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A B S T R A C T

The imperative need for sustainable hydrogen (H2) production has driven increasing research into efficient 
ethanol steam reforming (ESR) catalysts. This study demonstrates that the calcination temperature of 
La0.4Sr0.4Ti0.8Ni0.2O3-δ (LSTN) controls surface area, directly influencing both the nickel reducibility and the 
formation of exsolved Ni0 nanoparticles (5–15 nm). Such parameters result in microstructural properties 
determining the catalytic performance. ESR catalytic tests at 600 ◦C, showed that samples calcined at lower 
temperature (650 ◦C) achieved complete ethanol conversion and stable H2 yield (4.04 mol mol ethanol

− 1 ), whereas 
increasing calcination temperatures (800 and 1200 ◦C) significantly reduced surface area and altered product 
distribution, favoring ethanol dehydrogenation over reforming. The robust properties of exsolved catalysts were 
demonstrated by ESR stability test that revealed sustained H2 production despite partial deactivation. The 
experimental results evidenced that controlling the calcination temperature of the parent LSTN oxide before 
exsolution is a practical parameter for tuning Ni exsolution and catalytic performance, to establish LSTN as a 
highly effective and stable material for renewable H2 production via ESR.

1. Introduction

Global energy demands and the environmental impacts of fossil fuels 
have intensified the search for sustainable alternatives. Renewable 
sources like solar, wind, and biomass are essential for reducing green
house gas emissions and improving energy security [1,2]. Among these 
solutions, hydrogen (H2) has gained attention as a clean energy carrier 
due to its high energy density and potential for sustainable production 
[3,4]. Ethanol steam reforming (ESR) stands out in this context, utilizing 
biomass-derived ethanol to efficiently generate H2. Unlike natural gas 
reforming, ESR reduces reliance on fossil fuels and aligns with global 
energy transition policies, highlighting biofuels as key contributors to a 
sustainable energy future [5,6].

However, ESR remains limited by catalyst durability and efficiency. 
Noble metals such as platinum (Pt) and rhodium (Rh) are traditionally 
favored for their high activity and resistance to deactivation. However, 
their scarcity and cost have shifted focus to non-noble alternatives, 
particularly nickel (Ni)-based catalysts, which are widely studied for 

their affordability. Nevertheless, Ni-based catalysts face stability chal
lenges due to carbon deposition and sintering that block the active sites 
and reduce the catalyst surface area, respectively. To overcome such 
deactivation mechanisms, strategies like the addition of promoters (e.g., 
lanthanum, cerium), advancing metal-support interaction (e.g., mixed 
oxides), or improving metal dispersion can improve catalyst durability. 
These innovations highlight the potential of optimized non-noble cata
lysts as sustainable solutions for H2 production via ESR [7–12].

By combining a highly dispersed metal and tailored supports, a 
promising strategy to enhance the catalytic properties of oxide materials 
is the exsolution of metal nanoparticles (NPs) [13–15]. The exsolution 
process involves first incorporating metal cations into the crystal lattice 
of a host oxide matrix, typically a perovskite such as lanthanum doped 
strontium titanate (La–SrTiO3, LST), to create a solid solution. Subse
quently, under a reducing atmosphere, these cations exsolve to the 
surface as socketed NPs [16].

While LST-based compounds exhibit excellent chemical stability, 
their catalytic activity remains inferior to traditional ceramic-metal 
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composites used in ethanol steam reforming (ESR). To address this 
limitation, doping LST with Ni and subsequently exsolving Ni0 NPs of
fers a pathway to achieving materials with high catalytic activity. The 
exsolution process ensures uniform distribution of metallic NPs on the 
ceramic surface with strong metal-support interaction, which enhance 
stability and performance [13,17].

Factors that influence exsolution include A-site non-stoichiometry, 
B-site dopants, crystal orientation and strain, as well as extrinsic vari
ables such as oxygen partial pressure, humidity, temperature and 
treatment time [18,19]. Controlling grain size and surface area of the 
oxide matrix offers a complementary strategy to tune nanoparticle 
exsolution and properties [19].

A prior study [20] using La0.4Sr0.4Ti0.8Ni0.2O3-δ (LSTN) demon
strated the dependence of both time and temperature of the thermo
chemical treatment on Ni0 nanoparticle exsolution. Changing such 
parameters was directly reflected in the catalytic activity towards ESR. 
The temperature for the reducing treatment enabled controlling the 
metallic nanoparticle size, while increasing the duration of the reducing 
treatment promoted a higher surface density of the exsolved metallic 
particles. This previous study successfully generated active metallic Ni 
in LST and paved the way for further optimization to improve catalytic 
performance.

The present study focuses on the less-explored dependence of the 
processing parameters of the parent compound that precedes the 
reduction treatment for exsolution. It is demonstrated that the calcina
tion temperature and the resulting microstructural properties of the 
LSTN host matrix exert a strong influence on catalytic performance. The 
detailed characterization highlights the key role of controlling process
ing parameters in achieving high-performance catalysts with exsolved 
nanoparticles for H2 production via ESR.

2. Experimental

2.1. Synthesis

The nominal composition investigated was La0.4Sr0.4Ti0.8Ni0.2O3-δ 
(lanthanum- and nickel-doped strontium titanate). The compound was 
synthesized via the Pechini method as demonstrated previously [20]. 
Initially, citric acid (C6H8O7, 99.5 %, Vetec) was dissolved in distilled 
water. Sequentially, nickel nitrate (Ni(NO3)2⋅6H2O, 99 %, 
Sigma-Aldrich), lanthanum nitrate (La(NO3)3⋅6H2O, 99.999 %, 
Sigma-Aldrich), strontium nitrate (Sr(NO3)2, 99.0 %, Sigma-Aldrich), 
and titanium isopropoxide (C12H28O4Ti, 97 %, Aldrich) dissolved in 
ethylene glycol (C2H6O2, 99 %, Sigma-Aldrich) were added. The molar 
ratio of citric acid to metal cations was maintained at 1:2, while the mass 
ratio of citric acid to ethylene glycol was 60:40. Components were mixed 
in a PTFE reactor at 60 ◦C with reagents added every 30 min. After the 
last addition, the solution was stirred for 1 h and then dried at 180 ◦C 
until solvent removal. The dried material was thermally treated at 
250 ◦C for 3 h under static air with a heating ramp of 10 ◦C min− 1 to 
dehydrate the resin. The resulting powder was homogenized using an 
agate mortar.

To investigate the influence of calcination temperature on the for
mation of nanoparticle, samples were calcined at 650 ◦C, 800 ◦C, and 
1200 ◦C under static air. The heating rate was 10 ◦C min− 1, and the 
calcination time at targeted temperature was 4 h. Throughout this work, 
different batches of the studied compounds were synthesized with 
excellent reproducibility.

The thermochemical treatment for exsolution of the single-phase 
oxides was carried out in a tubular furnace at 900 ◦C for 20 h under a 
continuous flow of pure H2 (99.9999 %). Thermal cycling, including 
both heating and cooling, occurred at a controlled rate of 10 ◦C min− 1 

under pure H2.

2.2. Chemical and structural characterization

X-ray diffraction (XRD) analysis was performed using a Rigaku 
SMARTLAB II diffractometer with Cu Kα radiation (λ = 1.5406 Å) in 
Bragg-Brentano geometry. Data were collected in the 2θ range of 
20◦–90◦ with a step size of 0.05◦ and a scan rate of 5◦ min− 1. The lattice 
parameter (a) was determined from indexed XRD peaks using Bragg's 
law, dhkl = λ

2 sin Θ; λCu Kα = 1.5406 Å) and the cubic relation ahkl =

dhkl ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
. The final a corresponds to the weighted average of 

all ahkl values. The error was estimated as the standard deviation. The 
average crystallite size was calculated using the width of the diffraction 
peaks according to the Scherrer equation.

Wavelength dispersive X-ray fluorescence (WDXRF) spectroscopy 
was conducted on a Rigaku Supermini200 spectrometer equipped with a 
palladium X-ray source (λ = 0.585 Å, Kα). Samples were analyzed in 
powder form using a semi-quantitative method.

Temperature-programmed reduction (TPR) analyses were conducted 
to assess the reducibility of the samples and the temperature ranges of 
reduction. Experiments were carried out on a Quantachrome ChemBET 
Pulsar TPR/TPD system. Approximately 100 mg of sample was heated 
from room temperature to 1000 ◦C under a 10 % H2/N2 flow (30 mL 
min− 1) at 10 ◦C min− 1. Hydrogen consumption was monitored via a 
thermal conductivity detector (TCD) and estimated using a CuO refer
ence sample.

Specific surface area was determined by the Brunauer–Emmett–
Teller (BET) method using nitrogen adsorption–desorption isotherms 
(Micromeritics ASAP 2020), after degassing the samples under a nitro
gen flow at 200 ◦C for 2 h.

The morphological features and particle dimensions of the catalysts 
were characterized using field-emission gun scanning electron micro
scopy (FE-SEM) on a JEOL JSM-IT700HR instrument. Accelerating 
voltages of 3–6 kV were applied during imaging. Particle size distribu
tions were quantified by analyzing diameters extracted from FE-SEM 
micrographs using ImageJ® software, with more than 100 particles 
measured for each sample, allowing calculation of the corresponding 
average diameter and standard deviation. For nanoscale structural 
analysis, high-resolution transmission electron microscopy (HR-TEM) 
and energy-dispersive X-ray spectroscopy (EDS) were carried out using a 
Talos F200X G2 microscope.

X-ray Photoelectron Spectroscopy (XPS) measurements were con
ducted at the Brazilian Nanotechnology National Laboratory (LNNano/ 
CNPEM) in Campinas, Brazil. Spectra were acquired using a Thermo 
Scientific K-Alpha spectrometer with a monochromatic Al Kα X-ray 
source (1486.6 eV). Data were collected in the binding energy range of 
100–1500 eV. All spectra were energy-referenced to the C 1s peak at 
284.6 eV and processed using CASA XPS software.

X-ray Absorption Spectroscopy (XAS) was performed at the 8-ID ISS 
beamline at the NSLS-II synchrotron light source. XAS spectra were 
obtained at the Ni K edge, with a varying energy step (5 eV before the 
edge, 0.2 eV at the edge, and a variable step from 0.2 to 5 eV after the 
edge depending on the k value). The spectra were collected under pure 
He atmosphere at room temperature to avoid thermal disorder. Data 
fitting was carried out using WinXAS software. X-ray Absorption Near- 
Edge Structure (XANES) spectra were normalized by applying a linear 
fit to the pre-edge region and a second-order polynomial after the edge. 
To enhance the signal-to-noise ratio, we collected between 5 and 25 
spectra for each analysis, depending on the noise level for each sample. 
For the Extended X-ray Absorption Fine Structure (EXAFS) analysis, the 
first-shell contributions were fitted in the k2-weighted Fourier transform 
of the data over the k-range of 2.3–12 Å− 1. The samples consisted of 
quartz capillary tubes sealed by Kapton wool and filled with the 
perovskite powder under controlled atmosphere for the exsolution in 
different conditions. All samples were exposed to an in-situ two-step 
thermal treatment: firstly, samples were heated to 200 ◦C under 20 % 
He and 80 % O2, then they were heated to 600 ◦C in 10 % H2 and 90 % 
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He. The heating was performed using ramps of 13.5 ◦C min− 1.
Thermogravimetric analysis (TG) was carried out on a Setaram 

LabSys instrument heating from room temperature to 1000 ◦C at a rate 
of 10 ◦C min− 1 under synthetic air (50 mL min− 1, 99.9992 % purity).

Raman spectroscopy was conducted using a Horiba Jobin Yvon 
XploRA-PLUS system with a 532 nm laser, a 50x objective lens, and a 
spectral range of 200–1200 cm− 1.

2.3. Catalytic testing: ethanol steam reforming

Catalytic tests were conducted in a fixed-bed quartz U-tube reactor 
(6 mm inner diameter) loaded with 20 mg of catalyst, the catalyst was 
positioned and retained in the reactor with glass-wool plugs, operating 
at near ambient pressure (~1 bar). After assembling the fixed-bed 
reactor and prior to all reactions, the catalyst was reduced under pure 
H2 (30 mL min− 1) at 600 ◦C for 1 h, followed by purging with N2 (30 mL 
min− 1) for 10 min at the same temperature to remove residual hydrogen.

The ESR reaction was carried out at 600 ◦C using a 3:1 M ratio of 
H2O:Ethanol to promote the water-gas shift reaction. Ethanol and water 
vapors were generated using separate liquid saturators and introduced 
into the reactor via two separate N2 streams (30 mL min− 1 each), with 
the saturators maintained at 20 ◦C (ethanol) and 60 ◦C (water) to control 
vapor partial pressures and ensure reproducible vapor compositions. 
Catalytic activity is reported as the ratio W/F defined as the catalyst 
mass (20 mg) divided by the total volumetric flow rate of reagents. The 
flow rate was calculated based on the saturator vapor pressure at 20 ◦C 
and a 60 mL min− 1 of N2 carrier flow. Effluent gases were analyzed using 
an Agilent 7890A gas chromatograph equipped with a molecular sieve 
column, a Plot U column, a flame ionization detector (FID), and a 
thermal conductivity detector (TCD).

All catalytic experiments were conducted in at least duplicate using 
independently synthesized catalyst batches. Blank tests were performed 
without catalyst by measuring the ethanol and water vapor concentra
tions five consecutive times under identical inlet-flow conditions. The 
averaged blank values were used for calculating conversions and prod
uct yields, and no gaseous reaction products were detected in the blank 
condition.

Ethanol conversion (Xethanol) and product distribution (Px) were 
calculated as [21]: 

χethanol =
((nethanol) fed /(nethanol)exit)

nethanol
⋅100 (1) 

Px =
(nx)produced
(ntotal)produced

⋅100 (2) 

where nx is the moles of product x, and ntotal products excludes water.
The selectivity (si) of the catalysts for the respective products and the 

H2 yield (yH2 ) were determined according to Equations (3) and (4): 

si(%)=
ni × vi

2 × nethanol
⋅100 (3) 

yH2 =
nH2

n ethanol
(4) 

where ni is the molar amount of product i, vi denotes the number of 
carbon atoms in the carbon-containing product species, nethanol repre
sents the molar quantity of converted ethanol and nH2 is the molar 
amount of H2 produced, all defined according to the stoichiometry of the 
ESR reaction.

3. Results

3.1. Effect of calcination temperature

Samples calcined at different temperatures were analyzed by XRD, 

and the corresponding diffraction patterns are presented in Fig. 1a. The 
selected calcination temperature range was defined by thermogravi
metric analysis of the polymeric precursor of the oxide phase (see 
Fig. 1S) and represents typical processing temperatures for perovskite 
produced by chemical methods. Specifically, 650 ◦C is the lowest firing 
temperature to ensure complete burnout of organics resulting in single- 
phase compound. Thus, varying the calcination temperature of the 
parent compound from 650 to 1200 ◦C covers a relatively broad pro
cessing temperature range for oxides, spanning from low-temperature 
crystallization to high-temperature regimes, which are particularly 
useful for understanding how exsolution behaves in densified perovskite 
structures. For all calcination temperatures, single-phase materials were 
obtained, with no noticeable peak shift compared to the reference phase 
La-doped SrTiO3 (La0.4Sr0.4TiO3-δ, LST) synthesized by the same method 
and fired at 650 ◦C for comparison. XRD patterns showed single-phase 
materials at all calcination temperatures. The lattice parameter was 
3.911 ± 0.02 Å for LST and 3.911 ± 0.004 Å, 3.910 ± 0.003 Å and 3.911 
± 0.004 Å for LSTN 650, LSTN 800 and LSTN 1200, respectively, con
firming cubic-phase stability. Regarding the microstructure, the esti
mated crystallite sizes were 15 ± 1 nm (LST), 13 ± 1 nm (LSTN 650), 15 
± 1 nm (LSTN 800), and 18 ± 2 nm (LSTN 1200).

The nominal composition for La0.4Sr0.4Ti0.8Ni0.2O3-δ (excluding ox
ygen) corresponds to mass percentages of La = 39.50 %, Sr = 24.92 %, 
Ti = 27.22 %, and Ni = 8.35 %, as calculated from the theoretical 
chemical formula. Semiquantitative Wavelength-dispersive X-ray spec
troscopy (WDXRF) analysis revealed deviations from the nominal 
values, indicating a relative excess of A-site cations (La + Sr), a defi
ciency in Ti content, and an excess of Ni. Based on experimental WDX 
data, the synthesized material can be approximated by the formula 
La0.50Sr0.55Ti0.75Ni0.25O3-δ. Within the accuracy limits of the technique, 
these deviations remain within acceptable ranges compared to the 
nominal composition.

To determine the optimal reduction temperature for nickel exsolu
tion (Ni0), H2-TPR analysis was performed. The reduction profiles are 
shown in Fig. 1b. The LST 650 sample, without Ni, exhibits a broad 
reduction peak with maximum at ~720 ◦C, ascribed to the oxygen loss of 
the perovskite phase. In the Ni-substituted samples (LSTN), the 
hydrogen consumption peaks shift to higher temperatures as the calci
nation temperature increases. For LSTN 650, a broad peak develops 
between ~300 ◦C and ~600 ◦C, with a shoulder at ~390 ◦C and a 
maximum at ~500 ◦C that are assigned to surface and bulk nickel 
reduction [22,23], and a less pronounced peak at ~720 ◦C that is likely 
related to perovskite lattice oxygen release. The estimated total H2 
consumption for the LSTN 650 sample was significantly higher than that 
of LST 650 (175 ± 15 μmol g− 1 versus 4 ± 0.5 μmol g− 1).

For the LSTN 800 sample, two reduction events were observed at 
~425 ◦C and ~545 ◦C, both attributed to nickel reduction. The shift to 
higher reduction temperatures relative to LSTN 650 likely reflects 
microstructural changes induced by the higher calcination temperature, 
which hinder nickel reducibility (e.g., grain growth and decreased sur
face area). No high-temperature events attributable to lattice oxygen 
release were detected within the experimental temperature range. The 
total H2 consumption for LSTN 800 (200 ± 20 μmol H2 g− 1) was 
marginally higher than that of LSTN 650. By contrast, the LSTN 1200 
sample exhibited two less pronounced, but separated peaks at ~495 ◦C 
and ~760 ◦C, possibly attributed to nickel reduction. The higher peak 
temperatures are consistent with sintered grains and a lower specific 
surface area of the LSTN 1200, which shift reduction to higher tem
peratures. This effect is reflected in the substantially lower total H2 
consumption for LSTN 1200 (64 ± 6 μmol H2 g− 1) compared with 
samples calcined at lower temperatures.

Based on the theoretical consumption for complete Ni2+ reduction, 
the experimental H2 uptake corresponds to a reduction degree of 
approximately 16 % for LSTN 650, 19 % for LSTN 800, and 6 % for LSTN 
1200. However, an accurate quantification of Ni exsolution solely from 
TPR data is challenging due to the dynamic of the heating temperature 
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ramp, which differs from the isothermal conditions typically used for 
catalyst activation. Therefore, subsequent analyses were performed on 
samples reduced at a fixed temperature to better understand the mate
rial state under reaction conditions.

Based on the H2-TPR results, a reduction temperature of 900 ◦C was 
selected to ensure nickel nanoparticle exsolution while favoring com
plete reduction of both surface and bulk species. This temperature was 
standardized for all samples. The XRD of all reduced samples exhibited 
the characteristic peak for Ni0 at 2θ ~43◦ [24], as shown in Fig. 1c. 
Negligible differences were observed in the estimated lattice parameters 
of the samples after reduction (<0.005 Å).

A progressive decrease in the BET surface area of the as-prepared 
samples was observed with increasing calcination temperature, from 
40 ± 3 m2 g− 1 (LSTN 650) to 24 ± 3 m2 g− 1 (LSTN 800), and finally to 
4.3 ± 0.9 m2 g− 1 (LSTN 1200). This trend is directly related to the 
reduced reducibility of Ni, in agreement with the TPR results. The loss of 
surface area due to particle coarsening strongly correlates with the shift 
of bulk nickel reduction to higher temperatures and the observed 
decrease in H2 consumption. Following reduction at 900 ◦C for 20 h, the 
surface areas of LSTN 650 and LSTN 800 decreased significantly to 21 ±
1 m2 g− 1 and 14 ± 1 m2 g− 1, respectively. This decrease was expected, as 
the temperature of the reducing thermal treatment (900 ◦C) exceeded 
their initial calcination temperatures. Nevertheless, LSTN 650 main
tained the highest surface area, whereas that of LSTN 1200 further 
decreased to 2.8 ± 0.7 m2 g− 1.

These results provide a comprehensive link between microstructure 
and reducibility. The severe sintering in LSTN 1200, evidenced by its 

low surface area and larger crystallite size (~18 nm vs. 13–15 nm for 
lower-temperature samples), limits hydrogen diffusion and surface 
accessibility. This constraint explains the suppressed reducibility (~6 
%) observed in the TPR profiles, demonstrating that the extent of nickel 
exsolution is critically limited by the host's sintered microstructure.

The observed changes in surface area and microstructure are ex
pected to influence the chemical states and surface composition of the 
materials, which can be probed by XPS and XAS. Accordingly, the XPS 
spectra of the O 1s region for the as-prepared and reduced samples are 
presented in Fig. 2. For LSTN 650 (Fig. 2a), the spectrum is deconvoluted 
into two components: (i) the dominant peak at ~529 eV, assigned to 
lattice oxygen O2− of the metal oxides (OMO) within the perovskite 
structure, and (ii) a smaller peak at ~531 eV, attributed to adsorbed O−

oxygen species (Oads) such as hydroxyls, carbonates, or carbonyl groups, 
for example [24,25]. The larger area of the OMO peak confirms that 
structural oxygen predominates at the surface.

Following spectral deconvolution, the intensity ratio r = Oads/OMO 
was calculated. For LSTN 650, this ratio decreased from 0.63 (as-pre
pared) to 0.37 (reduced), indicating the preferential removal of adsor
bed surface species during H2 treatment. A similar trend was observed 
for LSTN 800 (Fig. 2b), where r decreased from 0.74 to 0.36. In contrast, 
the variation in r for LSTN 1200 was much less pronounced, which is 
consistent with the limited reducibility observed in the TPR data.

The observed changes in surface oxygen species suggest a modifi
cation in surface stoichiometry, likely associated with the creation of 
oxygen vacancies. Surface oxygen vacancies in perovskites serve as 
nucleation sites for Ni exsolution, yielding small, strongly anchored and 

Fig. 1. (a) XRD patterns of the as-synthesized samples (as-prepared) calcined at different temperatures. (b) H2-TPR profiles for the samples before and after 
reduction. (c) XRD patterns of the samples after reduction treatment at 900 ◦C for 20 h.

Fig. 2. O 1s XPS spectra for the as-prepared and reduced samples: (a) LSTN 650, (b) LSTN 800, and (c) LSTN 1200. The ratio between adsorbed oxygen species (Oads) 
and metal oxide lattice oxygen (OMO) is displayed for each sample before and after reduction treatment.
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uniformly distributed Ni0 nanoparticles. Higher vacancy concentration 
increases reducibility and accelerates exsolution kinetics, which ulti
mately facilitates the formation of highly dispersed metallic sites that 
enhance catalytic performance [11,26].

X-ray absorption experiments were carried out to further study the 
exsolution in LSTN compounds. The XANES spectra are shown in 
Fig. 3a–d. All samples show mostly Ni2+ behavior, with well-defined 
pre-edge peak 8.3333 keV, characteristic of Ni2+ ions [27], and the 
main peak at 8.3466 keV. By reducing Ni during the exsolution step, the 
Ni0 XANES edge overlaps the Ni2+ pre-edge peak. Moreover, there is a 

drop in the white line in the edge as Ni2+ is reduced. We observe that the 
sample calcined at 650 ◦C is the only sample which forms the Ni0 

shoulder after the reduction at 600 ◦C.
The EXAFS profiles (Fig. 3e–g) show the conversion from Ni2+ where 

there are Ni–O and Ni–O–Ni bonds to Ni0 and the formation of Ni–Ni 
bonds. After reduction, Ni–Ni bonds appear, due to the formation of 
metallic Ni during exsolution. These bonds are highlighted in the EXAFS 
profiles of the reference samples (Fig. 3h). Both the XANES and EXAFS 
show that only the sample calcined at 650 ◦C forms metallic Ni after 
reduction at 600 ◦C, whereas the other two samples remain mostly in the 

Fig. 3. XANES spectra for: (a) LSTN 650, (b) LSTN 800, (c) LSTN 1200, (d) Ni foil and NiO reference samples. The changes with Ni reduction are highlighted by the 
arrows. The pre-edge feature and pre-edge shoulder are shown. EXAFS uncorrected for phase-shift profiles for: (e) LSTN 650, (f) LSTN 800, (g) LSTN 1200, (h) Ni foil 
and NiO reference samples. The Ni–O, Ni–Ni, and Ni–O–Ni bonds and their corrected bond distances are highlighted. Some EXAFS peaks are normalized to facilitate 
visual comparison.
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LSTN phase. The extracted coordination numbers and data fitting pa
rameters are shown in Table S1.

The expected CN for Ni inserted into the perovskite lattice is 6 for 
both the Ni–O bond and Ni–O–Ni bond, since Ni atoms occupy octahe
dral sites bound to 6 oxygens atoms, and each octahedron is connected 
to another 6 octahedra. On the other hand, the CN for Ni–O–Ni in NiO is 
12 owing to its rock-salt structure (ICSD 76669). It was observed that 
samples show the expected CNs ≤6 (Table S1) for Ni–O–Ni characteristic 
of Ni2+ atoms in the perovskite lattice for all calcination temperatures of 
the as-prepared samples. After reduction, there is a remaining Ni2+

contribution (almost all reduced samples show approximately a 50:50 
Ni2+/Ni0 fraction), which can be related to an incomplete reduction of 
bulk.

When analyzing the effect of calcination temperature, XAS shows 
that lower temperatures lead to easier Ni reducibility in accordance with 
the H2-TPR data. While for LSTN 650, Ni starts forming during reduction 
at 650 ◦C, for LSTN 800 major Ni0 contribution develops at 900 ◦C, 
whereas for LSTN 1200 there is a lower metallic Ni fraction at 900 ◦C. 
Additionally, as the calcination temperature increases, the Ni–O–Ni 
coordination number decreases considerably, even though the Ni–O 
remains close to 6. This could indicate that the high calcination tem
perature has a weak effect on the NiO6 sites, but it strongly disrupts the 
NiO6 network, which likely impacts the diffusion of Ni atoms necessary 
for exsolution.

The FE-SEM micrographs in Fig. 4 highlight the microstructural 
differences induced by the distinct calcination temperatures. In the as- 
prepared LSTN 650 sample (Fig. 4a, left panel), a relatively regular 
surface of the oxide matrix is observed. After reduction, bright Ni0 NPs 
with irregular morphology are clearly visible, anchored to the porous 
oxide matrix. The average diameter of the Ni0 NPs was estimated at 25 
nm, while their surface density (ρs) was ~25 NPs μm− 2. Similar features 
were observed for the LSTN 800 sample (Fig. 4b), where, after reduc
tion, Ni0 NPs with a more spherical morphology became evident. An 
increase in nanoparticle size with temperature was confirmed, as the 
average diameter of the Ni0 particles was estimated at 36 nm. For the 
LSTN 1200 sample, grain growth was evident in the as-prepared mate
rial, consistent with the lower surface area obtained by the BET method. 
After reduction, Ni0 NPs were mainly observed at the grain boundaries, 
with an average diameter of 42 nm. No significant changes in the ρs of 
Ni0 nanoparticles were observed for the LSTN 800 and LSTN 1200 
samples compared to the LSTN 650 sample. Complementary EDS mea
surements acquired by HR-TEM (Fig. S2) further corroborate the exso
lution and confirm the presence of metallic nickel in the analyzed 
regions.

The combined results showed that the calcination temperature es
tablishes a clear physicochemical gradient across the perovskites, which 
indicates that the reduction of Ni is progressively hindered by increasing 
the calcination temperature. LSTN 650 retains the highest BET surface 

Fig. 4. FE-SEM micrographs of the as-prepared LSTN samples calcined at different temperatures (left panels) and after reduction at 900 ◦C for 20 h (center panels). 
The right panels show the histograms of the average Ni0 NPs diameter and the surface number density (ρs).
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area. The obtained results for this sample show that Ni can be exsolved 
as Ni0 (confirmed by XAS, SEM, and TEM) with sufficient thermal input 
and exhibits the highest reducibility. By contrast, LSTN 800 exhibits a 
moderate surface area and its H2-TPR peaks shift ~30 ◦C higher. The 
exsolved Ni0 NPs remain finely dispersed but are slightly larger (25–50 
nm, compared to 15–40 nm of LSTN 650). LSTN 1200 displays the 
opposite extreme of LSTN 650: its surface area collapses due to sintering, 
porosity is largely lost, and the reduction of Ni2+ occurs at much higher 
temperatures with drastically reduced H2 consumption and significant 
residual Ni2+ content (XAS) after reduction. SEM revealed larger 
perovskite oxide crystals alongside coarse Ni0 congregating along grain 
boundaries. Together, these results demonstrate that higher calcination 
temperatures fundamentally compromise surface area and reducibility 
kinetics, concentrating Ni0 at grain boundaries and reducing active site 
accessibility.

3.2. Catalytic performance

All samples underwent catalytic testing for ethanol steam reforming 
(ESR) at 600 ◦C for 20 h, as shown in Fig. 5.

Ethanol conversion and product distribution for the LSTN 650 sam
ple are presented in Fig. 5a. Complete ethanol conversion (100 %) was 
maintained throughout the ESR test. H2 and CO production remained 
stable at ~67 % and 22 %, respectively, over the entire reaction. CO2 
and CH4 were detected at concentrations of 7.5 % and 3.3 %, respec
tively, while C2H4 had negligible concentration.

The high ethanol conversion, significant H2 production (yield of 
4.04 mol mol ethanol

− 1 ; Table 1), and the presence of CO and CH4 indicate 
coexistence of multiple reaction pathways. This H2 yield corresponds to 
~67 % of the theoretical maximum (6 mol H2 per mol ethanol) for 
complete steam reforming (Equation (5)). The deviation from equilib
rium is primarily due to competing reactions and the partial suppression 

of the water-gas shift reaction. While partial ethanol reforming (Equa
tion (6)) is dominant, the substantial H2 yield and 5–10 % CO2 con
centration suggests significant contribution from complete ethanol 
steam reforming. The low absolute CO2 level implies that the material's 
properties and reaction temperature (600 ◦C) partially suppress the WGS 
reaction [28,29].

The simultaneous detection of methane and CO may be compatible 
with thermal decomposition of acetaldehyde at temperatures near 
600 ◦C (Equation (7)) [30–33]. For comparison, an ESR test was per
formed on the undoped LST and on the as-prepared LSTN 650 sample 
(Fig. S3). In the as-prepared samples, ethanol conversion gradually 
decreased during the reaction, stabilizing at ~40 %, which is signifi
cantly lower than that of the reduced sample. Ethanol dehydrogenation 
was the predominant pathway (Equation (8)), yielding acetaldehyde 
and hydrogen, while ESR and acetaldehyde also occurred. Ethanol 
dehydrogenation was the main pathway of the undoped sample. 

C2H5OH+3H2O → 2CO2 +6H2 ΔH◦ = + 173 kJ /mol (5) 

C2H5OH+H2O → 2CO+4H2 ΔH◦ = + 256 kJ /mol (6) 

CH3CHO → CH4 +CO ΔH◦ = − 18 kJ /mol (7) 

C2H5OH → CH3CHO+H2 ΔH◦ = + 68 kJ /mol (8) 

The LSTN 800 sample exhibits a distinct ethanol conversion and 
product distribution as compared to LSTN 650 (Fig. 5b). The LSTN 800 
catalyst undergoes partial deactivation during the initial 3 h of ESR 
reaction, observed as a decay in ethanol conversion and increased 
fraction of acetaldehyde. The deactivation is probably associated with 
coke accumulation. Following initial deactivation, ethanol conversion 
stabilized at ~68 % over the remaining reaction time. Product distri
bution included: H2 (47 %; yield of 1.17 mol mol ethanol

− 1 ), acetaldehyde 
(~30 %), CO (15 %), and CO2 and CH4 (>5 %) after 20 h of ESR. This H2 

Fig. 5. Product distributions and ethanol conversion (Xethanol) during ESR tests over the (a) LSTN 650, (b) LSTN 800, and (c) LSTN 1200 samples at 600 ◦C for 20 h 
(Catalyst mass = 20 mg; W/F = 0.020 g s mL− 1).
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yield represents about 19 % of the theoretical maximum, indicating a 
significant deviation from equilibrium. The decreased specific surface 
area (relative to LSTN 650) impairs ethanol and water-steam adsorption 
and alters Ni0 nanoparticle size and dispersion, resulting in larger 
metallic particles that are more prone to coking [34]. Carbonaceous 
deposits then accumulate and block access to the Ni0 sites responsible 
for C–C bond cleavage, thereby favoring ethanol dehydrogenation to 
acetaldehyde. Additionally, the reduced surface area limits available 
oxygen-vacancy sites and steam adsorption in the matrix surface, both 
critical for carbon gasification. Aside from dehydrogenation, ethanol 
may undergo the same reaction pathways observed for the LSTN 650 
sample, although with distinct relative contributions due to the modi
fication of the materials surface.

The LSTN 1200 sample (Fig. 5c) demonstrates severely diminished 
ethanol conversion and intensified dehydrogenation, consistent with its 
low surface area. This behavior was previously documented for high- 
temperature-calcined catalysts [20]. The LSTN 1200 sample yielded 
only ~8 % ethanol conversion, with acetaldehyde as the dominant 
product (>90 %) via the pathway described in Equation (8).

While exsolved Ni0 NPs are present in all catalysts, as clearly evi
denced by FE-SEM and XRD analyses, catalytic performance is governed 
by specific surface area and Ni0 nanoparticle characteristics. As the 
calcination temperature increases, the surface area declines sharply. The 
surface area decrease drives a corresponding drop in ethanol conversion 
from 100 % (LSTN 650) to 68 % (LSTN 800) and finally to ~8 % (LSTN 
1200), with dehydrogenation to acetaldehyde becoming increasingly 
favored. An intrinsic driving force for particle segregation is the surface 
free energy, which scales with the material's surface area [35]. Conse
quently, the loss of surface area can induce the exsolution of larger, 
coke-susceptible Ni0 NPs. The carbon deposits then block the active 
metallic NPs required for C–C cleavage, suppressing reforming path
ways. Furthermore, reduced surface-active sites, oxygen vacancies and 
compromised steam activation hinder the gasification of newly formed 

carbon, accelerating the overall deactivation process.
Owing to its enhanced hydrogen production performance, the LSTN 

650 catalyst was subjected to an 85-h stability test at 500 ◦C. This 
temperature was selected specifically to probe deactivation behavior, 
given that complete ethanol conversion was previously achieved at 
600 ◦C. As depicted in Fig. 6, significant deactivation occurred within 
the first 15 h, probably due to coke accumulation, with ethanol con
version declining from 100 % to ~40 %, where it subsequently 
stabilized.

Product distribution analysis revealed sustained formation of H2 
(~48 %), acetaldehyde (31 %), CO and CO2 (10 % each), and CH4 (>5 
%), after the initial 15 h of the reaction. This profile indicates competing 
reaction pathways analogous to LSTN 800 at 600 ◦C, though the 
elevated CO2 production confirms greater WGS contribution for LSTN 
650 at 500 ◦C. Notably, the stabilized hydrogen yield reached 1.10 mol 
mol ethanol

− 1 , achieving consistent long-term hydrogen production capac
ity despite partial deactivation.

Calculations of the carbon balance and carbon-based selectivities, 
derived from the product distribution and feed flow, are provided in 
Supplementary Table S3. These data corroborate the coexistence of 
reforming and dehydrogenation pathways and show that the carbon 
balance closes to ≈100 % for all samples, supporting the consistency of 
the experiments.

Confirmation of carbon deposition on the sample surfaces is provided 
by Raman spectra in Fig. 7a. Carbon species are typically identified by 
the presence of the D and G bands. The G band (~1600 cm− 1) originates 
from the fundamental in-plane vibration of carbon atoms in ordered 
graphitic lattices. The D band (1300–1400 cm− 1) is defect-activated, 
requiring both an in-plane transverse optical (iTO) phonon vibration 
and structural defects within the carbon lattice. Its intensity correlates 
directly with defect density [36–38]. All samples presented both D and G 
bands.

Thermogravimetric (TG) analysis of the spent catalyst shows that the 

Table 1 
– Ethanol conversion, H2 yield, and carbon accumulation on spent catalysts after ESR under different reaction conditions.

Samples ESR reaction duration (h) ESR reaction temperature (◦C) Ethanol conversion (%) H2 yield (mol⋅mol ethanol
− 1 ) Carbon formed (mgC gcat

− 1⋅h− 1)

LSTN 650 20 600 100 ± 0 4.04 ± 0.05 7.37 ± 0.37
LSTN 800 20 600 68 ± 2 1.17 ± 0.10 25.2 ± 1.3
LSTN 1200 20 600 7.8 ± 0.7 0.07 ± 0.04 0.42 ± 0.04
LSTN 650 85 500 40 ± 2 1.10 ± 0.12 13.30 ± 0.67

Fig. 6. Ethanol conversion (Xethanol) and product distributions during ESR tests over the LSTN 650, sample at 500 ◦C for 85 h (Catalyst mass = 20 mg; W/F = 0.020 g 
s mL− 1).
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nature of the deposited carbon depends strongly on testing conditions 
and time-on-stream. Mass-loss profiles within the carbon oxidation 
temperature window reveal distinct oxidation behaviors. The LST1200 
shows no significant mass loss event, compatible with low ethanol 
conversion and the dehydrogenation pathway observed in the catalytic 
test. The LSTN 800 has a single mass loss event in a well-defined tem
perature range, from the onset at ~400 ◦C to ~700 ◦C, characteristic of 
highly reactive, disordered carbon. The LSTN 650 samples for both tests 
at 500 ◦C and 600 ◦C exhibit a similar onset, but a more extended mass 
loss profile, indicating a fraction of ordered, graphitic carbon. Such a 
behavior of the LSTN650 is significantly more pronounced for the 
sample tested for longer reaction time at 500 ◦C in which mass loss 
developed up to 900 ◦C.

TG quantification (Table 1) connects these trends to catalyst per
formance and operating conditions. LSTN 1200 displays the lowest 
carbon formation rate (0.42 mgC⋅gcat

− 1⋅h− 1), likely due to its low ethanol 
conversion, which suppresses secondary carbon-forming pathways. 
Among the active materials, LSTN 650 accumulates far less carbon than 
LSTN 800 (7.37 vs. 25.22 mgC⋅gcat

− 1⋅h− 1), consistent with the superior 
catalytic activity of LSTN 650. During the 85 h stability test at 500 ◦C, 
the average carbon deposition on LSTN 650 increased to 13.30 
mgC⋅gcat

− 1⋅h− 1. Notably, TG data evidence that this carbon is more 
graphitic, suggesting it may be less encapsulating than amorphous de
posits and therefore less detrimental to long-term activity [39].

The catalytic performance of LSTN 650 is consistent with reports that 
redox-active Ni-based catalysts favor reforming pathways and enhanced 
H2 production. For instance, ceria redox behavior modulate H2 yield and 
coke resistance [6,40,41], whereas Ni–Al2O3 supports generally require 
promoter engineering to sustain ESR activity and hydrogen productivity 
[42]. Therefore, under comparable ESR conditions, LSTN 650 catalysts 
are more likely to reproduce the high conversion and H2-rich selectivity 
observed for redox-active catalysts.

4. Conclusion

This study demonstrates that the calcination temperature of 
La0.4Sr0.4Ti0.8Ni0.2O3-δ (LSTN) perovskite is a determinant parameter of 
the morphology, reducibility, and ultimately, catalytic performance in 
ethanol steam reforming for hydrogen production. Low calcination 
temperatures (650 ◦C) preserved a high specific surface area of the 
perovskite that facilitated nickel reduction at relatively low tempera
tures (bulk Ni reduction at 503 ◦C) and enabled the exsolution of Ni0 NPs 

(5–15 nm) upon reduction. Catalytic testing at 600 ◦C revealed that 
LSTN calcined at 650 ◦C (LSTN 650) and reduced at 900 ◦C achieved 
complete and stable ethanol conversion with a high H2 yield of 4.04 mol 
mol ethanol

− 1 and negligible coke formation. In contrast, increasing calci
nation temperature to 800 ◦C and 1200 ◦C resulted in significantly 
decreased surface area of the parent oxide, which hindered reducibility. 
This decrease in surface area limits the formation of accessible Ni0 sites 
and shifts the reaction pathway toward ethanol dehydrogenation and 
acetaldehyde formation.

Calcination temperature functions as a practical parameter because 
it directly affects surface area, nickel reducibility and exsolution. These 
parameters have a direct relation to the catalyst performance. A high 
initial surface area provides more accessible Ni0 sites and promotes 
favorable nanoparticle characteristics that sustain the ESR pathway. 
When surface area decreases, larger Ni particles form and become more 
susceptible to carbon deposition. Therefore, maintaining a high surface 
area is essential to maximize the availability of active sites, enable 
efficient H2 production, suppress undesirable side reactions, and mini
mize carbon accumulation. The robustness of the studied catalyst was 
evaluated in an extended 85-h stability test in which despite the partial 
deactivation it maintained a consistent H2 yield, confirming good long- 
term stability at harsh conditions (500 ◦C).

These findings highlight a simple route to tune exsolution-derived 
catalysts through calcination control and Ni-doped LST perovskites as 
promising non-noble catalyst for renewable hydrogen production from 
bioethanol.

CRediT authorship contribution statement

Fernando Piazzolla: Writing – review & editing, Writing – original 
draft, Validation, Investigation, Formal analysis, Conceptualization. 
Emerson L. dos Santos Veiga: Writing – review & editing, Writing – 
original draft, Validation, Methodology, Investigation, Formal analysis, 
Data curation, Conceptualization. Rafael A. Vicente: Writing – review 
& editing, Writing – original draft, Visualization, Validation, Method
ology, Formal analysis, Data curation. Wei-Ling Huang: Validation, 
Methodology, Formal analysis, Data curation. Shan Jiang: Validation, 
Methodology, Formal analysis, Data curation. Pablo S. Fernández: 
Writing – review & editing, Validation, Supervision, Resources, Formal 
analysis. Jeffrey T. Miller: Writing – review & editing, Supervision, 
Resources, Funding acquisition, Formal analysis. Fabio C. Fonseca: 
Writing – review & editing, Validation, Supervision, Resources, Project 

Fig. 7. – (a) Raman spectra and (b) thermogravimetric analysis of the spent catalysts after ESR reaction: all samples tested at 600 ◦C and the LSTN 650 sample at 
500 ◦C (stability test).

F. Piazzolla et al.                                                                                                                                                                                                                               International Journal of Hydrogen Energy 204 (2026) 153326 

9 



administration, Methodology, Funding acquisition, Formal analysis, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

Authors acknowledge the funding from Brazilian agencies CNEN; 
Conselho Nacional de Pesquisa Científica e Tecnológica (CNPq) grants 
446879/2024-0, 314801/2025-1, and Sis-H2 407967/2022-2 (CNPq); 
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior Brasil 
(CAPES) for Finance Code 001; Fundação de Amparo à Pesquisa do 
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