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Nanoparticle Exsolution from Nanoporous Perovskites for
Highly Active and Stable Catalysts

Benjamin Rudolph, Anastasios I. Tsiotsias, Benedikt Ehrhardt, Paolo Dolcet, Silvia Gross,
Sylvio Haas, Nikolaos D. Charisou, Maria A. Goula, and Simone Mascotto*

Nanoporosity is clearly beneficial for the performance of heterogeneous
catalysts. Although exsolution is a modern method to design innovative
catalysts, thus far it is predominantly studied for sintered matrices. A
quantitative description of the exsolution of Ni nanoparticles from
nanoporous perovskite oxides and their effective application in the biogas dry
reforming is here presented. The exsolution process is studied between 500
and 900 °C in nanoporous and sintered La0.52Sr0.28Ti0.94Ni0.06O3±𝜹

. Using
temperature-programmed reduction (TPR) and X-ray absorption spectroscopy
(XAS), it is shown that the faster and larger oxygen release in the nanoporous
material is responsible for twice as high Ni reduction than in the sintered
system. For the nanoporous material, the nanoparticle formation mechanism,
studied by in situ TEM and small-angle X-ray scattering (SAXS), follows the
classical nucleation theory, while on sintered systems also small endogenous
nanoparticles form despite the low Ni concentration. Biogas dry reforming
tests demonstrate that nanoporous exsolved catalysts are up to 18 times
more active than sintered ones with 90% of CO2 conversion at 800 °C.
Time-on-stream tests exhibit superior long-term stability (only 3% activity loss
in 8 h) and full regenerability (over three cycles) of the nanoporous exsolved
materials in comparison to a commercial Ni/Al2O3 catalyst.

1. Introduction

The great challenge of our epoch is to drastically reduce green-
house gas emissions, so as to mitigate their detrimental ef-
fect on global warming and our planet’s climate.[1] Coupled
with energy insecurity, violently brought to the fore from recent
global conflicts, the utilization of renewable and domestic energy
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resources is now more important than ever.
Biogas originating from the fermentation
of bio-waste can be considered an attractive
and renewable alternative power source.[2]

However, it first needs to undergo purifi-
cation processes (e.g., drying, desulfuriza-
tion), whereas its high CO2 content needs
to be removed prior to the production of
biomethane.[3] Alternatively, biogas dry re-
forming has been demonstrated to be an
efficient method to convert the two major
components of biogas (CO2 and CH4) into
useful synthesis gas, that is, an H2 and CO
mixture, which can, in turn, be used for the
production of value-added chemicals and
higher hydrocarbons.[4,5] Biogas dry reform-
ing is similar to the methane dry reforming
reaction (albeit with a higher CH4:CO2 ra-
tio, which depends on the biogas composi-
tion), it is highly endothermic, and can be
described by the following equation.[4–6]

CH4 + CO2 → 2H2 + 2CO (1)

Besides noble metals, which are scarce and highly expensive,
nickel-based catalysts have been shown to be highly active for
the CO2-reforming of methane and biogas.[7,8] However, a major
drawback of Ni-based catalysts is their high tendency towards car-
bon accumulation, as carbon species originating from methane
decomposition are incompletely removed from the metallic sur-
face during the reaction, leading to the extensive build-up of
coke.[9,10] The encapsulation of Ni particles with carbon species
reduces the catalytically active surface area, leading to severe
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catalyst degradation.[10,11] Great attempts have been undertaken
to reduce the coking propensity of Ni catalysts, usually focus-
ing on improving the Ni dispersion,[9] the catalyst basicity,[12]

and the oxygen storage capacity.[13,14] One of the best strategies
has been found to be the facilitation of strong-metal support in-
teractions induced via the in situ formation of Ni nanoparticles
through the exsolution of Ni dopants previously incorporated into
a metal oxide host.[15] As such, Ni nanoparticles formed this way
are strongly socketed in their support, they are much less prone
to coking, and thereby typically exhibit superior stability under
long-term operation.[16–18]

The exsolution process proceeds with the reduction of a doped
perovskite oxide when exposed to an oxygen-poor atmosphere at
high temperatures. Upon oxygen release from the lattice, tran-
sition metal dopants are reduced to the elemental state. After
spontaneous nucleation and growth, metal nanoparticles emerge
from the oxide structure, thus intrinsically forming supported
metal catalysts strongly anchored in the parental matrix.[19] An
additional advantage with respect to impregnated systems is that
the process of exsolution is cyclable.[20] Upon high-temperature
oxidation, the metal nanoparticles dissolve back as dopants into
the oxide matrix and after a second reduction treatment, they
regenerate on the material surface.[21] Hence, exsolution repre-
sents a smart, modern approach for the design of shape and size-
controlled sustainable, green catalysts.[19,22]

So far, the exsolution process has been almost exclusively
adopted for bulk, sintered matrices. Surprisingly, only very few
works deal with metal exsolution from nanoporous and nanos-
tructured perovskite oxides[23,24] and therefore there is very lit-
tle knowledge on the exsolution process from these matrices.
It is common knowledge that catalytic processes are favored on
nanostructured and nanoporous materials due to higher specific
surface area and higher concentration of active sites.[25–27] Al-
though highly promising, the combination of exsolved nanopar-
ticles with nanoporous perovskite matrices has still to be demon-
strated to be a valuable strategy for the design of highly active and
stable heterogeneous catalysts.

Currently, it is completely unclear whether the attractive fea-
tures of exsolved nanoparticles for high-temperature catalysis,
such as strong anchoring on the parental matrix and self-
regeneration, are also valid for nanoporous systems. Due to their
high surface/volume ratio, nanoporous matrices are character-
ized by high surface energy and shorter diffusion path lengths of
ions through the nanostructured grains.[28–30] As we have previ-
ously shown, these features lead to a significant improvement
in the mobility of oxygen anions[31,32] and metal dopants.[33,34]

This enhanced ionic diffusion combined with the higher expo-
sure to the hydrogen flow of the large surface area matrix, might
favor the exsolution process by strongly decreasing the exsolu-
tion kinetics. Also, this modified, nanostructure-driven, exsolu-
tion mechanism can possibly lead to exsolved nanoparticles with
different features than the usually known sintered matrices.

This work provides a detailed description of the exso-
lution process of nickel from nanoporous and sintered
La0.52Sr0.28Ti0.94Ni0.06O3 (LSTN) and their application as cat-
alysts for the biogas dry reforming reaction. Due to their high
thermal stability and a substantial concentration of cationic and
oxygen defects, doped A-site deficient SrTiO3-based perovskite
is among the most used matrices for exsolution and therefore

represents a good model system for this study. The nanoporous
and sintered samples were denoted as n-LSTN and s-LSTN,
respectively, and exsolved systems as n- or s-LSTNRT (with T
the exsolution temperature in the range 500–900 °C). The use
of a multi-technique approach resulted fundamental to clearly
understand the exsolution process of the Ni species. Thus,
combining TPR with XAS, we identified the heterogeneous and
large oxygen release as the real descriptor for the extensive Ni
reduction in n-LSTN. Also, SAXS showed to be an original and
effective approach to shed new light into the nanoparticle growth
mechanism in nanoporous and sintered systems, overcoming
the instrumental limits of X-ray diffraction (XRD) (crystallinity)
and electron microscopy (statistical significance).

Biogas dry reforming was employed to test the performance of
the nanoporous exsolved catalysts. The materials were far more
active than the sintered counterparts at 800°C. The highly suc-
cessful time-on-stream tests conducted over 60 h, demonstrated
that nanoparticle stability and self-regeneration are preserved in
nanoporous materials, making these systems far superior to a
commercial Ni/Al2O3 catalyst.

Thus, the design of nanoporous exsolved materials is an ef-
fective approach for the development of high-performing het-
erogeneous catalysts. Also, the chance to control the reduction
and growth process of exsolved metal nanoparticles by tun-
ing the anionic and cationic mobility through the design of
nanoporous parental structures with different porosity offers in-
teresting prospects for the future design of advanced exsolved cat-
alysts.

2. Results and Discussion

2.1. Parental Structures

The crystalline nature of sintered and nanostructured perovskite
parental structures has been investigated by XRD analyses (Fig-
ure 1a). Both LSTN materials present a cubic Pm-3m structure,
as shown in similar works.[35] The atomic ratios of the cations
fit well with the nominal stoichiometry. While the sintered sys-
tem shows oxygen deficiency (𝛿 ≈ −0.2), n-LSTN is character-
ized by a stoichiometric oxygen content (Tables S1, and S2, Sup-
porting Information). The different oxygen stoichiometry in the
nanoporous matrix is likely related to the highly defective surface
and nanostructured grains (average crystallite size of 22 nm) as a
larger concentration of defects (e.g., stacking faults, grain bound-
aries) would favor the oxygen incorporation during the anneal-
ing step. Also, the formation of Ruddlesden–Popper units pre-
senting an additional SrO layer cannot be excluded.[36–38] To clar-
ify the state of the Ni dopant, XAS analyses were performed at
the Ni K edge (ENi = 8333 eV) of both nanoporous and sintered
materials. X-ray absorption near edge structure (XANES) spec-
tra (Figure 1b) are indicative of octahedral Ni (octNin+) occupy-
ing Ti sites in a titanate perovskite structure, as evidenced by the
shoulder on the high-energy flank of its whiteline.[39,40] The edge
position (ELSTN = 8347 eV) suggests an average Ni oxidation state
(n) of +2.5.[40,41] Extendedray X-ray absorption fine structure (EX-
AFS) analyses confirmed for both cases an octahedral coordina-
tion around the absorbing Ni atom, with a Ni–O bond distance
(≈ 2.01± 0.01 Å, Table 1) in line with the LSTN structure. The sec-
ond shell contribution (bond distance ≈ 2.95 Å) also corresponds
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Figure 1. a) XRD patterns and b) X-ray absorption spectra of the nanostructured (n-LSTN) and sintered (s-LSTN) parental structures; c) Nitrogen ph-
ysisorption isotherms evidencing the nanoporous structure of n-LSTN along with the pore size distribution (inset); d) SEM pictures of the nanostructured
(top) and sintered (bottom) parental structures.

Table 1. Lattice parameter and average crystallite size (𝜑) from the XRD data; specific surface area (SSA), pore volume (VP) from nitrogen physisorption;
relative amount of metallic Ni from XANES analyses; Ni–Ni and Ni–O distances from EXAFS analyses (coordination numbers set to 12 and 6, respec-
tively); Ni nanoparticle size obtained from electron microscopy (DEM) and SAXS (2RSAXS); normalized number density times scattering contrast square
of particles from SAXS (N𝜂2).

Sample 𝜑 [nm] SSA [m2/g] VP [cm3/g] Ni0 [%] Ni-O [Å] Ni-Ni [Å] DEM [nm] 2RSAXS [nm] N𝜂2

s-LSTN – 1 – – 2.02 (1) – – –

s-LSTNR700 – 1 – 7.0 ± 3.3 2.02 (1) 2.49 (1) 15 – –

s-LSTNR800 – 1 – 32.1 ± 0.2 2.01 (1) 2.51 (1) 22 – –

s-LSTNR900 – 1 – 38.5 ± 2.3 2.01 (1) 2.51 (1) 30 8 –

n-LSTN 22 26 0.16 – 2.02 (1) – – –

n-LSTNR500 23 23 0.13 7.7 ± 1.3 2.02 (1) 2.49 (1) 12 14.2 (3) 1.00 (0)

n-LSTNR700 23 24 0.14 32.0 ± 2.5 2.01 (1) 2.50 (1) 17 14.8 (5) 0.86 (9)

n-LSTNR800 24 22 0.13 63.3 ± 0.3 2.01 (1) 2.49 (1) 20 17.0 (2) 0.66 (3)

n-LSTNR900 33 19 0.12 74.1 ± 2.5 2.00 (1) 2.49 (2) 36 19.2 (3) 0.33 (7)

to the Ni–M distance usually found in such perovskite structures
(Table S3, Supporting Information).

From nitrogen physisorption analyses, n-LSTN displays a typ-
ical type IV isotherm distinctive of a nanoporous structure with
an average pore size of 20 nm (Figure 1c). The material presents
a specific surface area (SSA) of 26 m2 g−1, while the sintered
counterpart of only 1 m2 g−1. In SEM pictures the nanoporous
and sintered nature of the materials is clearly distinguishable
(Figure 1d). Sintered LSTN displays grains of size varying be-
tween 1 to 3 μm, while n-LSTN shows a nanoporous structure
with pores of 20 nm in agreement with nitrogen physisorption
analysis. Elemental analysis using energy dispersive X-ray spec-

troscopy (EDX) from SEM is in good agreement with the theo-
retical values (Table S4 and Figure S1, Supporting Information).
XPS analyses show only signals of the elements of interest, indi-
cating the high purity level of the materials (Figure S2, Support-
ing Information). Due to the overlap between the Ni 2p and the
La 3d3/2 spectra, no information regarding the status of Ni could
be obtained.

2.2. Exsolved Materials

The process of exsolution was firstly monitored with mass spec-
trometry to get insights into the reduction of the materials during
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Figure 2. a) Water evolution during exsolution from mass spectrometry; b) XANES spectra of the sintered (reference spectra of Ni0 and NiO in the
inset) and c) nanostructured LSTN after exsolution at different temperatures; c) Relative amounts of Ni0 in s-LSTN and n-LSTN resulted from the linear
combination fitting of the XANES spectra at different exsolution temperatures; Fourier transforms of the k2-weighted EXAFS curves of the e) sintered
and f) nanostructured LSTN; XRD patterns of g) s-LSTN and h) n-LSTN after exsolution at different temperatures. The inset in h) shows the evolution
of the (111) reflection of the metallic Ni particles in n-LSTN.

the high-temperature treatment with hydrogen. Here the evolu-
tion of the water signal was followed (Figure 2a) since it is directly
correlated to the release of lattice oxygen and thus to the reduc-
tion of Nin+:

H2 + O2− → H2O + 2e− (2a)

Nin+ + ne− → Ni0 (2b)

The nanoporous sample presents a much larger water re-
lease than the sintered one. In particular, besides an intense
release of physisorbed water at T ≈ 100 °C due to its large
SSA, n-LSTN presents a significant water signal starting at ≈

300 °C. This might be assigned to the release of surface oxygen
species (𝛼-oxygen), which play an important role in the reactiv-
ity of mesoporous and nanostructured perovskite oxides.[28,31,32]

A further important release event at 700 °C is observed for both
nanoporous and sintered systems and is likely correlated to the
lattice oxygen (𝛽-oxygen) release. n-LSTN displays a third signal
at 900 °C, which cuts off when the temperature plateau sets in,
and it might be caused by the release of lattice oxygen in a differ-
ent configuration, which is not present in the sintered system.

The study of the state and speciation of nickel in the mate-
rials after reduction was performed using X-ray absorption spec-
troscopy. Taking into account the low Ni concentration in the per-
ovskite, the high sensitivity of this method enables precise assess-
ment of the Ni reduction both at the surface and in the bulk.

From XANES spectra (Figure 2b,c), a gradual shift of the ab-
sorption edge to lower energy is observed upon increasing the
reduction temperature and indicates a decrease in the oxidation
state of the metal. Also, the emergence of the edge feature at
≈ 8335 eV and the lowering of the white line intensity are typ-

ical of the formation of metallic Ni species. Linear combination
fitting (LCF) analyses based on the reference spectra of metal-
lic Ni, NiO (inset in Figure 2b), and pristine LSTN was applied
to quantify the contribution of Ni0, Ni2+, and octNin+ species, re-
spectively, after reduction (Table S6 and Figure S3, Supporting
Information). Clearly, none of the reduced materials presents the
formation of NiO. As expected, in both nanostructured and sin-
tered systems, the concentration of metallic Ni increases propor-
tionally with the treatment temperature (Figure 2d). The extent
of reduced Ni is found to be much larger in n-LSTN than in s-
LSTN and reached 74.1% at 900 °C. While the nanoporous ma-
terial displays 7.7% Ni0 already at 500 °C, the Ni reduction starts
at 700 °C in the sintered system, in accordance with the mini-
mum temperature required for the 𝛽-oxygen release. From the
Arrhenius plots of the extent of reduced nickel (Figure S4, Sup-
porting Information), the activation energy of Ni reduction for
the nanoporous system (45 ± 3 kJ∙mol−1) was almost half of the
one of s-LSTN (82 ± 32 kJ∙mol-1). As oxygen release is the main
driving force for exsolution, from these analyses it is clear that
in nanoporous systems the exsolution process is favored for two
reasons. Firstly, due to the larger SSA, the early and prominent
𝛼-oxygen release initiates the reduction process at a temperature
as low as 500 °C. Secondly, the more defective grain structure
and shorter ion diffusion length pathways proper of the nanos-
tructured material allow larger storage and a more prominent re-
lease of 𝛽-oxygen[31] through the A-site deficient lattice, thus eas-
ing and maximizing the reduction of Ni dopants. Therefore, by
controlling the nanoporous structure of the matrix major control
over the reduction step of exsolution is achieved.

The enhanced reducibility of the nanoporous samples is also
confirmed by analysis of the EXAFS curves (Figure 2e,f, and Fig-
ures S5 and S6, Supporting Information). While for the sintered
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Figure 3. SEM images of s-LSTN exsolved at a) 700, b) 800, and c) 900 °C; d) TEM-EDX mapping of Ni of s-LSTNR900; TEM images and respective
Ni-EDX mapping (inset) of n-LSTN exsolved at e) 500, f) 700, g) 800, and h) 900 °C; i) superposition of STEM and respective Ni-EDX mapping of
n-LSTNR900 indicating the Ni enrichment in the perovskite matrix in the proximity of the exsolved Ni nanoparticles; Ni-EDX mapping from in situ TEM
of n-LSTN under vacuum at j) 400, l) 500, k) 700, and m) 800 °C, the acquisition spot was changed after the acquisition at 500 °C in order to avoid beam
damage from overexposure.

samples the contributions due to the metallic Ni (peak at ≈2.1
Å and signals in the range 3.5–5 Å in Figure 2e,f) are evident
only for temperatures of at least 800 °C, in the nanoporous series
these signals are already very intense at 700°C. A detailed fitting
of these curves (Table S3, Supporting Information), further re-
veals that the trends in Ni° content (as Ni–Nimetallic Ni) are in good
agreement with the values determined by LCF of the XANES re-
gion, especially for the higher temperatures. For example, a Ni°
content (as Ni–Nimetallic Ni) of 11.8% is found already for the 500
°C sample, while for the 900 °C sample this content increases to
79% (74.1% from XANES LCF). It is thus clear that with increas-
ing reduction temperature the average local structure around the
Ni becomes increasingly metal-like, as a consequence of the ex-
solution process. No significant changes in the Ni–O or Ni–Ni
distances can be seen from the results of the fitting. Further-
more, in all samples, the metallic component presents a com-
mon Ni–Ni coordination number of 12, as the bulk metallic fcc
Ni, and this reveals the formation of nanoparticles bigger than
≈5–6 nm for all the samples, as can be inferred from geometri-
cal considerations.[42,43] Complementary to EXAFS, XRD analy-
ses (Figure 2g,h) also clearly show the formation of Ni nanoparti-
cles in nanoporous samples. Here, the emergence of the Ni (111)
reflection starts at 700 °C. For s-LSTN, no signals of the nanopar-

ticles are detected, due to the higher intensity of the perovskite
reflections. Upon exsolution, the porosity of n-LSTN was com-
pletely retained (Table 1, Figure 3, and Figure S7, Supporting In-
formation) with only a light shrinkage after treatment at 900 °C.

Our findings so far indicate that matrix nanostructuring
strongly influences the extent of reduced material. To determine
whether it plays a role also in the nanoparticle growth process we
combined electron microscopy and SAXS investigations. In the
sintered system, SEM analyses (Figure 3a–c) showed the emer-
gence of sporadic Ni nanoparticles (15 nm) at 700 °C. Their pop-
ulation and size were significantly enhanced after treatment at
800 °C (22 nm) and 900 °C (30 nm), with a gradual Ni depletion
from the surface layer (Figure 3d).

Due to the nanostructured character of n-LSTN, the presence
of Ni nanoparticles could be unambiguously detected only by
TEM-EDX (Figure 3e–h). Spheroidal Ni segregations of polydis-
persed size from 12 to 36 nm are formed by increasing the exso-
lution temperature. Such growth is accompanied by clear migra-
tion of Ni species from the matrix (Figure 3i). More precise infor-
mation on the exsolution process of n-LSTN was gathered by in
situ TEM analyses (Figure 3j–m). Here it can be clearly observed
that the segregation process of Ni starts at a temperature as low
as 500 °C, in agreement with XANES results. More interestingly,
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Figure 4. SAXS curves of n-LSTN exsolved at a) different temperatures and b) respective size distribution of the exsolved Ni nanoparticles; c) SAXS
curves of s-LSTN exsolved at different temperatures; d) Cross-sectional SEM of s-LSTNR900 showing the presence of endogenous Ni nanoparticles;
e) Schematic representation of the exsolution mechanism from n-LSTN at low and high temperature; f) Schematic representation of the exsolution
mechanism from s-LSTN at low and high temperature.

these measurements show that for T> 700 °C the growth of exist-
ing nanoparticles is favored over the formation of new ones. This
suggests that growth, fostered by Ni migration and accumulation
towards already existing nuclei, as already seen in Figure 3m, is
preferred over secondary nucleation at high temperatures.

The main limit of TEM-EDX mapping in analyzing the
nanoparticle morphology is that it provides only an indication of
the size of the metal segregation without showing the real size
of the metal nanoparticle. Direct and unambiguous information
on nanoparticle size is instead provided by SAXS measurements.
As SAXS is directly sensitive to the electron density variation
of nanostructures,[44–46] it is particularly suitable to detect metal
nanoparticles dispersed in a metal oxide matrix.

SAXS measurements on the nanostructured system exsolved
at different temperatures are shown in Figure 4a. The curves re-
semble a typical distribution of polydispersed nanoobjects on a
supporting matrix.[47–49] The scattering intensity increased at low
q-values by increasing the exsolution temperature. The average
radius (R) and the number density (N𝜂2) of the Ni nanoparticles
were extracted from the SAXS curves using a model of spherical
nanoparticles with a lognormal distribution (Table 1, Figures S7
and S8, Supporting Information).[47]

From Figure 4b it is clear that the nanoparticles have a broad
size distribution with an average diameter growing from 14
to 20 nm, in quite good agreement with the EDX values. The
nanoparticle density per volume unit progressively decreases
with the increase in exsolution temperature following the nu-
cleation theory.[50] Interestingly, this behavior is the same found
in exsolved sintered systems in previous studies using SEM[51,52]

thus indicating that the growth mechanism of surface exsolved
nanoparticles is independent of the nanostructure of the parental
matrix. We explain this exsolution mechanism as follows: at low
temperatures (500 °C), the poor oxygen release and the sluggish
ion kinetics allow the formation of many nuclei, which obviously

grow limitedly. As the temperature increases, the larger oxygen
release favors the formation of large aggregates of metallic Ni.
Due to the faster mobility at these conditions, Ni atoms diffuse
preferentially to already existing nuclei, favoring their growth in-
stead of nucleating to form additional nanoparticles (Figure 4e),
in good agreement with the in situ TEM results.

With respect to the nanoporous samples, the SAXS curves of
the sintered materials (Figure 4c) look different and display an
intensity increase proportional to the enhancement of the exsolu-
tion temperature at high q-values. This signal represents the pro-
gressive formation of scattering bodies of a few nanometers and
therefore, cannot be originated from the large surface nanopar-
ticles observed by SEM. Precise analysis of the sample treated at
900 °C (Figure S9, Supporting Information), using the model of
randomly packed spheres,[53,54] indicates the presence of nanos-
tructures of ≈ 8 nm resembling endogenous Ni nanoparticles
formed in the sintered LSTN matrix, as also cross-sectional SEM
confirmed (Figure 4d). Because the scattering contribution of
these small nanoparticles is dominating the scattering intensity,
the larger ones on the surface cannot be observed by SAXS. So
far, the general understanding was that the formation of endoge-
nous nanoparticles is triggered only if particular boundary con-
ditions, such as low cation mobility (i.e., low A-site deficiency),
long reduction time, and high concentration of exsolvable cations
(e.g., 40 at.%) are fulfilled.[55] Our results show that these condi-
tions are not necessary and that confined Ni nanoparticles form
contemporarily to the surface counterparts, without any particu-
lar boundary condition. This opens new prospects for the under-
standing of the exsolution process, as it shows that the Ni ions
do not necessarily need to reach the perovskite surface to get re-
duced and nucleate, as previously reported.[56] Instead, the elec-
trons formed by the oxygen release reaction (Equation (2a)) can
diffuse throughout the material and fully reduce also lattice Ni
ions. Obviously, nucleation is favored at the surface, because it

Adv. Sci. 2023, 10, 2205890 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205890 (6 of 12)
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Figure 5. a) CH4 conversion and b) CO2 conversion on the different Ni-based catalysts during the biogas dry reforming, as a function of reaction
temperature; c) CH4 and CO2 conversion on n-LSTNR500 and 1% Ni/Al2O3 during three catalytic cycles separated by catalyst regeneration steps
(oxidation at 800 °C and reduction at 500 °C); d) Ni-XANES spectra of n-LSTNR500 after each oxidation and reduction step and corresponding atomic
amounts of Ni and NiO e) obtained by linear combination fitting of the XANES spectra; TEM images of the spent n-LSTNR500 f) and 1% Ni/Al2O3 g)
after the catalytic cycles. Thermodynamic equilibrium values in (a) and (b) calculated using Aspen Plus (CH4:CO2 = 1.5:1 and p = 1 atm) are represented
by the dotted lines.

is the portion of the material in direct contact with the reducing
agent and with the higher ionic mobility. This is the reason why at
700 °C s-LSTN shows surface nanoparticles but no endogenous
ones. However, at higher temperatures when the larger oxygen
release increases the electron concentration, particles form pro-
gressively in the bulk as well. As however the mobility is much
lower and the constraint much higher than at the surface, nucle-
ation is favored over growth, thus explaining why the population
of nanoparticles is much larger in the bulk than at the surface
(Figure 4f), in agreement with the previous studies.[55]

2.3. Catalytic Performance

Sintered and nanostructured exsolved materials were tested for
the biogas dry reforming reaction and their catalytic performance
was compared to a commercial 1 wt.% Ni/Al2O3 catalyst. In ad-
dition to the presence of the exsolved Ni nanoparticles, the A-site
deficient character of the support matrix can exert a catalytic func-
tion. The oxygen vacancies formed to compensate for the missing
A-site cations are ideal adsorption sites for CO2

[57,58] and there-
fore contribute to its conversion. Initial activity experiments (Fig-
ure 5a,b) revealed similar CH4 and CO2 conversion values for
the nanoporous catalysts, compared to the commercially avail-
able 1 % Ni/Al2O3 reference, with up to 70 % CH4 conversion
and 90 % CO2 conversion at temperatures beyond 750 °C. The

sintered catalyst (s-LSTNR900) not only displayed much lower
conversion rates of merely 10–20 %, but it also deactivated dur-
ing the experiment, which is expected to be a result of the cover-
ing of the Ni nanoparticles with coke during the catalytic testing.
Since the sintered catalyst has a minuscule available surface area
that does not exceed 1 m2 g−1, its decreased catalytic activity can
be attributed to the limited availability of surface active sites for
the reaction to occur. These low-in-population surface active sites
can also be easily entirely blocked even by a limited amount of de-
posited coke during the experiment. As such, it is likely that the
observed decrease in activity for s-LSTNR900 in Figure 5a,b is a
result of the time spent under the reactant stream.

The CH4/CO2 ratio used herein (1.5, simulating a typical bio-
gas composition) also has an important effect on the reaction (as
CO2 is the limiting reactant). It has been previously reported[59,60]

that a higher CH4/CO2 ratio (as in our case) can result in lower
CH4 conversion and CO production, and to higher CO2 conver-
sion and H2 production, as well as an increase in coke deposition
and deactivation. As such, the H2/CO ratio (or rather the selectiv-
ity of the H2 product over CO) is promoted at a higher CH4/CO2
ratio. Therefore, the higher values for CO2 conversion compared
to CH4 conversion (Figure 5a,b) and the mostly higher than unity
H2/CO ratio (Figure S10, Supporting Information) can be ex-
plained by this higher than equimolar CH4/CO2 feed ratio.

Among all of the materials, n-LSTNR500 showed the best per-
formance between 600–700 °C, which could be attributed to the
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larger concentration and smaller size of Ni nanoparticles, the
larger matrix porosity, as well as to the presence of nickel ions
still incorporated in the perovskite matrix, which induces the for-
mation of oxygen defects sites.[61] n-LSTNR900 showed higher
activity at the low-temperature range (500–550 °C) since this cata-
lyst initially contained a much higher amount of metallic Ni0 (Ta-
ble 1). The fact though that n-LSTNR500 surpasses n-LSTNR900
in catalytic activity above this temperature can be attributed to
a further Ni reduction under the CH4-rich reaction atmosphere,
something that has also been observed and studied in detail in
other works.[62–64] 1% Ni/Al2O3 had a similar performance to n-
LSTNR900 above 550 °C, whereas in all catalysts the H2/CO ratio
was close to 1 (Figure S10a, Supporting Information).

In order to verify whether the well-known exsolved nanoparti-
cle stability (i.e., socketing) and nanoparticle regenerability also
apply to nanoporous systems, thus yielding high-performance
catalysts, the n-LSTNR500 system was further employed for long-
term time-on-stream tests in a total of three cycles (Figure 5c). In
order to examine the catalyst regenerability, regeneration steps
(i.e., oxidation at 800 °C and reduction at 500 °C) were intro-
duced between each catalytic cycle. After the introduction of bio-
gas at 500 °C, it can be seen that CO2 and CH4 conversion rates
rapidly increase with rising temperature (due to the endother-
mic nature of the reaction), reaching maximum values of ≈90 %
CO2 conversion and 70 % CH4 conversion at 800 °C (similarly to
the previous activity experiments). Once 800 °C is reached, the
nanoporous n-LSTNR500 catalyst exhibits remarkably high sta-
bility over 8 h under time-on-stream, as only 3 % conversion loss
was recorded within the first 5 h. This is even more impressive
when considering the harsh reaction conditions used, that is, a
high CH4/CO2 feed ratio of 1.5, which is favorable to catalyst de-
activation via coking.[59,60] Most notably following catalyst regen-
eration, the catalytic performance was entirely recovered in both
2nd and 3rd cycles, proving the regenerability of such a nanostruc-
tured exsolved catalytic system. Furthermore, the nanostructured
catalyst yielded syngas with a constant H2/CO molar ratio close to
1 during all three cycles (Figure S10b, Supporting Information).

When the commercial 1 % Ni/Al2O3 catalyst underwent the
same long-term stability test, it behaved differently. Although
during temperature ramping (from 500 to 800 °C) the catalytic
performance of 1 % Ni/Al2O3 was comparable to the exsolved
n-LSTNR500 system (even the H2/CO ratio was close to 1), it dis-
played a sharp loss of CH4 and CO2 conversion (down to less
than 10 %) shortly after reaching the final temperature of 800
°C (≈2 h), which can be attributed to a severe catalyst deactiva-
tion via coke deposition and the encapsulation of Ni nanoparti-
cles in it. These results clearly show the outstanding performance
of nanoporous exsolved materials as high-temperature reforming
catalysts, providing high long-term stability and full performance
recovery following regeneration.

In order to verify whether and to what extent n-LSTNR500
was regenerated, we demonstrated the redox cyclability of Ni via
XANES spectroscopy (Figure 5d and Figure S11, Supporting In-
formation). Because it was not possible to sample the catalyst dur-
ing the long-term stability test, we reproduced the regeneration
conditions on a second reactor in the lab. All the Ni spectra in the
oxidized state differ from the reduced ones by a small but distinct
intensity decrease of the white line and the pre-edge feature. In-
terestingly, all the curves collected in the reduced and oxidized

Scheme 1. Representation of the catalytic mechanism over the n-
LSTNR500 catalyst. The green semicircles and the green dots indicate
Ni nanoparticles and Ni dopants in the nanoporous matrix, respectively.
CH4 chemisorption and decomposition into adsorbed carbon (C* or CHx)
species as well as H2 adsorption take place over the exposed metallic Ni
surface. Instead, CO2 dissociation occurs primarily on the perovskite oxy-
gen defect sites. The labile lattice oxygen species (O*) resulting from CO2
dissociation can then migrate to oxidize adsorbed carbon species on the
Ni surface into CO.

state superposed, suggesting high reproducibility of the regen-
eration process. In particular, LCF analysis (Figure 5e and Fig-
ure S12, Supporting Information) showed that in each reduction
event a constant amount of ≈7 % of metallic Ni was produced.
The majority of Ni was successfully reincorporated into the per-
ovskite matrix following oxidation, although a certain amount of
NiO was detected after the first and second oxidation events. The
presence of NiO can be ascribed to incomplete dopant reincorpo-
ration probably because of a too-low oxidation temperature.[65,66]

In our case, however, the main objective of regaining the cata-
lyst’s activity following regeneration was nevertheless achieved.

In order to assess the structure and morphology variation
of the spent catalysts as well as the presence of carbon de-
posits, TEM analyses were performed (Figure 5f,g). Microscopy
analysis shows surface reorganization of the exsolved catalyst
n-LSTNR500, but only the relatively limited formation of thin
carbon whiskers. The majority of the catalyst surface appears free
from carbon deposits, thus enabling continuous reactant conver-
sions. The carbon whiskers that do form, appear to grow on top
of the Ni nanoparticles, rather than detaching them from their
support, as a result of the strong metal-support interaction. More-
over, many defects can be observed on the thin chain-like carbon
whiskers, which can be attributed to the high oxygen lability of
the nanostructured perovskite support, as labile oxygen species
can cause a discontinued growth of the carbon filaments.[67,68]

No Ni nanoparticle encapsulation was observed for the exsolved
nanostructured system, likely due to the socketing of the exsolved
Ni nanoparticles in the perovskite matrix.[69] On the contrary,
coke deposits form extensively on the commercial Ni/Al2O3
catalyst, leading to much more dense carbon nanostructures
(thick-walled carbon nanotubes) leading to catalyst deactivation
(Figure 5c).

A proposed catalytic reaction mechanism over the nanoporous
exsolved n-LSTNR500 system can be found in Scheme 1. It is

Adv. Sci. 2023, 10, 2205890 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205890 (8 of 12)
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proposed, that during biogas dry reforming, CH4 chemisorption
and decomposition into adsorbed carbon (C* or CHx) species
and H2 takes place over the exposed metallic Ni surface, whereas
CO2 activation and dissociation take place on the metal-support
interface or the adjacent support oxygen defect sites.[70–72] The
population of the defect sites can be enhanced via the presence
of nickel ions solubilized in the perovskite matrix.[61] The labile
surface oxygen species resulting from CO2 dissociation can then
migrate to oxidize adsorbed carbon species on the Ni surface
into CO.[70,71] Oxygen defect sites, especially those adjacent to
metallic Ni, are very important during the reaction, as they en-
hance CO2 adsorption (which in our case also acts as the limit-
ing reactant) and promote the migration of labile oxygen species,
thereby favoring the gasification of adsorbed carbon moieties
on the Ni surface and thus mitigating carbon deposition and
polymerization.[61,70,71]

3. Conclusion

In this paper, we provided a detailed description of the exsolu-
tion process of Ni from nanoporous La0.52Sr0.28Ti0.94Ni0.06O3±𝛿
and its application as an effective, stable catalyst for the biogas dry
reforming reaction. We showed that the reduction mechanism
from nanoporous matrices is faster and more extensive than
from sintered counterparts, as a consequence of the much higher
oxygen mobility and its larger release. By using SAXS as an al-
ternative, effective method to study the nanoparticle formation
process, we demonstrated that Ni nanoparticles on nanoporous
matrices grow on surfaces with the same mechanism as that of
sintered ones. Differently from what is known so far, this method
also showed that in sintered materials endogenous nanoparti-
cles always form at high temperatures (T > 800 °C), without any
particular boundary conditions, thus clearly indicating that Ni
ions do not necessarily need to reach the perovskite surface to
get reduced and nucleate. Biogas dry reforming tests evidenced
the superior catalytic activity of nanoporous exsolved systems
compared to sintered counterparts. Irrespective of the highly de-
fective matrix grain texture, nanoparticles on nanoporous LSTN
showed high long-term catalytic stability and multiple, complete
regeneration, largely surpassing the performance of commercial
Ni/Al2O3 during time-on-stream tests.

The design of parental oxides with specific nanostructure and
nanoporosity represents therefore an appealing strategy for the
further development of exsolved catalysts by exploiting the un-
conventional ion mobility at the nanoscale.

4. Experimental Section
Chemicals: Strontium nitrate (99 %, Acros Organics), titanium-(IV)

isopropoxide (97 %, Alfa Aesar), lanthanum(III) nitrate hexahydrate
(99.9 %, Alfa Aesar), nickel nitrate hexahydrate (97 %, Sigma-Aldrich) and
anhydrous citric acid (99.6 %, Acros Organics), and glycerol (99 %, Alfa
Aesar) were used as received without further purification. The commercial
1 % Ni/Al2O3 was purchased by Riogen Inc., NJ, USA.

Materials Synthesis and Characterization: The nanoporous perovskite
oxide was prepared according to the chelate complex route as previously
reported by Kayaalp et al.[31,32,73] In the first step, 5.11 mmol of tita-
nium(IV)isopropoxide was added to 11.9 mL of glycerol and stirred at
room temperature for 30 min. After the addition of citric acid (40.7 mmol),
the reaction mixture was heated up to 60 °C in an oil bath and maintained

for 1 h until complete dissolution. Subsequently, 1.52 mmol Sr(NO3)2
dissolved in 1 mL deionized water, 2.82 mmol La(NO3)3∙6H2O, and
0.33 mmol Ni(NO3)2∙6H2O were successively added in 15 min intervals
to the solution under continuous stirring and equilibrated for 2 h. Fur-
ther temperature increase to 130 °C resulted in a covalent network via
polyesterification of the chelating agents. The obtained polymer gel was
then calcined under static air with a heating ramp of 2 °C∙min−1 at 800 °C
for 2 h. In order to remove the organic content an intermediate step at 400
°C for 2 h was realized before reaching the final temperature. To produce
highly dense bulk material the LSTN powders were pressed into pellets of
1 g and sintered in the air with a heating ramp of 10 °C∙min−1 at 1200 °C
for 10 h.

Exsolution treatments of the perovskite oxide powders were carried out
in a U-shaped quartz tube with a 4 mm inner diameter filled with 0.25 g
of the sample and coupled with a Cirrus2 MKS mass spectrometer. 5 %
H2/N2 (volume ratio 5/95) was chosen as reducing atmosphere with a
flow rate of 1.2 l∙h−1. The samples were heated with a ramp of 10 °C min−1

up to the target temperatures indicated in the main text and kept there for
5 h before cooling down to room temperature. The materials were charac-
terized shortly after the reduction process and kept in closed glass vials to
avoid aging.

Synchrotron XRD measurements of the pristine materials were carried
out at the P02.1 beamline of PETRA-III at DESY, Hamburg. The powder
samples were packed into quartz-glass capillaries with an interior diame-
ter of 0.99 nm. The capillary was rotated in the Debye-Scherrer geometry
and monochromatically irradiated with an energy of about 60 keV (𝜆 =
0.20735 Å). Calibration of the wavelength was done with silicon as an ex-
ternal standard. By using Fit2D software the obtained raw diffraction data
were integrated into 1D powder patterns.[74] GISAS was used to perform
Rietveld refinements.[75]

The composition and lattice parameters of the samples could be re-
fined in the cubic space group Pm-3m. The structural solutions of the
diffractograms were based on the database entry of La0.33Sr0.67TiO3 (ICSD
#247635) modified with 6% Ni occupation on the B-site, with the space
group Pm-3m. Thus, a general composition of La0.52Sr0.28Ti0.94Ni0.06O3+𝛿
has been obtained for all pristine samples. The XRD measurements of the
exsolved materials were carried out at beamline P08 of PETRA-III at DESY
Hamburg (Germany). The powder samples were packed into glass capil-
laries with an internal diameter of 0.99 nm and then monochromatically
irradiated with an energy of about 18 keV (𝜆 = 0.68987 Å) in the Debye–
Scherrer geometry. A 6-Circle diffractometer Kohzu NZD-3 with a closed
Eulerian cradle was used to obtain the diffraction data. Calibration of the
wavelength was carried out with lanthanum hexaboride as an external stan-
dard. The raw diffraction data were integrated into one-dimensional pow-
der patterns. The full width at half maximum (FWHM) of the reflection of
the highest intensity was used in order to calculate the average crystallite
sizes by applying the Scherrer equation.[76]

The SAXS experiments have been performed at the beamline P62 of PE-
TRA III at DESY, Hamburg. The powder samples were packed into glass
capillaries with an internal diameter of 0.99 nm and then monochromati-
cally irradiated with an energy of about 7 keV (𝜆 = 1.7712 Å) and a pinhole
collimation was used. The raw data have been corrected for the incom-
ing beam flux, transmission, and scattering background. The scaling to
absolute differential scattering cross section has been done using a pre-
calibrated glassy carbon sample. The reduced scattering patterns of the ex-
solved materials were analyzed using the software package SASfit[77] and
Scatter.[78]

The nitrogen physisorption isotherms were recorded at 77 K using
a Quadrasorb SI-MP by Quantachrome. Samples were outgassed with
a Masterprep Degasser (Quantachrome Corp.) at 120 °C for 12 h. In
the range of p/p0 = 0.07–0.3 specific surface areas were calculated with
the Brunauer–Emmett–Teller (BET) method.[79] Pore size distribution
was determined with the NLDFT method[79] applying the model for sil-
ica cylindrical pores on the adsorption branch by utilizing the Quan-
tachrome ASiQWin software.

TEM measurements were performed on a JEOL JEM 2200 FS operating
at 200 kV equipped with two CEOS Cs correctors (CETCOR, CESCOR), a
JEOL JED-2300 Si(Li) EDX (energy dispersive X-ray spectroscopy) detector,
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a Gatan 4K UltraScan 1000 camera, and a HAADF (high angle annular
dark field) detector. The sample was ground into fine powder, which was
dispersed in ethanol using an ultrasonic bath and subsequently dropped
on a carbon-coated 400 mesh TEM grid. A filter paper and drying in air
at room temperature were used to remove the excess solvent. EDX spec-
tra and elemental mapping were carried out using 256 × 256 pixels (pixel
size of 0.7 nm) and a dwell time of 0.5 ms pixel−1 (corrected for dead
time) with 30 cycles. These measurements were repeated at least on three
different positions for each sample to ensure statistical relevance. In situ
TEM measurements were performed under vacuum (3e-5 Pa). The tar-
geted temperature was reached with a heating ramp of 10 °C∙min−1, then
held for 30 min before the measurements were performed. Subsequently,
the sample environment was cooled down to ambient temperature before
it was heated up again to the following, higher temperature. In order to
avoid beam damage the acquisition spot was changed every two temper-
ature steps.

XPS data were acquired with a Perkin–Elmer 𝜑 5600ci instrument us-
ing Al-K𝛼 radiation (1486.6 eV), operating at 350 W at a working pressure
less than 5·10−8 Pa. The instrument calibration was based on the binding
energy (BE) of the Au 4f7/2 line at 83.9 eV with respect to the Fermi level.
The standard deviation for the BE values was 0.15 eV. The obtained BEs
were corrected for charging effects, assigning to the C1s line of adventi-
tious carbon the BE value of 284.6 eV. Survey scans were measured in the
0–1350 eV range (187.5 eV pass energy, 1.0 eV step−1, 25 ms step−1).

XAS of the Ni K-edge (8.333 keV) were performed at the P64 beamline at
the Deutsches Elektronen Synchrotron (DESY, Hamburg, Germany)[80] us-
ing a Si (111) double crystal monochromator for the energy scans around
the metal absorption edge. The XAS spectra were collected in fluorescence
configuration using a PIPS detector. The sample pellets (28 μm thick) were
prepared by diluting the powder in cellulose and then covered in Kapton
tape before placing them in the beam path. Athena software was used to
normalize the obtained XAFS data by subtracting the pre- and post-edge
background based on the AUBACK algorithm.[81] The collected data were
reduced and evaluated using the Demeter package.[81] For LCF analysis,
spectra of metallic Ni, NiO, and LSTN, that is, the pristine matrix were
used as references for all the measured spectra, in the range 8313–8413 eV.
The Artemis software was employed to fit the extracted EXAFS functions.
Passive electron reduction factor (S02) was obtained from the fit of bulk
metallic Ni (S02 = 0.79) and kept constant in the fits for all the samples.
The experimental data (k-range: 3–12 Å−1, R-range: 1.0–2.8 Å) were fit-
ted in R-space (k-weighting = 2). Since the LCF analysis did not show any
contribution of NiO to the experimental spectra, for the modeling of the
EXAFS curves only paths of metallic Ni and LSTN were taken into con-
sideration. In the first step, the coordination numbers of the considered
path were left free to vary during the fitting, but the resulting values were
in all cases corresponding to the bulk ones (6 for Ni–O and 12 for Ni–Ni).
Further iterations to improve the overall fit quality were performed with
these values kept fixed, and the results are here reported and discussed.
The weights of Ni–O and Ni–Ni contributions were forced to sum to 1.

Catalytic Testing: The dry reforming of biogas was carried out in a
quartz tube reactor (I.D. = 0.9 cm) at atmospheric pressure. The cata-
lyst mass used was 100 mg (exsolved perovskites), diluted with 400 mg of
quartz sand. The total flow rate was 40 ml min−1, with 10 ml min−1 of sim-
ulated biogas flow (60% CH4 and 40% CO2 gas mixture, that is, CH4/CO2
feed ratio of 1.5) and 30 ml min−1 Ar flow (used as carrier gas).

The catalytic activity as a function of reaction temperature (temperature
step experiments) was assessed via experimental protocol #1. At first, the
reactor temperature was elevated to 500 °C under Ar flow, followed by the
introduction of the feed gas mixture. Then, it was stepwise increased using
50 °C steps up to 800 °C, remaining for 30 min at each temperature step.
The catalytic stability and regenerability were evaluated via experimental
protocol #2. The reactor temperature was initially raised to 500 °C under
Ar flow (Cycle 1). After that, the feed gas mixture was introduced, and the
temperature was steadily increased by 50 °C every 30 min up to 800 °C.
Once the final temperature of 800 °C was reached, the catalyst was kept
under the reactant stream at this temperature for another 8 h. For catalyst
regeneration, oxidation was first carried out under 20% O2/Ar at 800 °C
for 8 h (to induce nanoparticle reincorporation into the perovskite host),

followed by cooling under Ar to 500 °C and then reduction at this tem-
perature under 5% H2/Ar for 5 h (to induce re-exsolution of metallic Ni
nanoparticles). After the Ar purge, the reactant feed gas mixture was rein-
troduced (Cycles 2 and 3) following the previous steps as in Cycle 1.

Regarding the 1% Ni/Al2O3 reference, it was first calcined at 800 °C for
8 h under static air and then in situ reduced in the catalytic reactor under
H2 flow at 800 °C for 1 h prior to catalytic testing. The reactor was then left
to cool under Ar at the starting temperature of 500 °C.

The reaction products in the gas phase were analyzed via online gas
chromatography in an Agilent GC-systems-7890A with He as carrier gas
and two columns in parallel, Agilent J&W HP Plot-Q (19095-Q04, 30 m
length, 0.530 mm I.D.) and Agilent J&WHP-Molesieve (19095P-MSO, 30m
length, 0.530 mm I.D.), equipped with TCD and FID detectors. The conver-
sions for methane and carbon dioxide, the yields for hydrogen and carbon
monoxide, as well as the H2/CO molar ratio, were determined according
to the following equations:

XCH4
=

FCH4,in
− FCH4,out

FCH4,in

× 100 (3)

XCO2
=

FCO2, in
− FCO2, out

FCO2, in

× 100 (4)

YH2
=

FH2, out

2 × FCH4,in

× 100 (5)

YCO =
FCO,out

FCH4,in
+ FCO2, in

× 100 (6)

H2∕CO =
FH2, out

FCO,out
(7)

Statistical Analysis: In the present work, all surface particle sizes were
determined based on electron microscopy. In the case of s-LSTN, SEM
images of plane surfaces were chosen whereas for n-LSTN areas of clearly
definable segregations of EDX mappings were investigated. Subsequent
individual particle sizes examination was carried out by using the com-
mercial ImageJ software. Due to varying particle populations, an average
particle size value was obtained from the highest number possibly exam-
ined. Endogenous particle size determination by SAXS as well as the cor-
responding variance derived from the fitting function as given in the main
part. Both bond lengths and the respective standard deviations via EXAFS
analysis were deduced from the fitting procedures as particularized in the
Experimental Section.
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