post-
ESR and the larger, more defined nanoparticles after high-
temperature exsolution supports the in operando activation.

For LCR10, as discussed in Fig. 5 and S7, TEM and AC-
STEM images confirmed the presence of exsolved Ru
nanoparticles following the 900 °C reducing treatment, with
sizes in a similar 1-5 nm range. However, due to challenges
in locating a statistically significant number of Ru particles
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on the surface of the ESR-tested LCR10, particularly under
low-temperature reduction (250-550 °C), a complete size
distribution was not obtained. Nevertheless, the reduced
number and smaller size of observable nanoparticles further
support the in operando formation of dispersed Ru species
under ESR conditions, consistent with the enhanced catalytic
performance and the absence of carbon deposition.

This microstructural transformation highlights the
generation of catalytically active Ru species at 600 °C under
ESR conditions. Their size and dispersion suggest they play a
critical role in the remarkable catalytic performance and
activation mechanism of the LCR compounds. This supports
the conclusion that the Ru species formed during ESR are
key contributors to the superior catalytic behavior, offering
insights into the fundamental properties governing the
activation process.

3.6. Spectroscopic measurements

To investigate the Ru sites in the studied catalysts before and
after reduction treatments, detailed XPS and XAS analyses

(b)

14f Ru3p32 2 =
12 SIC)
1.0
0.8} LCR20 reduced /\“
—-—w-/'/
14
12
1.0
LCR20 RN
08 N~
—
°
- 14
X 12
(72}
Q 10
o 0.8} LCR10 reduced /\ww_
>
=
(7]
c 14
(]
g 12
= 10

0. LCR10 Ry

14
N
12
1.0
08
14
12
1.0
08t LCRO
470_ ) 465 460 455
Binding Energy (eV)

Fig. 7 XPS analysis of the Ru-doped lanthanum chromite and impregnated powders XPS spectra for (a) Cr 2p and (b) Ru 3ps,, energy regions.
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were performed. Fig. 7 presents the XPS results for both as-
prepared and reduced (at 900 °C) samples. The XPS spectra
for lanthanum (La3d3/2 and La3d5/2) showed no significant
dependence on Ru doping or the reduction treatment (Fig.
S9), supporting the substitution of Ru at the B-site of the
perovskite structure. In contrast, the chromium and
ruthenium species exhibited notable changes upon Ru
doping and reduction treatment.

For Cr 2p, in addition to the expected bulk Cr**, a peak
corresponding to Cr®" was detected (Fig. 7a). Previous studies
have associated Cr°" with surface-segregated LaCrO,, a
tetragonal phase observed in samples calcined at low
temperatures (~600 ©C).>**"® However, no crystalline
secondary phases were identified, suggesting that defective
surfaces of LaCrO; can stabilize chromium species with
higher oxidation states than the bulk Cr*". The Cr®" peak was
more pronounced in LCRO than in Ru-doped samples,
suggesting that Ru substitution suppresses the oxidation of
Cr*" to Cr®. This effect is likely due to charge transfer
between Ru and oxygen at the LaCrO; surface, indicating
strong Ru-chromite interactions.*

The XPS data also revealed that Ru in LCR samples
exhibits a Ru*** ionic state (Fig. 7b). The binding energy of
Ru incorporated into the perovskite structure was higher
than that of Ru*" in RuO, (463 eV),>*> pointing to a mixed-
valence state of Ru within the lattice rather than on the
surface. Similarly to Cr®", Ru*" may be linked to defective or
distorted surface structures. Previous studies on Ru-doped

Catalysis Science & Technology

LaCrO; have distinguished between lattice Ru and surface/
lattice-segregated Ru clusters resembling RuO,.>®
such segregation was only observed at doping levels
exceeding the solubility limit (x > 0.20),° whereas in the
present study no evidence of segregation was found.

The reference impregnated sample (LCR10-imp) exhibited
a mixture of Ru*" and Ru® species after calcination at 700 °C
in air. The Ru in this sample forms isolated, partially reduced
Ru’ particles, which become coated with an oxidized RuO,
(Ru*") layer upon exposure to air. These results highlight the
distinction between Ru species in the impregnated catalyst
and those incorporated into the lattice of LCR ceramic
powders.

To gain further insights into the LCR samples,
synchrotron experiments were conducted, focusing on Ru
K-edge XANES spectra for both as-prepared and in situ
reduced at 550 °C samples (Fig. S10). The in situ XAS
reduction temperature was chosen to mimic conditions close
to those experienced during the ESR reaction at 600 °C
(Fig. 1). Details of the XAS experiments are provided in Table
S4. For catalysts previously reduced at 900 °C air oxidation
leads to full oxidation of the metallic Ru NPs, for example,
the bottom spectrum in Fig. 8b. In situ XAS reduction at 550
°C is high enough to reduce air oxidized surface Ru to
metallic NPs without further changes in the particle size or
amount of surface Ru.

The XANES spectra for as-prepared LCR5, LCR10, and
LCR20 samples (Fig. 8) were identical, indicating that Ru is
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Fig. 8 Chemical evolution upon reduction. Ru K-edge XANES spectra from 22.05-22.3 keV (a) and Fourier transformed Ru K-edge EXAFS spectra
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present predominantly as Ru®’, with six Ru-O bonds at
2.01 A (Table S4). This bond length is slightly larger than
the expected for RuO, (1.98 A), likely reflecting a distorted
Ru*'Og_s octahedral configuration in the perovskite
structure. These findings corroborate the absence of
segregated RuO,, a phenomenon typically observed in LCR
samples with Ru concentrations exceeding 0.20 at% (x >
0.20).%°

Upon in situ reduction at 550 °C, the XANES spectra for
LCR10 and LCR20 revealed the formation of a small fraction
of metallic Ru, being 5% and 10%, respectively. Such values
were estimated through linear combination fitting of the
calcined LCR spectra with a reference Ru nanoparticle (NP)
spectrum (Fig. S11). The observed changes in the XANES
spectra, including shifts to lower energy and alterations in
peak shape, are consistent with partial reduction of Ru.
Fitting the first-shell Ru-O coordination peak (=~1.5 A, phase
uncorrected distance) indicated a slight decrease in the
number of Ru-O bonds from 6.0 in the calcined samples to
5.7 in the reduced samples (Table S4), suggesting a partial
reduction of oxidized Ru. Unfortunately, the fraction of
metallic Ru NPs, appearing at distances of 1.7-2.9 A, was too
faint to allow reliable quantitative fitting.

The XANES data confirm that catalytically active
ruthenium species are generated under reducing conditions
similar to that used for ESR. These active species likely
originate from ionic Ru** within a distorted perovskite
surface termination structure (BOg_s), such as partially
reduced (Cr, Ru)MOB,(;, which accommodates higher valence
Ru ions. Interestingly, EXAFS data fitting for LCR samples
revealed that Ru coordination deviates from that of fully
oxidized RuO, (Fig. 8b), supporting the idea that active Ru
species reside on the defective, surface-exposed crystalline
planes of the perovskite structure. These sites are highly
sensitive to reducing conditions, contributing to the
outstanding catalytic properties observed in LCR samples
with doping ratios above 10%.

Additionally, XAS data highlight the distinct ruthenium
species present in the samples. For the LCR-imp sample, the
as-prepared state exhibited 100% Ru*" with six Ru-O bonds
at 1.97 A. The XANES fitting revealed that the Ru-O bond
length in LCR-imp is shorter than that in the LCR samples
but comparable to RuO,. Such different bond lengths
indicate a different coordination environment (CN) for the
impregnated Ru compared to the Ru in the solid-solution.
This distinction strongly suggests that the Ru in LCR is
structurally integrated into the perovskite, whereas the
impregnated Ru likely forms segregated RuO,-like species.
Such features may account for the enhanced -catalytic
properties of the as-prepared LCRx samples.

Upon reduction at 550 °C, the LCR-imp sample displayed
complete reduction of Ru"" to Ru’ (Fig. 8b). EXAFS analysis
confirmed a Ru-Ru CN of 10.9 at 2.67 A, closely resembling
the values for the metallic Ru foil reference (CN = 12 at 2.68
A). These values correspond to nanoparticles with an
estimated diameter of ~7 nm. Similarly, the Ru impregnated

This journal is © The Royal Society of Chemistry 2025
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on SiO, exhibited an XANES spectrum consistent with LCR-
imp, with a Ru-Ru CN of 11.4 at 2.68 A, corresponding to
nanoparticle sizes of 8-9 nm. Importantly, the reduced Ru
particles in both reference samples remained stable and did
not oxidize when exposed to air at room temperature.

The combination of XPS, XAS, TPR, and electron
microscopy provides a comprehensive view of the Ru-doped
LaCrO; compounds. XPS revealed high oxidation states for
Ru and Cr on the surface, while XAS confirmed Ru*'
integration within the perovskite structure, with a longer
Ru-O bond than in RuO,. TPR and XAS demonstrated that
surface Ru species are readily reduced to Ru’ under ESR
conditions. These findings align with prior studies on
LaCr 95RU( 9503, which was shown to be an effective catalyst
for heavy hydrocarbon fuels.'®*" In that compound, Ru was
atomically dispersed at the B-site, with a concentration at the
surface as ionic species, where oxygen coordination was
incomplete at crystallite interfaces.'® Similarly, the present
study shows that surface Ru ionic species in LCR react with
hydrogen during TPR (or ethanol during ESR), forming
catalytically active Ru® particles.

3.7. Thermo-chemical mechanism

Based on our findings, Fig. 9 schematically illustrates the
interplay between surface characteristics, oxidation,
reduction, and the resulting particle configurations. Exposed
(Cr, Ru)*0g_s octahedral terminations likely serve as the
source of surface-distributed Ru ionic species, which reduce
to finely dispersed Ru’ particles. These active metallic
particles, comprising limited numbers of Ru atoms, resemble
single-atom configurations derived from ionic species in
solid solution (Fig. 9b). Similar transformations of surface Ru
species into small metallic ensembles have been observed in
other materials'”'®°” and more in LaCr,_,Ru,05.>"*® While
these metallic Ru species are difficult to detect via electron
microscopy (as in Fig. 5), their exceptional catalytic properties
align well with previous reports,'®™*821:56:57

The combined experimental results demonstrate that the
catalytic activity of LCR is closely tied to both the ruthenium
valence state (Ru*'/Ru’) and the origin of the active Ru
species. In the LCR10 catalyst, XAS measurements revealed
the presence of Ru’ after reduction at 550 °C, correlating
with the H, consumption observed at 205 °C in the TPR. This
indicates that ESR reaction conditions at 600 °C facilitate the
reduction of Ru*" species on the catalyst surface, leading to
the formation of catalytically active sites, as observed in post-
ESR HRTEM images. These reduced or partially reduced Ru
species are critical for the stable conversion of ethanol, as
evidenced by the performance of the LCR10 sample.

These active species likely form as small particles or
clusters derived from partially reduced Ru sites, as suggested
by HR-TEM observations (Fig. 6 and S7). Importantly, they do
not originate from segregated RuO,, but from surface-
localized ruthenium species in the LaCr;_,Ru,O;. The
propensity of these Ru*" ensembles to undergo reduction, as
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confirmed by TPR and XAS measurements, underscores their
catalytic relevance. Reduction of LaCr;,Ru,O; at higher
temperature (900 °C) leads to exsolution of larger Ru’
nanoparticles, whilst the small Ru species formed in
operando during ESR reaction exhibit distinctive catalytic
properties. The metallic active sites achieved by the
exsolution under mild (ESR) conditions confer strong
interaction between the nanometric active particles and the
oxide matrix. Such enhanced physico-chemical interaction of
the solid-solution derived active sites is comparatively
stronger than that in impregnated samples and promotes
anti-coking properties. Soaked Ru metallic active sites are
pinned at the perovskite surface impeding filamentary
carbon base growth, while oxygen vacancies formed upon
reduction of the perovskite oxidize amorphous carbon
deposit contributing to inhibit coking during ESR.

4. Conclusions

The study of Ru-substituted lanthanum chromite (LaCr_,-
Ru,O3-,) solid solutions for ethanol steam reforming (ESR)
reveals that while the LaCrO; parent compound is inactive
for the reaction, the Ru-substituted perovskites are single-
phase and highly active for hydrogen production. The best
catalytic properties are achieved for oxide samples activated

5920 | Catal. Sci. Technol, 2025, 15, 5907-5923

in operando during the ESR at 600 °C and are attributed to
small metallic ruthenium species.

Detailed characterization showed that catalytic active Ru
species originate from Ru ionic species in the LaCr;_,Ru,O;_;
compounds. The EXAFS data reveal that the bond length of
Ru in these samples differs from that in segregated RuO,,
suggesting that defective Ru“*Oq_; octahedra on the surface
of the perovskite structure are the preferable source of
easily reducible ruthenium species. These Ru*™ ions are
the precursor to highly active metallic ruthenium species
for ethanol steam reforming. This mechanism aligns with
the generation of exsolved Ru nanoparticles observed at
higher reducing temperatures, indicating that active Ru
species emerge from the mixed-oxide matrix in different
ways depending on the reduction treatment. Reduction at
900 °C results in larger exsolved nanoparticles that coexist
with the small Ru species obtained at ESR conditions.
Catalytic tests revealed that the outstanding stability and
coke resistance after 200 hours of ESR are ascribed to the
small species obtained at mild reduction conditions of the
ESR reaction, which have a strong interaction with the
oxide matrix.

Synchrotron X-ray absorption data under mild reduction
conditions (similar to those in ESR) confirmed that Ru®*
species are reduced to highly active Ru® species, which are
similar to previously reported single-atom catalysts. Such
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particles could be observed in HRTEM analysis of the
samples LaCr;_,Ru,O; post ESR reaction.

The experimental results show that controlling the
reduction of solid-solution dispersed ionic Ru species in
refractory mixed-valence oxide surfaces is an effective strategy
for generating highly active catalytic particles for reactions
like ethanol steam reforming.
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Figure S1. TGA/DTA measurements of the (a) LCRO, (b) LCRS, (¢) LCR10, and (d)LCR20 after ESR

measurements.
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Figure S2. Ethanol conversion over time. Ethanol conversion (0, Xethanol) and product distributions versus TOS
for ESR at 600 °C under H2O/ethanol molar ratio = 3.0. (left) Calcined (as-prepared) and (right) pre-reduced (900
°C/6 h in H,) (a-b) LCRS5, (c-d) LCR10, and (e-f) LCR20 samples.

Fig. S2 compares the ESR catalytic tests of samples as-prepared (LCR) and samples exsolved
at 900 °C (LCR-exs). The LCRS5 catalyst showed the formation of H2, CO, and CO2 during
the first 2 hours of TOS (Fig. S2) indicating that ESR and WGS reactions occur. However,
after 2 hours, the catalyst activity decreases leading to a shift in selectivity toward the formation

of acetaldehyde and H2. After the exsolution treatment, the LCRS5-exs sample activates for



ESR, reaching total conversion at the beginning of the measurement despite the relative low
concentration of Ru, evidencing the active role of Ru0 for the ESR. However, the material
quickly deactivates, with a major loss of performance after 15 hours of operation, switching

the main reaction from ESR to ethanol dehydrogenation.

Increasing the Ru doping resulted in active LCRx (x > 0.10) samples. The LCR10 showed
excellent ESR performance, with 100% ethanol conversion and no indication of deactivation
after 20 hours of TOS. The LCR10-exs catalyst exhibited an initial conversion of 100%, with
the same product distribution as LCR10. However, the LCR10-exs, surprisingly, rapidly
deactivated and stabilized at ~90% conversion for TOS > 3 hours. Such a result indicated that

exsolution treatment decreased the catalyst performance of the LCR10.

Regardless of the reduction thermal treatment, both LCR20 samples kept a 100% ethanol
conversion rate without any deactivation during the 20-hour TOS. The short-term stability of
the LCR20 samples is attributed to the larger Ru concentration, as compared to the LCR10
sample, which mitigates the deactivation despite the possibly larger particle size of the Ru after

the exsolution reducing treatment.



Figure S3 illustrates the conversion rate and product distribution for 200 hours of ESR reaction
at 600 °C and 700 °C for the LCR20-exs catalyst in the same conditions of Fig. 2. At 600 °C
the LCR20-exs shows a faster deactivation (after ~30 hours of operation) as compared to the
LCR20 as-prepared shown in Fig. 2. At 700 °C, the LCR20-exs sample remained stable during
200 hours of reaction, producing only H,, CO, and CO,. The observed stepwise deactivation
curve may reflect a characteristic behavior of the material and reaction conditions in which
catalytic activity declines in successive drops interspersed with periods of apparent stability.
The stability plateaus can indicate intervals when carbon accumulation on the catalyst surface
is partially balanced by its removal, promoted by the presence of steam. Additionally, this
behavior may be associated with a transition in the reaction regime, shifting from
predominantly kinetic control to internal diffusion control, because of progressive carbon

buildup or pore blockage.

LCR20-exs (reduced at 900 °C)
(a) 600 °C (b) 700 °C
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Figure S3. Ethanol conversion (0, Xethanol) and product distribution versus TOS for ESR over LCR20-exs at (a)
600 °C (same as in Fig. 2) and (b) 700 °C under H,O/ethanol molar ratio = 3.0 (Mass of catalyst = 20 mg and
residence time = 0.020 g s/mL).



Figure S4 illustrates the influence of steam concentration in ethanol reform deactivation. The

increase in steam ratio resulted in a slower deactivation, at least initially. However, it also

induced the flip from ethanol reform to dehydrogenation earlier, only after 5 hours of operation.

Therefore, the steam can be used initially to prevent the loss in performance, but it also

participates in the deactivation process.
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Figure S4. Adding excess water to ESR was ineffective for preventing LCRS-exs sample deactivation.
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Figure S5. (a) XRD patterns for the as-prepared powders and after reduction treatment at 900 °C (exs). (b) Unit
cell parameters dependence on the Ru content for as-prepared (closed symbols) and reduced at 900°C in H, (open
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Table S1. Calculated results and parameters by Rietveld Refinement from the XRD patterns.

As prepared

LCR0O LCRS LCRI10 LCR20
Ry 8.0383  8.0512 8.2880 8.2063
a(A) 5.5006  5.5040 5.5060 5.5140
b (A) 54643  5.4688 54721 54811
¢ (A) 7.7416  7.7531 7.7646 7.7760
Volume (A3)  232.68 233.37 233.94 235.01
Crystallite (nm) 128.73  158.46 123.76 258.96
Strain 0.2193  0.2895 0.2950 0.5458
Bgr, Occupation 0.06295 0.1129 0.1754




Table S2. EDS measurements for LCR samples.

Sample Std
1 2 3 4 5 Mean

# Dev

LCRO0 | La 51.22 51.00 51.19 51.23 51.25 51.18 0.10
Cr 48.78 49.00 48.81 48.77 48.75 48.82 0.10
Cr/La 0.95 0.96 0.95 0.95 0.95 0.95 -

LCROS | La 51.45 51.46 51.71 51.67 51.89 51.64 0.18
Cr 46.33 46.42 45.74 45.52 45.58 45.92 0.43
Ru 2.22 2.12 2.55 2.81 2.53 2.45 0.28
Cr/La 0.90 0.90 0.88 0.88 0.88 0.89 0.01
Ru/La 0.04 0.04 0.05 0.05 0.05 0.05 0.01

LCR10 |La 51.54 51.74 51.38 51.70 51.88 51.65 0.19
Cr 44.26 44.01 43.36 43.65 42.55 43.57 0.66
Ru 4.20 4.25 5.26 4.65 5.57 4.79 0.61
Cr/La 0.86 0.85 0.84 0.84 0.82 0.84 0.01
Ru/La 0.08 0.08 0.10 0.09 0.11 0.09 0.01

LCR20 | La 51.52 51.87 51.77 51.58 51.50 51.65 0.16
Cr 40.58 39.61 39.41 38.64 37.94 39.24 1.00
Ru 7.90 8.52 8.82 9.78 10.56 9.12 1.05
Cr/La 0.79 0.76 0.76 0.75 0.74 0.76 0.02
Ru/La 0.15 0.16 0.17 0.19 0.21 0.18 0.02




Table S3. Hydrogen consumption (umolH2/g.,) by region for samples as-prepared (LCRx) and ex-situ reduction
in H, at 900 °C samples (LCRx-exs).

Hydrogen consumption (umol H,/g..)

Region LCRx LCR- LCRx-exs

0 5 10 20 imp 5 10 20
I - - - - - 0.61 3.37 3.01
I 591 5.48 8.68 6.84 95.35 8.90 20.09 20.01
1 13.62 8.20 14.65 20.10 - - - -
v - 2.30 3.69 4.26 - - - -
\Y% 4.06 3.49 8.46 8.58 3.07 - - -

After ex-situ reduction at 900 °C (LCRx-exs) in Hz (Table S3), the TPR profiles of the Ru-
doped samples showed significant hydrogen uptake in region II (up to 20.09 umol H2/g_cat),
and the emergence of reduction in region I, indicating increased surface accessibility and
enhanced redox dynamics of metallic Ru® species. Overall, TPR analyses suggested that Ru
doping creates a more versatile and active redox system, which may enhance catalytic

performance in reforming reactions.
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Figure S6. SEM image of the (a) LCR20 and (b) LCR-imp as-prepared.
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Figure S7. (a) HR-TEM image of the LCR20-exs and the corresponding EDS maps of regions A and B. Higher
ruthenium counting are observed in the spot region A in which a large exsolved nanoparticle is observed. (b) HR-
TEM image of the LCR20-exs and the corresponding diffraction patterns for regions marked as A (LaCrO;) and
B (Ru), with the corresponding fast Fourier transforms and calculated distances calculated to represent LaCrO;

[020] and Ru [100].
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Figure S8. (a, b) HAADF-TEM and (c, d) HR-TEM images of LCR-20 after reduction at 900 °C, showing
different regions of the sample.
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When exposed to the reducing treatment. the Ru binding energy in the LCR-exs samples
showed that the Ru4+A is effectively reduced to a lower valence state approaching the metallic
ruthenium. but still slightly higher than the value reported for Ru0 (461.3 eV). However. only
part of Ru is exsolved during the reduction treatment and a considerable amount of ruthenium
remains in the bulk of the solid solution. Such a surface reduction is in accordance with the
TPR data and suggests that Ru4+A surface species are susceptible to reduction at low

temperatures and are the precursor of metallic ruthenium species.

Previous simulations of the exsolution mechanism showed a limited depth for the nucleation
and growth of exsolved nanoparticles. estimated to be a few nanometers under the oxide
surface. Coincidently XPS is probing the surface states that undergo exsolution. which
correspond to the defective surface of the perovskite rather than the bulk ionic state of the metal
cations in the ceramic oxide. Therefore. as an initial picture of the system. it is possible to
assume that the high valence ionic states of both Ru and Cr close to the surface are the ones
more prone to reduce and exsolve. Such species can result from exposed perovskite BO6-6
terminations with (Cr. Ru)+AQO6-6 octahedra. Moreover. it is important to consider that XPS
data can be misleading for such nanostructured powder materials that are likely to have
adsorbed species. e.g.. H20 and CO2. in contact with the ambient atmosphere. which imposes

difficulties on the XPS data analysis.

La 3d

LCR10-imp

LCR10-exs

Intensity (cps)

830 80 80 80 80
Binding Energy (eV)

Figure S9. XPS peaks referring to lanthanum (La3d3/2. and La3d5/2).
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Table S4. XAS experiments results.

XANES
Fraction | Fraction Ac? Eo.
Sample Treatment Elll(zr\gy. Ru+4 Ru® Scatter | CN R x10%) eV
Ru Foil Ref 22.1170 - 100 Ru-Ru 12 2.68 0.0 -0.5
RuO, Ref 22.1292 100 - Ru-O 6 1.98 8.0 -1.5
Ru/SiO, Reduction 550°C 22.1170 - 100 Ru-Ru | 114 | 2.68 0.0 -1.8
Ru/SiO, Reduction 550°C. 22.1170 - 100 Ru-Ru | 11.3 | 2.67 0.0 2.0
O, RT
LCRu20 Cal 1000°C as 22.1288 100 - Ru-O 5.9 2.01 2.0 2.5
prepared
Cal 1000°C As Ru-O 5.7 2.04 2.0 1.7
LCRu20 prepared 22.1270 95 5
Ru-Ri - - - -
+ Reduction 550°C U
Red 900°C as Ru-O 4.2 2.04 2.0 9.9
LCRu20-exs received 22.1168 70 30 RuRu | 20 | 264 | 20 | -17
Red 900°C. Ru-O 3.7 2.04 2.0 9.2
LCRu20-exs | +Reduction550°C | 22.1170 60 40 ‘oRe 1 27 | 262 70 05
LCR10-imp as prepared 22.1286 100 - Ru-O 5.9 1.97 2.0 1.3
LCR10-imp as prepared. 22.1172 - 100 Ru-Ru 10.9 2.67 0.5 -0.4
+ Reduction 550°C
LCR10-imp as prepared. 22.1172 - 100 Ru-Ru 10.7 2.67 0.5 -1.1
+ Reduction 550°C.
O, RT
LCRul0 Cal 1000°C as 22.1284 100 - Ru-O 6.1 2.01 2.0 2.1
prepared
LCRu10 Cal 1000°C as 22.1272 95 5 Ru-O 5.9 2.04 2.0 2.0
prepared
+ Reduction 550°C
LCRul0-exs Red 90'0°C as 22.1271 85 15 Ru-O 5.1 2.04 2.0 27
received
LCRul0-exs Red 900°C. 22.1272 85 15 Ru-O 5.0 2.05 2.0 24
+ Reduction 550°C
LCRu5 Cal 1000°C as 22.1282 100 - Ru-O 6.0 2.01 2.0 2.2
prepared
LCRu5 Cal 1000°C as 22.1272 100 - Ru-O 6.2 2.03 2.0 2.2
prepared
+ Reduction 550°C
LCRu5-exs Red 90.0°C as 22.1269 85 15 Ru-O 5.2 2.04 2.0 2.2
received
LCRu5-exs Red 900°C. 22.1171 85 15 Ru-O 5.1 2.04 2.0 2.2
+ Reduction 550°C
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Figure S10. The Ru K-edge XANES of LCR20 calcined (Red). LCR20-exs (reduced at 900 °C and exposed to
air at RT) (Black) and LCR20-exs (and reduced at 550 °C) (Blue). XANES spectra from 22.07 to 22.16 keV and
the k2-weighted magnitude of the Fourier transforms fromk =2.5 -11.0 A-.
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Figure S11. (a) XANES and (b) FTT for the Ru foil standard and 2% (wt.) Ru/SiO, reference catalyst.
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