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ABSTRACT

The formation and evolution of nanoparticles on the surface of oxide catalysts are essential for determining their catalytic

performance. Establishing a direct relationship between structure and function requires real-time in situ characterization under

operational conditions. Multiple techniques can be used to create catalytically active nanoparticles on catalyst surfaces, including

traditional deposition or infiltration methods and novel techniques such as exsolution, which allows the in situ growth of stable

particles. In this study, we report the first in situ Small-Angle and Wide-Angle X-ray Scattering (SAXS/WAXS) investigation

of Ni nanoparticle formation in La, ¢St ;5CrysNiy,055 (LSCN), where particles emerge via exsolution, and in a reference

La, g5Sr,15CrO; 5 sample with infiltrated Ni (LSC+5N), at synchrotron facilities. The results reveal early nucleation and thermal

evolution with high sensitivity and statistical robustness. By tracking nanoparticle formation and evolution during reduction at

increasing temperatures, SAXS provides a complementary tool to conventional techniques such as XRD and electron microscopy

for real-time monitoring. This study establishes SAXS/WAXS as a powerful and innovative tool for investigating nanoscale

processes in functional ceramic materials, offering new insights into the design of stable and active nanostructured catalysts.

1 | Introduction

In heterogeneous catalysis and electrocatalysis, the surface of the
catalyst is crucial for determining its catalytic activity, selectivity,
and stability. The surface of the catalyst hosts the active sites
where the reactants adsorb, transform through a reaction, and
desorb as products [1]. Besides compositional surface charac-
teristics, such as chemical composition, electronic structure,
coordination environment, and metal-support interaction, mor-
phological factors such as surface area and porosity affect the
catalyst performance and reaction kinetics [2]. Deactivation
mechanisms such as poisoning or sintering under operating con-
ditions can affect the long-term utility and stability of the catalyst.
Therefore, optimizing the surface properties through tailor-made

synthesis, structural modifications, promoter addition, and nano
catalyst size stability may enhance catalyst kinetics, selectivity
and durability.

The most commonly used techniques to disperse a catalyst onto
a support surface are wet or dry impregnation, in which the
support is soaked in a solution containing the catalyst precursor
or a controlled amount of solution is added (Incipient Wetness
Impregnation), respectively. Techniques such as precipitation or
co-precipitation involve the precipitation of the catalyst precursor
from a solution onto the support or simultaneously with the
support, ensuring strong interactions [3]. Deposition techniques,
such as Chemical Vapor Deposition (CVD) [4], Electrochemical
Deposition (ED), and Atomic Layer Deposition (ALD) [5] are
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advanced methods for the selective and controllable attachment
of catalysts onto the support surfaces. In contrast to conventional
methods, the ex-solution process enables a more uniform dis-
persion of nanoparticles and improved control over their size.
In exsolved systems, nanoparticles are strongly embedded in the
oxide substrate, solving the problem of weak adhesion between
the support and the deposited or infiltrated nanoparticles, which
often produce inactivation problems such as agglomeration and
poisoning [6-8].

In addition to chemical composition, the catalytic proper-
ties of the nanoparticles are determined by their shape, size,
and concentration [9]. Characterizing and correlating perfor-
mance/morphology relationships involves a combination of
structural, spectroscopic, and in situ techniques, when possible.
The most commonly used method is Transmission Electron
Microscopy (TEM), which can provide a direct image of the
shape and size of the nanoparticles. In the High-Resolution
variant (HRTEM)), it is also possible to identify lattice facets and
crystallinity. Scanning Electron Microscopy (SEM) is also useful
for characterizing the surface morphology of larger particles.
Moreover, other techniques are used to determine the composi-
tional features and oxidation states of the active sites, such as
Low-Energy Ion Scattering (LEIS), Auger electron spectroscopy
(AES), and X-ray Photoelectron Spectroscopy (XPS) [10, 11].
However, these techniques characterize the evolution process
by focusing on resolution at the cost of analyzing small sample
volumes.

Conversely, Small Angle X-ray Scattering (SAXS) is a valuable
technique for the in situ characterization of nanoparticle for-
mation and evolution under different conditions. It overcomes
the instrumental limitations of the crystallinity necessity of X-
Ray Diffraction (XRD) and the reduced statistical significance of
electron microscopy, with the advantage of providing information
about changes in size, shape, and volume % [12, 13]. Overall,
it provides a much larger volume % analysis than conventional
structural characterization techniques such as scanning and
transmission electron microscopy.

In situ SAXS has been employed to monitor the evolution and
agglomeration-related degradation of different nano catalysts
under working conditions [14-16]. Impregnated nanocatalysts
have been widely studied using both ex situ [17-20] and in situ
SAXS [21-23]. However, to date, SAXS has only been used for
the ex situ analysis of exsolved nanoparticles in nanoporous
and sintered Lay s,Sr( 5 Tio.94Nig0s0; . 5 [10] and in PrBaCo,Oq.s
double perovskites [24]. To the best of our knowledge, there
are currently no references to in situ SAXS monitoring of the
exsolution process. Instead, in situ characterization of exsolution
has primarily been carried out using in situ TEM, XPS, X-Ray
Absorption Near Edge Structure (XANES), XRD and Neutron
Diffraction (ND) [25-30].

In previous studies, we investigated the influence of the Ni
nanocatalyst deposition method on the electrodes of proton-
ceramic electrochemical cells [31-33]. Ni has been widely studied
in the field of energy conversion and storage devices, such
as solid-oxide fuel cells, electrolyzers, and reforming catalysis,
particularly for electrodes with high electrochemical activity
and long-term stability [34-36]. However, for specific electrolyte

compositions, such as lanthanum tungstate-based, the compati-
bility between Ni and the electrolyte can be compromised, thus
affecting the final device performance [32, 37]. For this reason,
alternative anode materials need to be used in those cases.

LaggsSry;5CrO5 5 (LSC)-based materials have been studied as
H,-electrode materials for high-temperature fuel cells and elec-
trolyzers [38-40]. Besides, LSC can host cations (such as Ce,
Ni, Mn, Fe, and Co) to be exsolved in situ on their surface
to enhance the electrocatalytic activity [41-43]. Our previous
studies on La; WOy ,s (LWO) protonic electrolytes demon-
strated that the best anode performance was obtained for LSC
material, both doped and infiltrated with Ni [29]. Although
the materials have been thoroughly investigated from an elec-
trochemical perspective, no structural analysis has been con-
ducted on the formation and evolution of the resulting Ni
nanoparticles.

The main objective of this study is to demonstrate the strength
of the in situ SAXS technique in characterizing the evolution of
the morphology and size of surface nanoparticles. SAXS offers fast
and precise monitoring of the nanoparticles under operating con-
ditions. In particular, this study monitored the high-temperature
evolution of Ni nanoparticles on chromite through in situ
SAXS/WAXS synchrotron measurements. In addition, the study
compares the behavior of nanoparticles obtained by infiltration
(LSC sample infiltrated with Ni, LSC+5N) with those obtained by
exsolution in Ni-doped chromite (La, 4sSt,,5Cr( Ni ,05.5, LSCN)
under high-temperature reducing conditions. To unambiguously
correlate the microstructural observations with the presence of
the nanoparticles, a La, 35St ;5CrO; 5 (LSC) reference sample was
also studied.

2 | Results and Discussion

High-energy synchrotron X-ray diffraction (SXRD) enabled the
identification of the constituent phases in all the as-prepared
samples (Figure 1 with different expected crystal structures).
All samples predominantly consisted of orthorhombic Pnma
La, ¢5S1y,5CrO; perovskite (ICSD 51197, marked with green * in
Figure 1a) together with some minor monoclinic P121/nI SrCrO,
(ICSD 40922, marked with magenta 0 in Figure 1a). The LSC+5N
sample also shows expected Bragg reflections corresponding to
the infiltrated NiO phase (see inset of Figure 1la), which are
significantly broadened, corresponding to a crystallite size of
15 nm from peak width analysis. The wt.% and lattice parameter
of the constituting phases obtained from the Rietveld refinements
(Figure S1) are summarized in Table 1.

The change in the surface caused by NiO-infiltrated nanopar-
ticles and the exsolution of Ni upon reduction at 900°C in
5% H, were investigated by microscopy before and after the
thermal treatment. The as prepared LSC, LSC+5N, and LSCN
samples exhibited similar perovskite grain sizes (SEM images
in Figure 2a-c, respectively). In LSC and LSCN, a very low
vol% of nanoparticles inherent to the support was observed. The
LSC+5N sample presented a significantly higher volume % of
nanoparticles corresponding to the infiltrated NiO (Figures S2
and S3) with 17 + 7 nm in average size, in good agreement with
the value obtained from SXRD (Table 1).

20f10

Advanced Materials Interfaces, 2026

85UB017 SUOWILWIOD @A 11810 3ot jdde ayy Aq peuenob ae sl VO 85N JO Sa|n. 10y Afeid1T8UIIUO AB]IA U (SUONIPUOD-PUR-SWR) ALY A8 | 1M ARe.d 1 jpulJuo//Sdny) SUoRIpUOD pue swie 1 8y} 8es *[9202/20/0€] Uo Areiqiauliuo 8|1 '8 €01UoBl[0d 18elSIBAIuN AQ 922005202 IWPe/Z00T OT/I0P/LI0Y A8 | M Afe.q1|Bul Uo'peoueApe;/:Sdny wouy pepeojumod ‘2 ‘9202 ‘0SEL96TZ



T T

T

a) #n_ ’ ' ' ' ' T T b) Lao‘855{0.150r03 d) Lao~855rq15CI’0.9Ni0'1 03
NiO % . =
|——LSC+5N * s 1
LSCN L A
* LaSrCrO,
U 45 46 47
~| . 20 () !
3
s C) LSC+5N
B | [sc g NiQ o @ La
- >0 —o | ¥Sr
+ o *— -+ -0 ® Cr
e —od-o- | UN
’ | s 44 (00
5

20 (°), %=0.120374 A

1 N T
1.5 20 25 3.0 3.5 4.0 4.5

.0

FIGURE 1 | (a)SXRD patterns of as prepared samples. Green * represent Bragg reflections of Pnma Lag g5St(15CrO5 perovskite phase and magenta
0 are the P121/nl1 SrCrO,4 phase. The inset zooms in the presence of NiO in the LSC+5N sample. (b) Crystal structure of La g5Sr( 15CrO5 perovskite, (c)

together with NiO and d) doped Lag gsSr15Cr oNig;05.

TABLE 1

Phases, wt.%, and lattice parameters and crystallite sizes obtained from Rietveld refinement of the SXRD of the as-prepared powders

measured at RT.

Phase wt.% a(A) b (A) c(A) a=p;8(°) Size (A)
As-sintered LSC

Pnma La, gSr,,sCrO; 91.3(3) 5.4750(5) 7.7560(6) 5.5184(4) 90:90

P121/n1 SrCro, 8.7(4) 7.095(6) 7.393(5) 6.761(5) 90; 103.13(7)

As-sintered LSC+5N

Pnma La, gSt,,sCrO; 90(3) 5.4745(5) 7.7574(7) 5.5181(4) 90;90

PI121/n1 SrCrO, 6.6(4) 7.094(9) 7.389(7) 6.759(7) 90; 103.09(11)

Fm-3m NiO 3.4(4) 4.178(3) 4.178(3) 4.178(3) 90:90 147(2)
As-sintered LSCN

Pnma La, 4St,,sCrO; 89(2) 5.4756(4) 7.7598(5) 5.5206(3) 90;90

PI121/n1 SrCrO, 10.6(3) 7.101(4) 7.396(3) 6.770(3) 90; 103.12(4)

LSC as prepared

[N

FIGURE 2 |

b) LSC+5N as prepared

4 f) LsCN aftér 900 °CiH,

(a—c) SEM images of LSC, LSC+5N, and LSC powders as sintered and (d-f) after heat treatment up to 900°C in 5% of H, in Ar.
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FIGURE 3 | (a,b) HR-TEM electron images, ¢) EDX spectrum of the Ni Ka X-ray line, and d) Ni particle size histogram of LSC+5N. (e,f) HR-TEM
electron images, g) EDX spectrum of the Ni Ka X-ray line, and h) Ni particle size histogram of LSCN after heating up to 900°C in 5% of H, in Ar.

After exposing the samples to 900°C in 5%H, for 1.5 h
(Figure 3d-f), no difference was detected in the LSC structure,
and the same grain and nanoparticle sizes as those shown in
the as-prepared sample were observed. In the LSC+5N sam-
ple, NiO particles were reduced to metallic Ni and grew to
an average size of 25 + 8 nm, as confirmed by SEM and
HRTEM-EDX (Figures 2e and 3a-d). The interplanar distances
measured via Digital Diffraction Pattern (DPP) analysis fur-
ther confirmed the phases of the supported Ni nanoparticles
(Figure S4). For LSCN, an additional phase/microstructure was
observed on the surface, identified as SrO by HRTEM-EDX
(Figure S5) and WAXS (as will be shown later), coexisting
with metallic Ni nanoparticles. The Ni composition of these
nanoparticles was confirmed by EDX (Figure 3e-h), and the
obtained grain size ranges were mainly between 2 and 6 nm,
as can be inferred from the grain size distribution. The inter-
planar distances of the three constituent phases also corre-
lated with the measured d-spacings in their respective DDPs
(Figure S6).

The evolution of the infiltrated NiO nanoparticles and the Ni
exsolution process in the doped material were monitored during
reduction at high temperatures using in situ SAXS/WAXS mea-
surements. In addition, the LSC reference material was studied
under similar heat treatment to identify any contribution of
the base material and unambiguously ascribe changes in the
scattering signal to the presence or changes in the nanoparticles.

During the heating step in reducing atmospheres, the orthorhom-
bic perovskite phase transformed into rhombohedral (ICSD 51193)
at approximately 225°C, in agreement with other studies [44].
This can be easily inferred from the splitting of the peak at q =
22.6 nm™! in the WAXS patterns for the LSCN sample (Figure 4a).
The Rietveld refinement of LSCN at 400°C (Figure 4b) shows
the double peak characteristic of the rhombohedral structure
at ~2q = 21.5 ° (see Figure S7, the Rietveld refinement at RT

for comparison). At higher temperatures (>800°C), independent
Bragg reflections began to combine, which could be an indication
of a further transformation into a cubic phase (reported to take
place above 1000°C) [42]. Besides, at higher temperatures, the
SrCrO, phase disappeared (above 825°C).

From the Rietveld refinement at 900°C (Figure 4c), it can
be seen the presence of LaCrO; rhombohedral structure
(84.6 + 0.7 wt.%) together with some remaining orthorhombic
phase (3.0 = 0.7 wt.%), but also SrO (9 + 1 wt.%) and metallic
Ni (3.4 + wt.%). This proves the Ni exsolution in the doped
compound at high temperatures, which occurs together with
the exsolution of some SrO-related nanostructure (secondary
phase observed in Figure 2f). Metallic Ni was also observed
after reducing the NiO present in sample LSC+5N at RT (see
Figure S8, the Rietveld refinements of WAXS patterns of LSC and
LSC+5N at 900°C).

To properly monitor the sizes and morphology of the nanopar-
ticles, SAXS measurements during heating were simultaneously
performed with WAXS (Figure 5a—c for LSC reference material,
LSC+5N, and LSCN). The temperature evolution of the scatter-
ing curves showed clear differences among the three samples
(highlighted with arrows in Figure 5b,c). Thus, a proper analysis
was performed by fitting the data to spherical nanoparticles
with a lognormal size distribution. The temperature evolution of
the obtained sizes (mean diameter of the spheres) and volume
% of the nanoparticles can be seen in Figure 5d-f, and the
corresponding size distribution at RT and at 900°C in Figure 5g-i
for LSC reference, LSC+5N, and LSCN samples, respectively.

The LSC reference sample showed a volume of less than
0.5% of very small nanoparticles (4 nm), which remain
constant in the whole temperature range (Figure 5d).
These small particles are consistent with those observed
by SEM, and although their exact nature remains unclear,
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(a) WAXS diffraction patterns of LSCN during heating up to 900°C in reducing atmosphere, (b) Rietveld refinement at RT and (c)

900°C, with zooms from 19.1 to 20.1 and from 28.5 to 29.5°, where the SrO and Ni Bragg reflections are observed.

they are considered
material.

intrinsic to the studied perovskite

The large number of NiO nanoparticles observed by SEM in
the LSC+5N sample could also be detected by SAXS at RT
(Figure 5e). The proper modelling of these SAXS data requires
the use of two families of precipitates. The smaller ones, with
a mean size of 4 nm and 6 vol.% at RT, are very stable in size
but present a much broader size distribution than those observed
in the LSC reference sample (solid lines in Figure 5gh). In
addition, they decreased in volume % above 600°C. The second
family of precipitates, of 14 nm and 3 vol.% at RT, increases
in size and vol.% from 600°C, reaching 20 nm and 11 vol.% at
900°C. This behavior can be correlated with the reduction and
coarsening of the larger precipitates, in this case at the expense
of the smaller ones, following an Ostwald ripening process, as
already observed in other Ni nanoparticles [45]. It is important
to emphasize that SAXS enables the in situ evaluation of two
different families of nanoparticles simultaneously, which cannot
be easily distinguished using SEM. In contrast, the smaller sizes
obtained from SAXS compared to SEM likely reflect the inherent
difference in statistical weighting, with SEM providing area-
weighted dimensions, whereas SAXS yields volume-weighted size
distributions [11].

The LSCN sample at RT (Figure 5f) shows very small precipitates
(<5 nm) in a fraction below 0.5 vol.%. The behavior of these
precipitates was similar to that shown by the reference LSC

sample up to 600°C (with no changes in size and volume
%) and therefore can be considered inherent to the perovskite
behavior (Figure 5d). Above 600°C, the nanoparticles increased
in size up to 6.5 nm at 900°C, but maintained a narrow size
distribution, and in volume % up to 2 vol.%, that is more than a
fourfold rise (Figure 5i). Besides, from 600°C, a second family of
nanoparticles appears, with 3 vol.% and mean sizes ranging from
2 to 2.5 nm from 600 to 900°C. Both families of nanoparticles
that nucleated above 600°C were unambiguously ascribed to the
metallic Ni measured by WAXS and observed by SEM (Figure 2f)
and TEM (Figure 3d-f) with reasonable agreement in size
distribution.

SAXS analysis permitted the identification of the starting tem-
perature of the exsolution process, 600°C in the LSCN sample,
and enabled a precise examination of the size evolution. Exsolved
nanoparticles remained smaller and with narrower size dis-
tributions than nanoparticles obtained from infiltration after
reduction (with up to four times difference at 900°C), which is
a characteristic of the properly embedded exsolved nanoparticles
compared to those infiltrated.

To elucidate the catalyst-surface differences arising from the
unique anchoring of exsolved nanoparticles compared to infil-
trated ones, in situ SAXS measurements were performed on both
samples, i.e., LSC+5N and LSCN, over 90 min at 900°C (see
SAXS curves in Figure S9). The corresponding particle size and
volume % evolutions are depicted in Figure 6a,b for LSC+5N and
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FIGURE 5 | (a-c)SAXS curves during heating from RT up to 900°C in 5%H, in Ar, where arrows indicate main changes, (d-f) average diameter

and vol.% of obtained spherical particles as a function of temperature and (g-i) log-normal size distribution at room temperature and 900°C for LSC,

LSC+5N and LSCN samples.

LSCN, respectively. In both cases, the particle volume % remains
nearly constant (or slightly decreases) across all particle families,
suggesting that nucleation has ceased.

Distinct behaviors were observed in the size evolution over
time. For the Ni-infiltrated sample (LSC+5N), both families
of particles grew continuously (from 4 to 11 nm and 20 to
23 nm after 90 min) following a well-established diffusion-
controlled Ostwald ripening mechanism described by [45]:

rP=r+Kt €))

where ris the radius of the nanoparticle at time ¢, r,, is the particle
size at the start of coarsening and K is the growth coefficient.
The fitted values indicate comparable coarsening kinetics for both

particle families, with growth coefficients of K = 0.022 + 0.004
nm?/s for the smaller particles and K = 0.020 + 0.008 nm?/s for
the larger ones.

In contrast, the exsolved nanoparticles in LSCN, which are
strongly anchored to the oxide surface, show negligible growth,
i.e., the K value is almost 0. Only a slight broadening of the
size distribution was observed for the larger particles (reflected
in increasing error bars), likely due to the partial dissolution of
smaller particles, consistent with recent reports [43]. It should
be noted that Ostwald ripening of exsolved nanoparticles was
recently reported by Jennings et al. [45]. In their study, the
coarsening was evaluated starting after the exsolution process.
In our case, we analyzed the size evolution of the precipitates
at 900°C, whereas exsolution started at 600°C. Consequently,
any coarsening occurred during heating from 600 to 900°C
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(a) Size evolution as a function of time at 900°C for LSC+5N and (b) LSCN. Lines correspond to fits of the diffusion-controlled ripening

model (Equation 1). The first data point for the larger precipitates was excluded, as it deviated from the overall trend, probably influenced by growth at

lower temperatures.

(Figure 5f), after which the particle sizes remained essentially
stable.

In summary, the SAXS/WAXS method provides detailed informa-
tion on the surface morphology of the catalyst particles and their
evolution under gas and temperature operating conditions. When
combined with complementary characterization techniques such
as SEM/TEM and catalytic performance data, it enables the
rational design of improved catalysts. Notably, exsolved nanopar-
ticles exhibit high stability and limiting coarsening at high
temperatures. However, under the conditions described in this
study, their formation remains suboptimal as addressed in [29].
Through an additional infiltration step, it was demonstrated that
the catalytic performance of the anode was further improved,
and agglomeration did not readily occur under the studied
conditions [29, 30]. By understanding the nucleation temperature
and growth kinetics, it is possible to design catalysts that leverage
the advantages of each approach.

3 | Conclusions

In situ SAXS/WAXS experiments have proven to be a powerful
and versatile technique for elucidating the reduction dynamics
and nanoparticle growth of infiltrated catalysts, as well as for
tracking the exsolution process of Ni-doped perovskite under
reducing environments at high temperatures. The high time
resolution enables detailed observation of distinct processes, such
as nucleation, growth, and coarsening, while the larger sample
volume analyzed compared to microscopy techniques ensures
statistically robust insights that better represent the true bulk
behavior of materials. SAXS provides a direct determination of
the temperature at which the first Ni nanoparticles are exsolved,
regardless of their crystallinity, and enables the characterization
of the high-temperature evolution of the nanoparticles over time.

This allows for the distinction between the growth and coarsening
of infiltrated Ni nanoparticles and the anchoring behavior of
exsolved Ni nanoparticles, while quantifying the number and size
distribution of the formed nanoparticles.

Beyond Ni-based systems, this combined SAXS/WAXS method-
ology can be readily extended to other surface chemistries,
with particular interest in exsolution such as Co-, Fe-, or
Cu-based perovskites, metal alloy nanoparticles or even to
multi-component systems where simultaneous metal exsolution
and oxide restructuring occur. Moreover, its compatibility with
operando conditions makes it a valuable tool for probing the
dynamic structural and morphological changes in functional
catalysts during real electrochemical, redox, or thermal reaction
environments. Such insights are critical for correlating nanoscale
evolution with macroscopic catalytic or electrochemical perfor-
mance, thereby guiding the rational design of more stable and
active catalysts for a wide range of energy conversion and storage
applications.

4 | Materials and Methods

4.1 | Materials Preparation

The citrate reaction route was used to prepare La,gsSr;,5CrOs 5
(LSC) and La, ¢S, 15Cr, s Niy ,05 5 (LSCN) powders, as described
elsewhere [46, 47]. Stoichiometric amounts of the corresponding
metal nitrates were dissolved together in the minimum amount
of water at 60°C. The metals were complexed with a solution
of citric acid solution with a citrate-to-cation molar ratio of 2.
Crosslinking (polyesterification) of the citrate complexes was
boosted by adding ethylene glycol at an ethylene glycol-to-cation
molar ratio of 4 and heating the solution at 100°C under vigorous
stirring. The resulting gel was dried at 220°C overnight at later
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TABLE 2 | Summary of sample acronyms, compositions and sintering and reducing treatments undergone.
Acronym Composition Sintering treatment Reducing treatment
LSC Layg5S1)15CrO; 5 900°C for 12 h in air -
LSC H, 900°C Lag ¢sSry15CrO, 5 900°C for 12 h in air 900°C for 1.5 h in 5%H,/Ar
LSCN Lag¢sSr(15CrogNi,05.5 900°C for 12 h in air -
LSCN H, 900°C Lag ¢sS1(15Cry gNiy, 05 5 900°C for 12 h in air 900°C for 1.5 h in 5%H,/Ar
LSC+5N 5%wt.Ni/Lag ¢sS115Cr05 5 900°C for 12 h in air (LSC) + -
450°C for 6 h in air (after infiltration)
LSC+5N H, 900°C 5%wt.Ni/Lag gsS115Cr05.5 900°C for 12 h in air (LSC) + 900°C for 1.5 h in 5%H,/Ar

450°C for 6 h in air (after infiltration)

sintered at 900°C for 12 h. A portion of the LSC powder (2 g)
was infiltrated with Ni using an aqueous solution of nickel nitrate
(208 mg of Ni(NOs),-6H,0, Sigma-Aldrich) dissolved in 1.5 mL of
deionized water, which reached a loading of 5 wt.% Ni (denoted as
LSC + 5N). The impregnated powder was then calcined at 450°C
for 6 h to decompose the nitrates. The prepared materials were
later subjected to a reducing treatment with 5% H,/Ar for 1.5 h
at 900°C (20°C-min™"! of heating rate) for electron microscopy
characterization. Table 2 presents a summary of all the studied
samples, including their composition, sintering and reducing
treatments:

4.2 | Structure Characterization

The phase compositions of the as-received and reduced materials
were characterized by Laboratory X-Ray Diffraction (XRD) using
a PANalytical Cubix diffractometer with CuKe, , radiation and an
X’Celerator detector in Bragg-Brentano geometry. XRD patterns
were recorded in the 20 range of 10°-90° and analyzed using
X’Pert Highscore Plus software. Synchrotron X-Ray Diffraction
(SXRD) measurements of the pristine materials were obtained
at the High Energy Materials Science (HEMS) [48] beamline
at PETRA III at DESY using a photon energy of 103 keV (4 =
0.1204 A). The 2D patterns from the synchrotron measurements
were treated with the software pyDIDAS (python Diffraction
Data Analysis Suite) [49], and Rietveld refinement [50] of the
obtained diffraction patterns was performed using the FullProf
software [51].

The microstructure was investigated using Scanning Electron
Microscopy (SEM) (Zeiss Ultra 55), and elemental analysis was
carried out with Energy-Dispersive X-ray Spectroscopy (EDS)
(INCA, Oxford). Particle size distribution for each reduced sam-
ple was obtained with its statistical parameters (the +o value). In
all cases, a minimum number of 100 particles was considered.
This study was performed using an image analyzer software
(ImageJ).

For higher magnifications, High-Resolution Transmission Elec-
tron Microscopy (HR-TEM) images were collected on a 200 kV
Jeol JEM-2100F instrument running in a Scanning Transmission
Electron Microscopy (STEM) mode. Elemental analysis was
performed using an Energy-Dispersive X-ray Spectroscopy (EDX)
X-Max 80 detector with a resolution of 127 eV. To calculate
interplanar distances out of TEM micrographs, ImageJ software

was also employed in order to obtain Fast Fourier Transform
(FFT) and inverse FFT images.

In situ Small Angle X-ray Scattering (SAXS) and Wide-Angle
X-ray Scattering (WAXS) were performed at the SAXSMAT
beamline P62 of PETRA III at DESY, Hamburg (Germany) [52].
For the in situ experiments, the powders were mounted in
quartz capillaries (1 mm of outside diameter and 0.01 mm of
wall thickness), placed on a heater, and then monochromatically
irradiated with X-rays at an energy of 12 keV (1 = 1.0332 A).
For all measurements, we used a 400x400 um spot size and a
Q range from 0.11 to 7 nm™ for SAXS and 8.3 to 38 nm™' for
WAXS. Ag0O,C(CH,),,CH; and Si powder samples were mea-
sured to determine the SAXS and WAXS detector parameters. The
LSC, LSCN and LSC+5N samples were continuously monitored
(measurements taken every 5 s) from room temperature (RT)
to 900°C under a 5%H,/Ar atmosphere with a heating rate of
20°C-min~"'. Afterward, SAXS/WAXS measurements were taken
under constant conditions at 900°C under a 5%H,/Ar atmosphere
for 90 min. SAXS data analysis was performed considering
background and empty capillary corrections and using a pre-
calibrated glassy carbon sample for the scaling intensities to
absolute differential scattering cross section.

For the analysis of the SAXS data analysis, the differential scatter-
ing cross section was fitted using a model to obtain information
on the particle shape, size, size distribution, and volume fraction.
The absolute differential scattering cross section of the material
is defined as

92(q)
g =NV P@S(@)+B
where N is the number of nanoparticles per unit of volume, V'
is the volume of each nanoparticle, Ap is the scattering contrast

(difference in the scattering length densities of the nanopar-
M x["b;
i=1 -

ticles and surrounding material, Ap = p,, — p,p, = X,

Um

np;

2;\1] x’—’), P(q) is the particle form factor, S(g) is the structure
- U,

factor, and B is the background corresponding to the additional
incoherent scattering contribution and diffuse scattering [53].

As the volume fraction determination from SAXS strongly
depends on the scattering contrast, Ao which depends
on the chemical composition of the nanoparticles and
surrounding material, relative units are used for the volume %
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determination, assuming always the same scattering contrast (no
changes in composition of both precipitates and surrounding
material regardless of the heat treatment).

The SASFit software [54] was used to analyze the SAXS data
assuming the form factor of spherical particles with a lognormal
particle size distribution. The size data obtained from SAXS and
shown in the graphs correspond to the mean diameter value
obtained from the lognormal size distribution. FullProf software
was used to analyze the WAXS data.
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