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Introduction

Bimetallic Fe—Ni exsolution from A site deficient
SrTiOs: insight into the reciprocal role of metal
active centers
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In this work, we examine the redox behavior and exsolution kinetics of Ni and Fe in A-site-deficient
Sro.95 Ty FEXNi, O35 combining TPR, XAS, electron microscopy and EPR to elucidate dopant-specific contri-
butions to defect chemistry and metal nucleation. In particular, TPR data indicated that Fe predominantly
governs the formation and reducibility of oxygen-vacancy-associated defects, generating reduced Fe species
at comparatively low temperature, whereas Ni dictates the overall reduction extent. In fact, as assessed by XAS,
Ni-only samples exhibit relatively low conversion to Ni(0), while co-doping with Fe boosts Ni exsolution.
Moreover, it turned out that even a tiny Ni amount promotes iron reduction, as unveiled by EXAFS. Along this
line, STEM analyses confirmed the surface segregation of well-anchored Fe—Ni co-exsolved nanoparticles for
co-doped perovskites, while scarce exsolution was observed for Fe-doped samples. EPR completed the
picture corroborating that Fe species, incorporated in the perovskite as highly stable Fe() substitutional defects,
are less reducible and less mobile than Ni ones, which instead appear mostly as intercalated sites. Such Fe
defects become mobile and undergo surface segregation only when Ni is incorporated in the lattice. These
structure—property relationships directly translate into enhanced performance in the RWGS reaction of co-
doped perovskites, where Fe drives vacancy-mediated redox processes while Ni promotes H, dissociation.
Overall, the results indicate that the methodological approach developed here can be extended to other exsol-
vable dopants (e.g., Co), offering a pathway toward the rational design of exsolved catalysts with tunable struc-
tures and compositions for advanced energy-conversion applications.

community due to the possibility of delivering tailorable,
highly stable, selective, and regenerative catalysts." Exsolution

Over the past few years, the redox exsolution process from occurs when a doped perovskite oxide is reduced under high-
doped perovskite has gained great interest from the scientific  temperature in an oxygen-deficient atmosphere. As oxygen is
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released from the crystal lattice, transition metal dopants get
reduced to their elemental form. Through spontaneous nuclea-
tion and growth, metal nanoparticles migrate from the bulk to
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reducible metal—such as Ni or Co—with a lower segregation
energy.” ° In mixed B-site systems, the Gibbs free energy of
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both cations. Consequently, introducing more reducible
species can lower the overall energy barrier and facilitate exso-
lution.® The process typically results in the formation of alloy
nanoparticles at the surface, as supported by several modelling
and experimental studies.'®!" Exsolution is driven by oxygen
vacancies generated during the reduction process, which tend
to migrate from the bulk toward the surface. This migration
promotes the segregation of reducible metal species alongside
oxygen vacancies, as less energy is required.'?

In particular, as concerns Fe-Ni bimetallic systems, Irvine
et al.'® demonstrated that in (Lag75STo.25)(Cro.sFeq s_xNi,)O;
stoichiometric perovskite, the exsolution of Fe-Ni alloy nano-
particles from the B-site takes place, leading to the formation
of a Ruddlesden Popper (RP) phase similar to (La,Sr),.,(Cr,
Fe),,O3+1. The exsolution process initiates in proximity to the
surface. Upon reduction of the perovskite, cation diffusion
occurs from the subsurface layers toward the surface.
Consequently, an RP-type phase forms as a shell encapsulating
the perovskite particles. In their study, it was also noticed that
the exsolved alloy nanoparticles exhibited a higher Ni content
compared to Fe. This observation is attributed to the lower
Gibbs free energy associated with the reduction of NiO to
metallic Ni, relative to that of Fe,O; to metallic Fe, as reported
by Neagu et al.** Consequently, the reduction of Ni** to Ni(0)
is thermodynamically more favorable than the reduction of
Fe*" to Fe(0).

Some of the authors™ also recently investigated Fe-Ni bi-
metallic exsolution in highly doped La-doped SrTiOj;, high-
lighting that the Fe/Ni exsolution ratio was directly connected
to the oxygen vacancy concentration associated with Fe. For
lower vacancy concentration more Ni than Fe was exsolved, but
when the vacancy concentration increased the amount of
exsolved Fe overtook the Ni one.

In general, Ni was found to reduce more readily than Fe,
with XRD and TEM analyses confirming the formation of the
Niz;Fe intermetallic phase. Despite these observations, so far
the mutual reduction process of Ni and Iron is not understood,
and more studies are needed for the design of bimetallic nano-
particles via exsolution.

In addition to the aforementioned fundamental and
mechanistic investigations, the majority of studies on Fe-Ni bi-
metallic exsolution reported in the current literature are appli-
cation-oriented. These works not only highlight the significant
performance enhancements associated with the Ni-Fe inter-
facial synergy but also emphasize the limited reversibility of
the exsolution process as a critical challenge for practical

implementation.
Besides the wide application as electrocatalytic
materials,"®'” exsolved Fe-Ni alloy systems have also been

employed as catalytic materials for various thermochemical
reactions including methane reforming,'® CO oxidation,'® and,
albeit to a lesser extent, also in reverse water gas shift
(RWGS)*° Regarding the former, the influence of A-site cations
on catalytic performance was systematically studied in a series
of LnFe,;Niy30;3_5 (Ln = La, Pr, Sm) perovskites. Among
these, the PrFe,,Niy30;_s composition demonstrated the
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highest catalytic activity and stability, attributed to the opti-
mized composition of exsolved Fe-Ni nanoparticles character-
ized by a higher Fe content.'® Furthermore, increasing the Ni
doping level was found to enhance the oxygen non-stoichio-
metry of the perovskite structure. This was ascribed to the
reduction of Fe*"/Fe*" and Ni*" to lower oxidation states, which
promoted Fe-Ni nanoparticle exsolution and led to signifi-
cantly improved catalytic activity for CH, conversion."® In the
case of CO oxidation, exsolved Fe-Ni nanoparticles derived
from Lay 5Srg.4Feo 1Nip.1Tip.s05 exhibited not only high catalytic
activity, but also excellent long-term stability over 170 hours
and notable sulfur tolerance."®

Finally, in the case of the RWGS reaction, Orsini F. et al.>
have recently investigated the structural evolution and redox
behavior of the double perovskite Sr,FeMog ¢Niy4Os_5 under
H, and CO, redox cycling, with a particular focus on its per-
formance in the Reverse Water-Gas Shift Chemical Looping
(RWGS-CL) process. The study revealed that both the reduction
and oxidation steps were significantly enhanced, a phenom-
enon attributed to the exsolution of Ni-Fe alloy nanoparticles
and the concurrent formation of the RP phase Sr;FeMoO;_s.
This was ascribed to the synergistic interaction between the
exsolved Ni-Fe alloy nanoparticles, which facilitate the adsorp-
tion and activation of H, and CO,, and the RP phase, which
promotes rapid oxygen exchange during the redox cycle.

Despite this substantial body of literature, very few studies
have thoroughly investigated the individual and synergistic
roles of Ni and Fe in their bimetallic exsolution from A-site-
deficient perovskites, particularly in the context of their
specific contributions in the RWGS reaction. A very meaningful
basis for further discussion and in-depth analysis of these
aspects is offered by the work of Lindenthal L. et al*
Investigating the behavior of various doped and co-doped per-
ovskite materials for the RWGS, the authors observed that the
highest catalytic activity was attained when metallic nano-
particles were exsolved in situ during the reaction. This
enhancement was attributed to a Mars-van Krevelen-type
mechanism, wherein dissociative adsorption of H, occurs on
the surface of the exsolved metal particles. The resulting active
hydrogen species then migrate via spillover to the perovskite
lattice, promoting its reduction and increasing oxygen vacancy
formation, which in turn enhances CO, activation.
Furthermore, the study proposed that incorporating an easily
reducible dopant (e.g., Co or Ni) at the B-site, in combination
with a less reducible primary component (i.e., Fe), not only
facilitates the formation of metallic nanoparticles on the
surface but also promotes the preferential exsolution of the
dopant. Simultaneously, the presence of the more stable, less
reducible host cation preserves the integrity of the perovskite
lattice under reducing conditions. This structural stability
enables effective anchoring of the exsolved nanoparticles,
thereby mitigating sintering and maintaining a high density of
gas/metal/oxide three-phase boundaries essential for catalytic
activity.

These considerations prompted us to study in more detail
the individual and cooperative effect of Ni and Fe in the
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process of bi-metallic exsolution from A-site-deficient SrTiO;
perovskite. In detail, A-site-deficient perovskite oxides of the
type Srg.o5Tii_r+yFe,Ni,Os.5 with x = 0, 0.01, 0.05 and y = 0,
0.001, 0.01, 0.05 were successfully synthesized by using a tai-
lored sol-gel method, while surface decoration with small (bi)
metallic nanoparticles was achieved through redox exsolution.
Exploiting the low doping levels and combining several charac-
terization techniques, in particular X-ray Absorption
Spectroscopy (XAS) and Electron Paramagnetic Resonance
(EPR) spectroscopy, we elucidated the complementary roles of
Ni and Fe in the exsolution process. We demonstrated that
their action is intrinsically linked with their coordination
environments and oxidation states during exsolution, which,
in turn, influence the selectivity and CO, conversion efficiency
in the RWGS reaction.

Materials and methods
Materials

Strontium nitrate (99%, Acros Organics), titanium(v) isoprop-
oxide (97%, Alfa Aesar), Iron(m) nitrate (98%, Alfa Aesar), Ni(u)
nitrate (98%, Alfa Aesar), anhydrous citric acid (99.6%, Acros
Organics), glycerol (99%, Alfa Aesar) were used as received
without further purification.

Synthesis of perovskite materials

Perovskites were prepared according to a previously reported
synthetic route.>” This method involves a low-temperature pre-
treatment (at 400°) and lower calcination temperature and
time (at 900 °C for 2 h) compared to those typically used,****
ensuring the formation of a relatively pure single-phase perovs-
kite. In particular, four different samples with general formula
Srg.95Ti1—x+yFe,Ni,Oz.5 with x = 0, 0.01, 0.05 and y = 0, 0.001,
0.01, 0.05 have been prepared. The samples were labelled as
xFeyNi-STO, where x and y refer to the nominal mol mol™" per-
centage of the Fe and Ni-dopant in the B-site.

Exsolution procedure

Exsolution/reduction treatments were carried out using a
U-shaped quartz tube filled with 70 mg of each sample. 5%
H,/Ar was chosen as the reducing gas, and the flow rate was
set at 100 mL min~'. A ramping rate of 10 °C min~" was
employed to reach the final temperatures of 400 °C, 600 °C, or
900 °C with a dwell time of 1 h.

Materials characterization

Powder X-ray diffraction (PXRD) patterns were recorded using
a Rigaku Miniflex 600. The acquisition was performed using a
Cu source (40 kv, 15 mA), scanning in the 20-80° 26 range,
with a step size of 0.01 degrees and an angular velocity of 3.0
degrees per minute. Instrumental PDXL-2 software was used
for the sake of comparison with reference diffraction patterns
from the ICDD database. The mean crystallite sizes were calcu-
lated from the full width at half-maximum (FWHM) of the
most intense reflection using the Scherrer equation. The con-
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centrations of metal ions (Sr, Ti, Fe, Ni) were determined by
Inductively Plasma Mass Spectrometry (ICPMS, model iCAP-Q
from Thermo Scientific) after microwave assisted digestion
(ETHOS One microwave digestor from Milestone) in concen-
trated hydrochloric acid.

Temperature-programmed reduction (TPR) measurements
were carried out using a BELCAT II catalytic analyzer
(Microtrac Retsch GmbH). For each measurement, a sample
mass of at least 40 mg was used. Prior to the experiment, the
thermal conductivity detector (TCD) was stabilized at room
temperature for a minimum of 90 min. The TPR measure-
ments were performed with a gas flow of 5% H, in N, at a flow
of 20 sccm, applying a heating ramp of 10 °C min™" up to
900 °C. The target temperature was maintained for 30 min. A
baseline correction was applied to the TCD signal, and the
resulting curves were normalized for data visualization.
Hydrogen consumption was quantified using the ChemMaster
II software (Microtrac Retsch GmbH).

The surface chemical composition of the sample powders
was investigated by X-ray photoelectron spectroscopy (XPS).
The measurements were performed on the samples in powder
form, fixed on the sample holder using UHV-compatible
carbon tape. The XPS spectra were acquired under ultrahigh
vacuum (base pressure: ~5 x 107'° mbar) at RT in a normal
emission geometry using a conventional Mg X-ray source (hv =
1253.6 eV) and a hemispherical electron energy analyzer
(120 mm by PSP: total energy resolution ~0.8 eV). Due to char-
ging effects, all binding energies (BE) were calibrated by fixing
the BE of the Ti 2p3/2 core level relative to STO at 458.3 eV.49
Survey scans were acquired in the 0-1000 binding energy eV
energy range, and detailed scans were recorded in the BE
regions corresponding to C 1s, Sr 3d, Ti 2p, Ni 2p, and Fe 2p
core levels. The XPS spectra were analysed by fitting the experi-
mental data using integral background and Voigt components,
corresponding to different oxidation states and chemical
environments. Details of the fitting procedure and parameters
are provided in the SI. The atomic ratio was calculated from
the peak area and the sensitivity factor of our instrument.

A Thermo Fisher Talos F200X G2 was used for high-resolu-
tion scanning transmission electron microscopy (STEM)
imaging with an acceleration voltage of 200 kV and a resolu-
tion of 4096 x 4096 pixels without any objective apertures.
Super X spectrometers equipped with silicon drift detectors of
30 mm?* were used to collect energy dispersive X-ray analysis
(EDX) maps with a collection angle of 0.7 s rad.

The measurements at the Fe and Ni K-edges (7112 and
8333 eV, respectively) were carried out at the Italian CRG
Beamline Lisa (BMO08) at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France).>® The Fluorescence yield was
collected through a 4-element Peltier-cooled SDD detector.?®
To provide an accurate energy calibration, reference metal foils
of Fe and Ni, placed in a second experimental chamber,
located downstream from the first one, were measured concur-
rently. The beam flux before and after the sample, and before
and after the reference metal foil, was measured using N,-
filled ionization chambers.

Inorg. Chem. Front.
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The energy of the X-ray beam was selected by a fixed exit
monochromator with a pair of Si (111) crystals (energy resolu-
tion AE/E ~ 1.1 x 10~%). At the same time, Si mirrors were used
for harmonics rejection (E.uozr & 15 keV). Spectral acquisitions
were set up to provide a significant energy resolution in the
X-ray Absorption Near Edge Structure (XANES) and Extended
X-ray Absorption Fine Structure (EXAFS). Accordingly, the step
size in the XANES region was 0.5 eV, and the post-edge EXAFS
region of the spectrum was acquired with a fixed k-step width
of 0.05 A™'. Measurements were carried out at room tempera-
ture and in low vacuum conditions (10~> mbar).

The structure and local arrangement of Fe and Ni were
examined using X-ray Absorption Spectroscopy (XAS) in both
fluorescence and transmission modes. Spectra were collected
from 28 samples, which were pelletized with microcrystalline
cellulose. The analysis of the XAS spectra was performed using
Athena and Artemis software, part of the Demeter package®’
and Larch.”® The XAS spectrum energy was first calibrated
using the reference foil, then its background was subtracted,
and it was normalized using the Athena software. Finally, the
XANES and EXAFS were extracted. The normalized XANES were
investigated through Linear Combination Fitting (LCF) using
the Larch package; the as-prepared samples’ spectra, and the
metal foils were employed as end-members. This procedure
was performed in the energy range of —20 to +90 eV (with
respect to the metal edge position). The reference spectra were
used as primary components, and their weights were con-
strained to vary between 0 and 1, while the total weights sum
was left free to vary. Theoretical EXAFS paths of iron and
nickel were calculated using feff6>® starting from the models
of SrTiO; reported by ref. 30 (with a Ti substituted with Fe and
Ni), using Muffin Tin potentials and the Hedin-Lundgqvist
approximation. The edges were analyzed in the R range, using
a k*>-weight. The FT window was chosen considering the EXAFS
signal-to-noise ratio to include as much oscillation as possible.

EPR measurements were performed by using a Bruker EMX
spectrometer operating at the X-band frequency and equipped
with an Oxford cryostat working in the temperature range of
4-298 K. A tailored home-made system was utilized, where the
sample in the EPR tube can be directly heated up and con-
nected both to a high vacuum pumping system and to a con-
trolled gas feed (H,/Ar 95/5 wt% and O,) to provide a reducing
or oxidation atmosphere. Spectra were recorded at a power of
20 mW under in vacuo conditions (p < 107> mbar) and at
130 K after their thermal treatment at 400 °C, 600 °C, or
900 °C under an H,/Ar atmosphere. Results on undoped
sample are reported in our previous work.*?

Catalyst evaluation

The activity of the prepared catalysts was evaluated in the CO,
hydrogenation reaction using a fixed-bed quartz reactor (L.D.
0.9 c¢cm) between 400 °C and 750 °C, H,/CO, = 4/1, WHSV =
25000 mL h™" ¢”" and P = 1 atm. 0.24 g of catalyst was diluted
with an equal amount of quartz sand, and the mixture was
loaded into the reactor above a layer of quartz wool. A thermo-
couple was placed inside the catalytic bed for monitoring the
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temperature during the experiment, while a cold trap was
installed at the reactor outlet to collect the produced water
vapor. Prior to the reaction, all catalysts were in situ reduced
under 5% H,/Ar (50 mL min~") with a heating ramp of 10 °C
min~" up to T = 900 °C, with a dwell time of 2 h. Afterwards,
the reactor was cooled down at 400 °C under a flow of Ar.
Then, the gas mixture switched to CO,/H,/Ar = 1/4/5; Ar was
used as an internal standard. The total flow was set to 100 ml
min~" and measurements were obtained at 50 °C intervals
under steady-state operation (two measurements were taken at
each temperature). The gases of the reactor outlet were ana-
lysed using an online gas chromatograph (Agilent, 8890 GC),
equipped with TCD and FID detectors. CO and CH, were the
only products detected during the experiments.

Results and discussion

Structural and morphological characterization of parental
materials

The elemental composition of the synthesized samples was
verified by ICP analysis, which confirmed their nominal stoi-
chiometry (see Table S1, SI). Their crystalline phase structures
were characterized using powder X-ray diffraction (PXRD), and
the results for some representative samples are summarized in
Fig. 1. All the powders display the same crystalline structure
corresponding to the cubic Pm3m structure of the SrTiO; per-
ovskite oxide,> with only small impurity phases present
between 26 = 20°-30°, attributable to SrCO; and TiO,, which
are commonly found impurities in these kinds of materials.*
To further elucidate the oxidation state and local environ-
ment of the Fe and Ni dopants, X-ray absorption spectroscopy
(XAS) measurements were carried out. The spectra of the as-
prepared Fe-STO, Ni-STO, and co-doped FeNi-STO samples
were measured at the Fe and Ni K-edges (7112 and 8333 eV,
respectively). From a general point of view, the comparison of
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- P A — A b b
i 5Fe0.1Ni-STO
3_ J A A A A
5,
5 5Fe-STO
7 y G U N .
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Fig. 1 PXRD diffractogram of pure STO, 5Fe-STO, 5Ni-STO and 5Fe5Ni-
STO samples.
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Fig. 2
5Fe5Ni-STO parental structures.

the XANES spectra (Fig. 2a) with literature data®® suggests that
both Fe and Ni are inside the perovskite structure, as substi-
tutes for Ti. In detail, in the case of Fe, we observe two peaks
(A and B) at 7129.3 and 7136.8 eV, indicative of the perovskite
structure, a pre-peak (P1) at 7114.4 eV, characteristic of the 1s
— 3d quadrupole transition of Fe(m), and a shoulder (S1) at
7122 eV due to the 1s — 4d dipole transition.>® The structure
of the spectra does not appear to change with the dopant con-
centration. Ni spectra show a similar shape: two peaks (A and
B) at 8348.7 and 8353 eV, indicating its substitution of Ti in
the perovskite structure, a pre-peak P1 at 8333.5 eV (less
intense than in the Fe spectra), and a shoulder S1 at 8339 eV.
However, for nickel, we observe a higher variability in the
XANES region. In fact, we can clearly see that 1Ni-STO sample
better represents the perovskite spectrum (peaks A and B are
well-resolved), whereas for the other powders spectra present
lower peaks, indicating a deviation from the structure. The
same can be inferred by observing the Fourier Transform
(Fig. S1 in SI), in which we observe a decrease in signal related
to the first shell (Ni-O), and to a higher extent of the second
and third shells (Ni-Sr and Ni-Ti/Ni bonds).

Representative TEM images of 5Fe-STO and 5Fe5Ni-STO are
presented in Fig. 2b and c. The powders show large aggregates
of nanoparticles, displaying size varying between ~50 to
~100 nm. Any significant variation, both in terms of morpho-
logical features and particle dimensions, was observed for the
other perovskite compositions.

Exsolution monitoring

The exsolution process was first monitored with TPR to get
insights into the reduction of the materials during the high-
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(a) XAS spectra of all the as-prepared doped and co-doped perovskite samples; (b and c) representative TEM images of the 5Fe-STO and

temperature treatment with hydrogen. In detail, the TPR pro-
files of the Ni-doped and Fe-doped compounds compared to
the bare STO sample are shown (Fig. 3). Concerning the Ni-
doped materials (Fig. 3a), a clear influence of the dopant con-
centration is observed. The undoped STO sample exhibits a
broad reduction signal between 530 °C and 790 °C, which can
be attributed to lattice oxygen release from the A-site-deficient
perovskite structure (hydrogen uptake of 0.219 mmol g™%).
Upon 1% Ni doping (1Ni-STO), the overall reduction profile is
preserved; however, enhanced oxygen release is observed at
600 °C and, more prominently, at 800 °C, with a total hydrogen
consumption of 0.488 mmol g~'. This behavior suggests that
Ni species are mainly substitutional at Ti sites—consistent
with observations for other dopants®> and that reduction is
activated only at elevated temperatures.

When the Ni content increases to 5% (5Ni-STO) the con-
sumption of hydrogen increases up to 0.807 mmol g~ and an
additional reduction contribution emerges at approximately
400 °C. Simultaneously, the feature at ~600 °C gains intensity,
while the one at 800 °C markedly decreases. These variations
indicate that the Ni species occupy different sites within the
structure. The lower reduction temperature and enhanced
600 °C signal imply the presence of a larger fraction of Ni
species located at or near the surface, or less incorporated into
the perovskite lattice. Conversely, the diminished 800 °C
signal indicates a reduced amount of substitutional Ni in the
bulk.

For the Fe-doped systems, the reduction profiles closely
resemble that of the undoped STO (Fig. 3b). This is not unex-
pected, since Fe can readily substitute Ti in its lattice
positions,®** thereby maintaining a similar point defect
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Fig. 3 TPR profiles of (a) Ni-doped and (b) Fe-doped and (c) Fe-Ni co-doped perovskites powders. The behavior of undoped STO sample is reported

for comparison.

structure. Nevertheless, due to the higher number of oxygen
vacancies introduced by Fe doping,'® an overall increase in
oxygen release and thus higher hydrogen consumption with
respect to the pristine STO material is observed (0.306 mmol
g™ "). The 5% Fe-doped material, similar to 5Ni-STO, displays a
lower intensity of the 800 °C peak but sustains a significant H,
consumption up to 900 °C (0.357 mmol g~'), indicating a
higher concentration of substitutional defect species in the
lattice, and the possible reduction of Fe(u) to metallic Fe,
which is not evident in the 1Fe-STO sample.

Finally, the reduction behavior of the Ni-Fe co-doped
materials exhibits distinctive features (Fig. 3c). When the Fe
concentration is equal to or lower than that of Ni, the
reduction profile largely overlaps with that of pure STO, except
for a higher overall intensity due to the increased oxygen
vacancy concentration. This suggests that the defect structure
remains largely unchanged. However, when the Fe content
exceeds the Ni content, a markedly different reduction behav-
ior appears. Regardless of the Ni amount, the reduction
process becomes active at temperatures as low as 300 °C and
continues steadily beyond the main reduction peak, with con-
stant H, consumption up to 900 °C. The intensity of the main
region between 500 °C and 800 °C scales with the Ni content
in the samples. The weak shoulder observed at around 610 °C
in 5Fe0.1Ni-STO evolves into a broad and more intense
feature, reflecting higher hydrogen consumption. Moreover,
this peak is further shifted toward lower temperatures. A peak
at around 790 °C is present in all co-doped compounds, whose
intensity increases alongside the Ni content.

From these observations, we may infer that Fe doping, and
the resulting formation of oxygen-vacancy-related defects, pri-
marily determines the type of defect species and their reduci-
bility, while the overall extent of reduction is mainly governed
by the amount of incorporated Ni.

The reduction process of the iron and nickel species was
assessed in detail with XANES (Fig. 4). In the case of Fe
(Fig. 4a), the structure does not appear to change with concen-
tration and temperature of calcination. However, small
changes can be observed in the metal-edge region (i.e. pre-
peak P1 at 7114.4 eV), especially for the samples with 5% Fe,
suggesting the formation of a metallic phase upon heating,
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provided the higher Fe content in the matrix. Conversely, in
the case of Ni-STO (Fig. 4b), we observe a higher variability in
the XANES region. For all the samples, we observe the for-
mation of metallic Ni at 600 and 900 °C, with an increase in
the signal at 8333.5 eV (P1 peak).

The concentration of the metallic fraction of Ni and Fe has
been calculated using the LCF (whose results are shown in
Table S2 and in Fig. S2, S3, and $4 in SI). The results indicate
that for iron, the formation of the metal phase begins at a
lower temperature, with a relative concentration of 4-11% of
Fe at 400 °C; it remains stable until 600 °C and then increases
until 900 °C, approximately doubling (21-28%). Nickel data,
however, show that the formation of the metallic phases
begins above 400 °C, and their concentration increases with
temperature at a much higher rate than Fe. The rate of conver-
sion of Ni in its metallic phase is proportional to the Fe and Ni
concentrations in the structure: 1Ni-STO and 5Ni-STO show a
final conversion of 23% and 45%, respectively, while the pres-
ence of Fe in the perovskite enhances the formation of metallic
Ni up to in the range of 58-70%.

The analysis of EXAFS curves (Fig. S5 in SI) supports these
conclusions, revealing that the profiles of Fe do not show
changes apart from a new oscillation appearing at 9.4 A, more
pronounced in the samples heated at 900 °C, related to the for-
mation of the metallic phase (Fig. S5, left). For the Ni edge,
instead, it is possible to observe the high conversion from the
perovskite structure to the metallic Ni structure (Fig. S5, right).

Fig. 5 better highlights the effects of the temperature treat-
ment on the samples through the Fourier Transform of the
EXAFS curves. Here, the formation of the metallic bond is
marked by the appearance of the peak at 2.2 A, related to the
metallic first shell. As concerns the iron species (Fig. 5 left), the
bond is barely visible in the 1Fe-STO sample, while it is mostly
detectable in 5Fe-STO where the LCF also shows a higher iron
reduction. Interestingly, this feature becomes more evident in
co-doped perovskites and, specifically in 5Fe0.1Ni-STO after
reduction at 900 °C, suggesting that even a tiny presence of Ni
seems to enhance the iron exsolution. In the Ni curves (Fig. 5,
right), besides an obvious peak related to the generation of Ni(0)
in the materials with the highest metal doping (i.e., 5Ni-STO),
the presence of Fe in the perovskites promotes the formation of
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the metallic phase after heating, regardless of the Ni concen-
tration. From the fit, we can observe that the distances of Ni
inside the perovskite structure are stable regardless of the heat
treatment, as can be observed from the results in Table S3 (see
SI). The same can be observed from the data of Fe (Table S4):
the perovskite structure remains stable regardless of the temp-
erature, and at high temperature, the structure of metallic Fe is
the same as the metallic BCC structure.

Beyond the previously mentioned analysis, STEM investi-
gations enabled a detailed study of the morphological changes
in Fe-STO, Ni-STO, and co-doped powders during the exsolu-
tion process. Fig. 6 presents STEM images and the corres-

This journal is © the Partner Organisations 2026

ponding EDX elemental mapping of Fe and Ni for the differ-
ently doped SrTiO; samples after exsolution at 900 °C. A com-
parative analysis of the images indicates that nearly all
samples exhibit localized regions of increased dopant metal
concentration, which are attributed to the presence of metal
nanoparticles on the surface. Notably, the 5Fe-STO (Fig. 6a)
displays a lower particle density and less well-defined particle
boundaries relative to the other samples. This observation
suggests that the exsolution process in this case may be incom-
plete, potentially reflecting a state of incipient segregation
rather than fully developed nanoparticle formation. To further
investigate the oxidation state of the surface Fe species, X-ray
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Fig. 6 STEM images and corresponding Fe and Ni EDX elemental maps after exsolution at 900 °C of (a) 5Fe-STO, (b) 5Fe5Ni-STO, (c) 5Fe0.1Ni-STO
and (d) 5Ni-STO, respectively; (e) HAADF image and EDX mapping of Ni and Fe and the corresponding line scan; (f—h) particle size distribution of the
corresponding in situ exsolved Ni—Fe and Ni nanoparticles shown in parts b—d calculated by using ImageJ software (counting on over 100 particles).

photoelectron spectroscopy (XPS) was employed, as detailed in
the following section.

In agreement with XAS findings, the Fe-Ni co-doped
samples (Fig. 6b and c) demonstrate a markedly enhanced
exsolution behavior. TEM micrographs and corresponding
EDX elemental maps well-defined nanoparticles
anchored to the perovskite surface. The overlap of Fe and Ni
regions confirms their co-localization, indicating the for-
mation of bimetallic or co-exsolved nanoparticles. According
to PXRD and XAS, no alloy generation can be inferred with
this low doping levels (see Fig. S7). The observed high particle
density and uniform dispersion suggest a synergistic inter-
action between Fe and Ni that facilitates accelerated exsolution
kinetics and improved nanoparticle stabilization. Remarkably,
this effect is evident even at low Ni doping levels (e.g,
5Fe0.1Ni-STO), where discrete surface nanoparticles are still
clearly present, underscoring the pronounced sensitivity of the
exsolution process to dopant composition.

Finally, consistent with previous reports in the literature,’
Ni is capable of exsolving under reducing conditions even in
the absence of Fe (Fig. 6d). The STEM image reveals isolated
nanoparticles on the surface, and EDX analysis confirms that
these regions contain only Ni, indicating the formation of pure
Ni nanoparticles.

It should be pointed out that Fig. 6 provides an indication
of the surface nature of the nanoparticles, as evidenced by
their well-defined shapes in the compositional maps. In fact,
blurring effects on the contours maps of Fe and Ni has to be

reveal
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expected whenever the particles are formed in the bulk grains
of STO. Moreover, a clear deformation of the grains themselves
would also be observed.

To further sustain this consideration a superimposed
HAADF image combined with Fe and Ni elemental maps was
acquired, along with the corresponding line scan (Fig. 6e).
Well-resolved images of the particles are obtained without any
evidence of grain deformation. Besides, the Fe and Ni signals
clearly overlap, and no features other than those associated
with the pure metallic species are detected.

The particle size distribution of the in situ exsolved Ni-Fe
and Ni nanoparticles in 5Fe5Ni-STO, 5Fe0.1Ni-STO and 5Ni-
STO are reported in Fig. 6f-h.

The surface chemical composition of the doped and co-doped
SrTiO; perovskites was investigated by X-ray photoelectron spec-
troscopy (XPS) by measuring the Fe 2ps/,, Ni 2psp, Sr 3d, and Ti
2p core levels before and after reduction (XPS survey spectra and
Sr 3d and Ti 2p regions are reported in Fig. S6).

Fig. 7 shows the Fe 2ps/, (a, ¢ and e) and Ni 2ps/, (b, d and
f) spectra of single-doped (5Fe-STO, 5Ni-STO) and co-doped
(5Fe5Ni-STO, 5Fe0.1Ni-STO) samples, recorded before (bottom)
and after reduction (top, labelled “R”). For the Fe 2p region,
contributions from different Fe oxidized species are identified,
while the Ni 2p region includes Ni° and other oxidized Ni
components. Despite the difficulty in unambiguously assign-
ing their oxidation states, these oxidized species exhibit ener-
gies comparable to pure compounds enclosing well-defined +2
and +3 Fe and Ni species.

This journal is © the Partner Organisations 2026
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Fig. 7 Fe 2ps,» (@, c and e) and Ni 2ps,> (b, d and f) XPS spectra of
single-doped (5Fe, 5Ni) and co-doped (5Fe5Ni, 5Fe0.1Ni) samples,
recorded before (bottom) and after reduction (top, labelled with R).

Upon reduction, a faint yet discernible Ni(0) signal appears
in the co-doped 5Fe5Ni-STO sample (Fig. 7d), whereas it is
absent in the Ni-only system (Fig. 7b). This confirms the out-
comes of XAS and STEM corroborating that Fe promotes the
partial exsolution and reduction of Ni species. Because of the
very low Ni signal in the 5Fe0.1Ni-STO sample, a similar
reduction of Ni cannot be fully excluded, even if not clearly
evident in the spectrum. Indeed, a slight shift of the Ni 2p3,
peak towards lower binding energy is detected, although it
may fall within the experimental uncertainty. These obser-
vations indicate that Fe facilitates Ni reduction, possibly
through the creation of oxygen vacancies or modification of

This journal is © the Partner Organisations 2026
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the local electronic structure. Conversely, Fe is consistently
found in mixed oxidation states and becomes only slightly
reduced after the reduction treatment, leading to predominant
oxidized iron features (panels ¢ and e), even when Ni is
present.

These results, in addition to aligning with literature reports
showing that iron exsolution generates oxidized iron species at
the surface,’® do not contradict the XAS findings but rather
complement them. Indeed, XAS probes the entire bulk,
whereas XPS is surface-sensitive. Consequently, Fe can appear
oxidized at the surface while remaining in a reduced state
within the bulk.

It should be observed that, during data acquisition, a
certain degree of beam-induced reduction of the STO matrix
cannot be excluded, even though a conventional laboratory
X-ray source is used. This effect may have contributed to a
partial reduction of the host lattice and, consequently, of the
dopant species.

In any case, XPS analysis again substantiate the occurrence
of a mutually synergistic interaction between Fe and Ni, which
enhances both exsolution kinetics and particle stability.

To explore the evolution of defect structures in both mono-
doped and co-doped STO samples during the exsolution
process, an extensive X-band EPR study was also carried out.
The spectra were recorded under vacuum conditions (p < 107>
mbar) at 130 K, following a reducing treatment in H,/Ar at
temperatures ranging from 400 to 900 °C. These measure-
ments provide valuable insights into the coordination environ-
ment and aggregation state of metal ions, as well as the
dynamic processes associated with the modification of the
metal ions.

The EPR spectra collected for iron doped perovskites are
summarized in Fig. 8. The spectrum of the as-prepared 1Fe-
SrTiO; sample (Fig. 8a) reveals the presence of multiple Fe
species. Specifically, several distinct peaks are observed in the
low-field region (g = 9.8, g = 6.02, g = 4.84, see highlight of the
low-field spectral region in the left panel of Fig. 8a), along with
multiple spectral features in the mid-field region (g = 2.24, g =
2.00, g = 1.83). This complex signal pattern indicates that Fe
ions are present in a variety of oxidation states and coordi-
nation environments within the SrTiO; lattice. Based on a
survey of the literature, the observed g-values can be tentatively
assigned to different Fe(u) and Fe(m) species (Table 1).*>**”

The spectral complexity is further underscored by the
changes observed during the treatment of the sample under a
reducing atmosphere. Specifically, following thermal treatment
at 400 °C, a moderate decrease in the intensity of the main
signal at g ~ 2 is observed, while no further substantial
changes are detected at higher temperatures (Fig. 8a). This be-
havior suggests that, during exsolution in 1Fe-STO, a minor
fraction of iron species, likely located near the surface of the
perovskite lattice and possibly associated with amorphous,
interstitial Fe-O,-like impurities, undergo selective reduction
and migration, leading to the formation of zero-valent or dia-
magnetic Fe species. In contrast, the majority of Fe atoms,
which are presumably incorporated as substitutional defects

Inorg. Chem. Front.
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Table 1 g-Values and tentative attributions of the different Fe-centers
detected in 1Fe-STO sample as obtained from literature survey

Metal species Coordination gvalue

Fe(u) high spin Tetrahedral 8|1 =9.54,8,=4.33

Fe(ur) high spin - Vo Axial g =6.02, g, =2.00

Fe(ur) high spin Rhombic distortion g =4.84

Fe(m) high spin Cubic 2'°° ~ 2 with two satellites
(A=35mT)

within the perovskite lattice, remain unreduced even after
treatment at 900 °C. This indicates the presence of highly
stable defect sites, which require significantly higher thermal
activation energy to become mobile and undergo reduction.
Upon increasing the iron dopant concentration (5Fe-STO
sample), a similar behavior is observed (Fig. 8b). In this case,
the EPR spectrum of the as-prepared material is dominated by
broader features, which are attributed to dipolar interactions
between closely spaced iron species. Unlike 1Fe-STO, a marked
increase of the iron resonances is observed upon reduction of
5Fe-STO even at 400 °C. According to Drahus et al.*®*” this
trend may be connected to a change in iron oxidation-state, i.e.
a part of the ‘EPR-silent’ Fe*" or Fe™® species, generally detect-
able in highly doped perovskites,*® is converted into paramag-
netic Fe*". Finally, when the reduction temperature is raised to
900 °C, the oxygen in the lattice of the perovskite gets reduced,

Inorg. Chem. Front.

fostering the reduction of dopant ions and thus leading to a
remarkable depletion of the EPR signal. Moreover, the broad-
ening of the spectral feature over the full spectral range high-
lights the occurrence of strongly dipolarly coupled Fe species,
attributable to Fe-ion migration and subsequent aggregation
into clustered or interacting structures.

Overall, these results evidenced that the chemical environ-
ment of iron species in Fe-STO is much more heterogeneous
and the exsolution process is much less straightforward than
expected.

A comparable analysis has also been applied to Ni-doped
samples. Ni(u), as a d® ion, possesses two unpaired electrons,
corresponding to a total spin state of S = 1. As such, it is sus-
ceptible to zero-field splitting (ZFS). When Ni(u) substitutes Ti
(iv) within the perovskite lattice, charge compensation is typi-
cally achieved through the formation of oxygen vacancies (Vo).
These vacancies can be located in the proximity of Ni centers,
leading to the formation of defect complexes such as
(Ni_Ti"-vg)™ or (Ni_Ti' — V) 4349751

The spectra of 1Ni-STO show the presence of few different
Ni species, probably due to the preferential intercalation
rather than substitution of Ni ions in the perovskite lattice
(Fig. 9a) associated with the larger ionic radius of Ni(u)
species. When this intercalation happens Ni(u) can also be oxi-
dised to Ni(m) and the centres present can be different. In par-
ticular, three different centres can be observed, two signal at g
~ 2.20 due to the presence of Ni(u) and Ni(m) in an octahedral

This journal is © the Partner Organisations 2026
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site and a signal which may be tentatively attributed to an
axial center with g = 2.31 and g, = 2.12.°" Moreover, the signal
at low-field related to double- quantum transitions of Ni(u) in
oxides is clearly detectable.””

Upon reduction at 400 °C the signal intensity initially
decreases due to the probable reduction of Ni(u) and Ni(m) to
some EPR-silent species. This shows that intercalated Ni
species, which has already been discovered in other
studies®®™” are the first being depleted, thus confirming
recent computational studies attributing the origin of the exso-
lution process to interstitial metal sites.>® In the present work
EPR results indicate that a metal dopant such as nickel can be
reduced within the perovskite lattice to Ni* and even to Ni°,
but only if present as an interstitial and as part of an associate
with an oxygen vacancy. This provides clear experimental evi-
dence that strengthens such exsolution mechanism.

At 600 °C, the EPR signal intensity exhibits again an
increase, accompanied by pronounced spectral broadening,
which is consistent with the generation of multiple coupled
Ni-Ni species due to aggregation or clustering of Ni centers.
Nevertheless, even within the broadened spectrum, sharp
signals corresponding to isolated Ni species remain discern-
ible. This observation suggests the coexistence of Ni species
with distinct redox behaviors, likely arising from differences in
coordination environments or lattice incorporation. A very
similar trend is observed for the 5Ni-STO sample (not shown).
However, in this case magnetic coupling between paramag-
netic centers is enhanced, resulting in dominant broad fea-
tures in the spectrum which complicate the identification and
resolution of individual Ni species.

This journal is © the Partner Organisations 2026

Finally, the behavior of co-doped perovskite samples con-
taining both Fe and Ni was investigated. Irrespective to Ni con-
centration, the EPR spectra of the as-prepared materials are
dominated by features characteristic of Fe(ui) species detected
in iron doped perovskites. However, upon reduction, the
samples exhibit markedly different behavior compared to the
single metal doped materials.

In particular, the spectral evolution of 1Fe0.1Ni-STO sample
is reported in Fig. 9b. Interestingly, besides the persistence of
a signal at g ~ 2 related to isolated and non-reduced iron
metal centers, the thermal treatment at 600 °C already results
in the occurrence of a broad and intense feature associated
with metal-metal coupling, consistent with the migration and
spatial clustering of reduced metal ions. Upon further temp-
erature increase, the overall signal broadening intensifies, rein-
forcing the interpretation of progressive metal aggregation and
reduction. This indicates that the simultaneous incorporation
of both metals within the perovskite lattice, even at very low
concentrations (e.g., 0.1% Ni), substantially enhances the exso-
lution process.

In summary, the EPR analysis highlights clear differences
in the redox behavior of the two metal dopants. Specifically, Fe
ions embedded within the perovskite lattice exhibit limited
reducibility and a low tendency to exsolve, thus requiring
higher thermal input for activation. In contrast, Ni ions are
readily reduced and display higher mobility within the matrix.
In co-doped perovskites, the overall behavior reflects a combi-
nation of the individual redox responses, even when the Ni
content is minimal. These findings are consistent with XPS,
where the presence of oxidized iron species at the surface are
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detectable and with STEM observations, which highlight that
perovskites doped solely with Fe show little to no particle for-
mation after reduction, whereas FeNi-STO exhibit Fe-Ni co-
exsolved nanoparticles decorating the oxide surface.

Catalytic performance

The prepared perovskites were evaluated for the CO, hydrogen-
ation reaction, and specifically, for the production of CO
through the reverse water gas shift reaction. The results
obtained are presented in Fig. 10. CO and CH, were the only
products detected during the experiments.

Since CO, hydrogenation to CO is an endothermic reaction,
high-temperature operation is required to achieve significant
CO, conversion and selectivity. In addition, lower pressure
conditions are also beneficial to the reaction.>®

As a general trend, the catalytic activity in terms of CO, con-
version (Fig. 10a) increases with the increase in temperature
with all catalysts reaching equilibrium values between 600 °C
and 750 °C. As expected, the monometallic Fe-STO catalyst
exhibited the lowest activity amongst all samples, which is
attributed to the limited degree of Fe reduction at the surface
(as confirmed by XPS results). Thus, the existence of FeO, was
responsible for the low CO, conversion and high CO selectivity
achieved (considering that metallic Fe particles are the active
phase in CO, methanation). Interestingly, the doping of Fe-
STO even with low amounts of Ni (very low concentration of
0.1%), enhanced the overall catalytic activity (higher CO,
values) across the entire temperature range.

The combination of NiFe in bimetallic systems supported on
different oxides has been investigated in CO, hydrogenation and
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compared with the performance of monometallic Ni-based cata-
lysts. As is well understood, the catalytic activity and product dis-
tribution (CH, or CO) strongly depends on the metal compo-
sition, oxidation state of the metals and to any alloy phases
formed.*® In particular, a number of research works report that,
completely reduced Ni and Fe bimetallic systems outperform
monometallic Ni-based catalysts in terms of Xco,, with the main
product obtained being CH,. In contrast, the presence of metal
oxides (especially FeO,) direct instead the reaction towards the
production of CO, with lower Xco, values than the corres-
ponding monometallic Ni catalysts.*>®"

From the results presented herein, the best catalytic perform-
ance in terms of CO, conversion was achieved using the mono-
metallic Ni catalyst (instead of the NiFe materials), a metal
known for its deep hydrogenation properties, which directed the
reaction mainly towards CH, between 400-550 °C. An additional
observation is that both bimetallic NiFe catalysts, not only
exhibited lower Xqq, values than the monometallic Ni, but also,
were highly selective towards CO, despite the existence of Ni in
the perovskite structure. These results are in agreement with the
work of Piano et al.** who reported a decreased performance in
the methanation activity on a Ni5Fe5 supported on SiO, or
CeO,-ZrO, catalyst compared to the monometallic Ni or the NiFe
bimetallic systems with higher Ni loadings (ie.,, Ni9Fel,
Ni7.5Fe2.5). It is noted that the superior performance of the bi-
metallic catalysts reported in the literature for the methanation
reaction has been attributed to the formation of the NiFe alloy
phases (often NizFe) as well as metallic Fe (via the equation
Fe;0, + Ni — Fe + Ni;_,Fe,), i.e., these are the active sites that
lead to higher CO, conversion and CH, selectivity on the NiFe
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the tested samples at 500 °C.
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bimetallic systems in comparison with the monometallic Ni
catalyst.® Thus, although Fe exsolution and reduction was pro-
moted by the addition of Ni on the catalysts tested herein, for all
Fe-containing samples, CO was the main product, with selecti-
vity values ranging from ~90% for the 5Fe-5Ni-STO to ~100%
for the undoped 5Fe-STO even at the low reaction temperature of
400 °C. This result is attributed to the high number of unre-
duced Fe oxides (likely incorporated in the lattice as SrFeTiOs)
even after treatment at 900 °C. It is also noted that the PXRD
and XAS showed the lack of any NiFe alloys. This result suggests
the intrinsic nature of Fe oxides on catalyzing selectively the CO,
reduction to CO (Fig. 10b).

Similar conclusions were drawn by Liu et al.®* who, using a
hybrid DBD plasma-catalysis system, reported that the inte-
gration of Ni in a LaSrFeO; catalyst (Ni/Fe = 1) led to higher
dispersion and smaller size of metal particles, as well as to
stronger metal-support interactions. The high CO selectivity
reported was attributed to the incomplete reduction of Fe
species (incorporated in the perovskite lattice as LaSrFeOj3)
responsible for the existence of oxygen vacancies and the
mobility of active oxygen, key parameters for the reverse water
gas shift reaction via the redox mechanism.”* This phenom-
enon is also illustrated in the results presented herein
(Fig. 10c) in which the CO yield is markedly higher for the co-
doped catalysts, with 5Fe-5Ni-STO outperforming both 5Fe-
0.1Ni-STO and 5Fe-STO at the very low temperature range of
400 °C to 550 °C, suggesting the ability of the catalyst to
balance both activity and selectivity, highlighting thus its
potential as a high-efficiency RWGS catalyst. We note that
studies in the literature related to the synergistic effect of Fe
and Ni in perovskite structures for the thermo-catalytic conver-
sion of CO, are scarce. The only one we found was carried out
by Martin et al.®® who studied a series of Lng sBag sFe;_(Ni, O3
(Ln = Pr, Sm; and x = 0, 0.1) catalysts and observed a decrease
in the reactivity of the Ni doped Fe catalysts compared to the
monometallic Fe. However, as the authors noted, this result is
rather surprising, considering both the very active nature of Ni
and the higher amount of oxygen vacancies formed during
reduction. The exegesis provided for this result was that the
lattice oxygen of the Ni-doped exsolved materials was depleted.

Succinctly, regarding the catalytic results presented herein,
the enhanced performance of the Fe-Ni co-doped samples can
be attributed to the existence of a synergy between the metals,
where Fe promotes the formation of oxygen vacancies and
enhances redox activity and selectivity toward CO, while Ni
facilitates H, dissociation and CO, conversion (Fig. 10d).

Conclusions

This work investigates the individual and cooperative effects of
Ni and Fe on the bimetallic exsolution process from A-site-
deficient SrTiO; perovskites. Specifically, a series of A-site-
deficient oxides with the general formula Srg o5Ti;_y+,Fe,Ni,O;
+s (x =0, 0.01, 0.05; y = 0, 0.001, 0.01, 0.05) were successfully
synthesized via a tailored sol-gel method. Surface decoration
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with metallic nanoparticles was achieved through redox-driven
exsolution. By employing low doping levels and combining
multiple characterization techniques the individual and coop-
erative roles of Ni and Fe in defect formation and metal
nucleation at the surface was better delineated.

In particular, TPR results show that Fe doping primarily
controls the formation and reducibility of oxygen-vacancy-
associated defects, leading to the formation of reduced Fe
species at relatively low temperatures. In contrast, Ni dictates
the overall extent of reduction. XAS analysis further reveals
that Ni-only samples undergo limited reduction to Ni(0),
whereas co-doping with Fe significantly enhances Ni exsolu-
tion. Notably, even small amounts of Ni facilitate Fe reduction,
as evidenced by EXAFS data.

Consistent with these findings, STEM imaging demon-
strates the generation of well-anchored, surface-segregated Fe-
Ni co-exsolved nanoparticles in co-doped perovskites, while Fe-
only compositions show limited exsolution. Complementary
XPS measurements indicate that surface Fe remains partially
oxidized despite bulk reduction, reconciling the distinct
probing depths of XAS and XPS techniques.

EPR spectroscopy provides additional validation of this
mechanism by indicating that Fe species exhibit significantly
lower reducibility and mobility compared to Ni. Fe is predomi-
nantly incorporated as highly stable Fe(u) substitutional
defects within the perovskite lattice, and these species attain
sufficient mobility to undergo surface segregation only upon
concurrent incorporation of Ni. In contrast, Ni ions, owing to
their larger ionic radius, preferentially occupy interstitial
lattice positions, giving rise to oxidized Ni(ui) species that con-
stitute the first reducible sites under reducing conditions. This
behavior aligns with recent DFT studies that attribute the
initial stages of the exsolution process to the presence and
reduction of interstitial metal cations.

These structure-property relationships translate directly to
enhanced performance RWGS reaction for the co-doped
materials, where Fe promotes the formation of oxygen
vacancies and enhances redox activity and selectivity toward
CO, while Ni facilitates H, dissociation and CO, conversion.

Overall, this study demonstrates that the analytical frame-
work applied here can be extended to other exsolvable dopants
(e.g., Co), providing a basis for the rational design of exsolved
catalysts with tunable compositions and architectures for
advanced energy-conversion applications.
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