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A B S T R A C T

Dry reforming of methane (DRM) over Ni-based catalysts is often limited by metal sintering and carbon depo
sition, making the control of precursor structure and activation pathway crucial for catalyst durability. In this 
work, Ni–La catalysts were prepared through hydrothermal (HT) and microwave-assisted (MW) routes, 
combining either one-pot Ni incorporation or post-synthesis impregnation. Structure-function relationships were 
investigated by synchrotron XRPD/PDF coupled with principal component analysis (PCA), operando XRPD/XAS, 
H2-TPR, TEM/HAADF-STEM-EDS, and TGA. The results show that both the synthesis route and the Ni incor
poration strategy strongly affect the organization of the La–Ni–O precursor network, thereby governing reduc
ibility, Ni dispersion, carbon formation, and catalytic behavior under DRM conditions. Ex situ XRPD/PDF and 
TEM reveal that MW-derived materials develop smaller, more homogeneous La–Ni–O domains than the corre
sponding HT samples, while one-pot preparation promotes a more integrated catalyst architecture than 
impregnation. Operando analyses indicate that the main structural transformation occurs during the reduction 
step, whereas only limited changes take place under reaction conditions. Catalytic tests suggest that MW-derived 
catalysts exhibit higher activity and improved stability, with the one-pot sample showing the most favorable 
overall performance. These findings highlight the central role of precursor architecture in determining the 
properties of the active catalyst and provide useful design criteria for the development of more robust Ni-based 
systems for DRM and greenhouse-gas valorization.

1. Introduction

The increasing global energy demand, together with the need for a 
rational and sustainable use of natural resources, is encouraging the 
development of renewable and low-carbon technologies [1]. Among the 
catalytic routes proposed for the conversion of carbon-containing 
feedstocks, dry reforming of methane (DRM) is particularly attractive 
because it simultaneously converts two major greenhouse gases, CH4 
and CO2, into synthesis gas with an approximately 1:1H2/CO ratio, thus 
coupling environmental mitigation with resource valorization [2–6]. 
However, from both thermodynamic and kinetic perspectives, DRM is a 
highly demanding reaction, typically requiring temperatures above 700 
◦C to reach practical conversions, while simultaneously promoting side 
processes such as reverse water-gas shift (RWGS) and carbon-forming 
reactions [2] (Eqs. 1–3). Under these harsh conditions, catalyst 

deactivation is commonly driven by carbon deposition and metal sin
tering, which progressively reduce activity and [1,7–9]. 

CH4 + CO2 ⇄ 2 CO + 2 H2 (ΔH◦
298 = +247 kJ mol⁻¹)                     (1)

CO2 + H2 ⇄ CO + H2O (ΔH◦
298 = +41 kJ mol⁻¹; RWGS)                 (2)

CO ⇄ C + CO2 (ΔH◦
298 = − 171 kJ mol⁻¹; Boudouard)                    (3)

Nickel-based catalysts remain among the most attractive systems for 
DRM owing to their low cost, natural abundance, and satisfactory 
intrinsic activity [10–14] use is, however, severely constrained by their 
tendency to carbon deposition and metal particle sintering under 
reforming conditions [10,15,16]. In this context, catalyst durability is 
determined not only by the nature of the active metal, but rather by how 
the active phase is designed and stabilized within the catalyst 
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architecture. Indeed, resistance to coking and sintering is critically 
governed by phase composition, Ni dispersion, metal-support in
teractions, and the structural evolution occurring during activation and 
under reaction conditions [7,9,14,16].

Among the various oxide systems investigated for Ni-based DRM 
catalysts (e.g Al2O3, La2O3, MgO, V2O5, ZrO2, Y2O3) [17–22], 
La-containing materials are particularly interesting because lanthanum 
oxide provides basic sites that promote CO2 adsorption and activation, 
while also contributing to the stabilization of the catalyst structure [23, 
24]. In Ni/La-based systems, the role of lanthanum is not limited to that 
of a conventional support, rather, it plays a structurally active role in 
defining the nature and stability of the catalytic phase. Ni and La can 
form mixed La-Ni-O phases or nickelate-like domains, whose structural 
characteristics deeply affect reducibility, oxygen mobility, Ni anchoring, 
and, ultimately, the catalyst resistance to deactivation [24]. Accord
ingly, the catalytic behavior of these materials should be rationalized on 
the basis of the structural architecture of the La-Ni-O network, rather 
than being attributed exclusively to Ni loading or support identity.

From this perspective, the synthesis route becomes a key structural 
design parameter, because it governs nucleation and growth processes, 
phase segregation or mixing, crystallite size, and the spatial distribution 
of Ni and La species [25,26]. Consequently, different preparation 
methods are known to affect phase composition, particle morphology, 
dispersion of the active species, and the overall nature of the 
metal-support interaction, thereby influencing activity, carbon deposi
tion, and long-term stability [8,10,27]. In this context, Table 1 sum
marizes representative Ni-based DRM catalysts reported in the 
literature, emphasizing how different structural design strategies, such 
as oxide promotion, alloying, and metal-support interaction, have been 
used to improve activity, stability and resistance to carbon deposition. In 
Ni-La systems, this issue is particularly relevant because structural 
variations at both local and long-range scales may determine the 

formation of interfacial domains, mixed oxide phases, and reducible 
La-Ni-O environments. Xu et al. [27], for instance, showed that the 
synthesis procedure markedly affects the formation of Ni-La2O2CO3 
interfacial domains, leading to improved catalytic performance, while 
changes in the bulk structure influence the interaction strength between 
NiO/Ni and La2O3. Similarly, lanthanum nickelate and related 
perovskite-type precursors have attracted considerable attention 
because their reducibility and oxygen exchange properties make them 
promising precursors for DRM catalysts [28,29]. Several preparation 
routes for LaNiO3-based materials have been explored, including sol-gel 
[30], combustion [31,32], hydrothermal [33], microwave-assisted [34], 
molten salt [35], and mechanochemical synthesis [36], each yielding 
distinct physicochemical characteristics.

Among these methods, hydrothermal and microwave-assisted syn
theses are particularly relevant because they rely on markedly different 
nucleation and growth environments and may therefore generate sub
stantially different La-Ni-O systems. Hydrothermal synthesis generally 
proceeds under relatively slow crystallization kinetics, which may favor 
the formation of larger and more compositionally heterogeneous grains 
[33]. By contrast, microwave-assisted synthesis is often associated with 
faster reaction rates, more homogeneous volumetric heating, and 
improved control over nucleation and particle growth [34,37–39]. 
These features make microwave-assisted methods especially attractive 
not only from a practical and energy-efficiency standpoint, but also to 
tailor the structural organization of mixed oxide materials. In this 
context, the solvent environment may represent an additional parameter 
governing material formation and structural evolution. Glycerol, for 
instance, has emerged as a multifunctional bioderived medium for the 
preparation of nanostructured oxides, owing to its ability to promote 
dispersion, influence nucleation processes, and improve the stability of 
catalytically active particles [40–43]. Thus, the combination of micro
wave heating with a polyol-containing medium offers a promising 

Table 1 
Comparison of the catalytic performance, stability and carbon deposition of the present Ni–La catalysts with representative Ni-based DRM catalysts reported in the 
literature.

Catalyst Design strategy Reaction conditions Catalytic performance Carbon deposition / stability Ref

M-OP / M-IM Ni–La 
catalysts

Microwave-assisted Ni–La 
catalysts; one-pot or 
impregnation; controlled 
La–Ni–O precursor 
architecture

750 ◦C; CH4/CO2 = 1; 15 vol% CH4 

+ 15 vol% CO2 in N2; 
100 mL min− 1; 100 mg; GHSV 
= 60,000 mL g− 1 h− 1 24 h

MW catalysts show the best 
activity; CH4 conversion 
stabilizes at ca. 69–71%; M-OP 
maintains H2/CO ca. 0.85

MW route improves Ni dispersion and 
stability; one-pot synthesis limits 
filamentous carbon formation 
compared with impregnated samples

This 
work

10–20% Ni/Al2O3 

(mesoporous 
alumina)

One-pot cage-like mesoporous 
alumina architecture

750 ◦C; 210 h; GHSV = 18 L g− 1 h− 1 XCO2 = 96%; XCH4 = 99%; 
H2/CO = 0.89

Carbon deposit = 5 wt%; coke rate 
= 0.24 mgC gcat− 1 h⁻¹ ; graphitic 
carbon

[46]

Ni/15%CeO2-MgO CeO2-MgO support; oxygen 
vacancies and redox-assisted 
coke removal

800 ◦C; 30 h; GHSV = 36 L g− 1 h− 1 XCO2 = 95.2%; XCH4 

= 93.7%; H2/CO = 1.03
Negligible carbon; Ce3+/Ce4+ redox 
cycle increases available oxygen for 
carbon gasification

[47]

Ni/Ce0.38Zr0.62O2− δ Ce-Zr mixed oxide support; 
lattice oxygen involved in 
carbon removal

750 ◦C; 20 h XCO2 = 60%; XCH4 = 50%; 
H2/CO = 0.5–0.75

Carbon deposit = 0.3 wt%; coke rate 
= 0.15 mgC gcat− 1 h− 1; graphitic/ 
whisker carbon

[48]

5Ni5Co/SiO2 Ni-Co bimetallic catalyst; 
alloy/synergistic effect

750 ◦C; 25 h; GHSV = 24 L g− 1 h− 1 XCO2 = 88%; XCH4 = 91%; 
H2/CO = 0.9

Negligible carbon; Ni/Co ratio 
balances carbon–oxygen species and 
suppresses coking

[49]

Ni-Fe/Mg(Al)O Ni-Fe alloy on Mg(Al)O; 
alloying inhibits CH4 over- 
dissociation and promotes CO2 

activation

700 ◦C; 25 h; GHSV = 60 L g− 1 h− 1 XCO2 = 86.8%; XCH4 

= 79.5%; H2/CO = 0.85
Carbon deposit = 0.7 wt%; coke rate 
= 0.28 mgC gcat− 1 h− 1; graphitic 
carbon

[50]

6Ni6Cu/MgAlO Ni-Cu alloy on MgAlO; basic 
sites and metal–support 
interaction

700 ◦C; 70 h; GHSV = 40 L g− 1 h− 1 XCO2 = 87.2%; XCH4 

= 85.2%; H2/CO = 0.96
Carbon deposit = 2.7 wt%; coke rate 
= 0.386 mgC gcat− 1 h− 1; carbon 
nanotubes

[51]

Ni@SiO2 core-shell Core-shell confinement of Ni 
nanoparticles

650–800 ◦C; 50 h; GHSV = 18 L g− 1 

h− 1
XCO2 = 71–90%; XCH4 

= 63–85%; H2/CO = 1.0
Carbon deposit = 0.7 wt%; coke rate 
= 0.14 mgC gcat− 1 h− 1amorphous 
carbon

[52]

Ni–ZrO2@SiO2 core- 
shell

Core-shell architecture with 
ZrO2 promotion

800 ◦C; 240 h; GHSV = 18 L g− 1 h− 1 XCO2 = 93.2%; XCH4 

= 90.5%; H2/CO = 0.95
Negligible carbon; ZrO2 improves 
NiO reducibility, oxygen species 
availability and Ni dispersion

[53]

Ni@HSS yolk-shell Yolk-shell hollow silica 
sphere; confined multiple Ni 
nanoparticles

800 ◦C; 55 h; GHSV = 144 L g− 1 h− 1 XCO2 = 95%; XCH4 = 94.5%; 
H2/CO = 0.93

Negligible carbon; Ni nanoparticles 
strongly anchored inside silica 
hollow sphere

[54]
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strategy to modulate the formation of finely dispersed and structurally 
integrated Ni-La phases [40].

A further structural aspect that must be considered is the way Ni is 
incorporated into the material. One-pot synthesis may favor the direct 
co-construction of mixed La-Ni-O frameworks, leading to more close 
integration between Ni and La species. In contrast, post-synthesis 
impregnation more likely deposits Ni species onto a preformed La- 
based matrix, potentially resulting in weaker structural integration 
and broader Ni size distributions after reduction. Therefore, the inter
action between synthesis route and Ni introduction strategy is expected 
to have a decisive influence on the final catalyst structure, including 
phase distribution, reducibility, metal-support interaction, and tendency 
toward carbon formation [25,44,45].

Despite the extensive interest in Ni/La-based DRM catalysts, the 
mechanistic understanding of how synthesis route and Ni incorporation 
mode cooperatively govern the multiscale structure of La–Ni–O mate
rials remain still limited. Clarifying the relationships among precursor 
architecture, reduction behavior, local and long-range ordering, and 
catalyst evolution under DRM conditions therefore requires a compre
hensive structural investigation that goes beyond conventional catalytic 
screening.

Techniques such as synchrotron XRPD/PDF, principal component 
analysis (PCA), operando XRPD/XAS, TEM/HAADF-STEM, H2-TPR, and 
TGA are especially valuable in this context, because they can provide 
complementary insight into phase composition, local atomic arrange
ment, reducibility, particle morphology, and carbon deposition 
pathways.

Within this framework, the present work focuses on elucidating how 
the synthesis pathway shapes the structural organization of Ni-La cata
lysts for DRM. To this end, hydrothermal (HT) and microwave-assisted 
(MW) routes are systematically compared, while also assessing the 
impact of Ni incorporation through either one-pot synthesis or post- 
synthesis impregnation. The objective extends beyond a simple com
parison of catalytic performances, rather, it is to clarify how these syn
thetic variables govern the formation of the La-Ni-O architecture and its 
evolution into the active catalyst under reaction conditions. By estab
lishing direct correlations between ex situ and operando structural data 
and catalytic behavior, this study aims to identify the key structural 
descriptors controlling reducibility, Ni dispersion, coke development, 
and catalyst stability, thereby providing a rational basis for the design of 
more robust Ni-based systems for greenhouse-gas valorization.

2. Experimental

2.1. Sample preparation

All reagents were of analytical grade and used as received without 
further purification. Nickel(II) nitrate hexahydrate (Ni(NO3) 2⋅6 H2O, 
Sigma-Aldrich, 99.999% trace metals basis), Lanthanum(III) nitrate 
hydrate (La(NO3)3⋅xH2O, Sigma-Aldrich), ethanol (ACS reagent with 
purities of ≥99.5%, glycerol (Alfa Aesar with purities of ≥99.5%,) and 
sodium hydroxide (Alfa Aesar with purities of ≥97%), were used as 
precursors and solvents and base for catalyst synthesis. In all syntheses, 
nickel and lanthanum precursor amounts were set to afford a nominal 
10 wt% Ni in the final material. In all syntheses, nickel and lanthanum 
precursor amounts were set to afford a nominal 10 wt% Ni in the final 
material. Microwave one-pot precipitation (M-OP) of lanthanum nick
elate was carried out by dissolving La(NO3)3⋅6 H2O and Ni(NO3)2⋅6 H2O 
in 40 mL ethanol, then adding 4.4 mL of glycerol to obtain a solvent 
mixture containing 10% v/v glycerol (EtOH:Gly = 90:10 v/v). This 
proportion was chosen to favor microwave coupling while maintaining 
low viscosity and good miscibility of the reaction medium, considering 
the high viscosity of glycerol. The suspension was adjusted to pH 9 with 
NaOH 10 M added dropwise, irradiated in a conventional household 
microwave at 180 W in 30 s duty cycles (10 s on/20 s off) for a total of 
10 min, the precipitate was washed with water and ethanol, dried 

overnight at 120 ◦C, and calcined at 800 ◦C for 4 h in air, yielding M-OP. 
La2O3 support prepared by microwave (M-La2O3) followed the same 
protocol (including the 90:10 EtOH:Gly medium and pH 9) with iden
tical drying and calcination conditions. Ni/La2O3 by wetness impreg
nation was obtained by adding the amount corresponding to 10 wt% Ni 
from an aqueous Ni(NO3)2⋅6 H2O solution dropwise to M-La2O3, drying 
overnight at 120 ◦C, and calcining at 800 ◦C for 4 h in air, to give M-IM. 
Hydrothermal one-pot (H-OP) lanthanum nickelate was synthesized by 
dissolving La(NO3)3⋅6 H2O and Ni(NO3)2⋅6 H2O in distilled water, 
adjusting to pH 9 with NaOH 2.5 M, transferring to a Teflon-lined 
autoclave at 120 ◦C for 22 h, then washing with water and subse
quently with ethanol, drying overnight at 120 ◦C, and calcining at 800 
◦C for 4 h to obtain H-OP. H-La2O3 was prepared analogously by hy
drothermal precipitation at pH 9 followed by washing, drying, and 
calcination at 800 ◦C for 4 h, and subsequently impregnated as above 
described to yield H-IM. Hereafter, samples collected after in situ 
reduction prior to testing are denoted with the suffix “-R” (e.g., M-OP-R, 
H-OP-R, M-IM-R, H-IM-R). For the spent catalysts, the suffix “-S” is 
appended to the sample name to indicate the post-reaction materials (e. 
g., M-OP-S, H-OP-S, M-IM-S, H-IM-S).

2.2. Catalyst characterization

The chemical composition of the samples was determined by 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) in an ICAP 
6300 Duo (Thermo Scientific).

Specific surface areas and pore volumes of the powders were 
measured at − 196 ◦C using a nitrogen sorption technique using the 
ASAP 2020 equipment (Micromeritics, Norcross, Catalysts 2023, 13, 
606 15 of 18 GA, USA). Before the measurements, the powder samples 
were degassed at 250 ◦C for 2 h. The specific surface area was calculated 
via the Brunauer-Emmett- Teller (BET) method in the standard pressure 
range 0.05–0.3 P/P0. The pore volume and pore size distribution were 
obtained by analysis of the desorption branch, using the Barrett, Joyner 
and Halenda (BJH) calculation method [55].

Hydrogen temperature programmed reduction (H2-TPR) measure
ments were carried out with a Micromeritics AutoChem 2950 HP 
Automated instrument equipped with a thermal conductivity detector 
(TCD). An amount of 0.1 g of sample was used for each analysis. The 
samples were pre-treated with a mixture of 5 vol% O2 in He, at a flow 
rate of 50 mL min− 1, heating up to 500 ◦C (10 ◦C min− 1) and holding at 
this temperature for 30 min. After cooling down to room temperature 
under He flow, the gas mixture with composition 5 vol% H2 in Ar was 
flowed at 30 mL min− 1 into the sample tube. During the analysis, the 
temperature was increased up to 900 ◦C at a rate of 10 ◦C min− 1. The 
hydrogen consumption associated with the TPR profiles was determined 
by applying a calibration curve, registered using different H2/Ar gas 
mixtures with compositions ranging between 0.5 and 5 vol% H2.

Synchrotron X-ray measurements were collected ex situ and in situ/ 
operando. Ex situ X-ray Powder Diffraction (XRPD) and Pair Distribution 
Function (PDF) profiles were collected at the 28ID− 2 beamline of the 
National Synchrotron Light Source (NSLS-II) of the Brookhaven National 
Laboratory (NY, US) with an X-ray energy of 68.36 keV (λ = 0.1814 Å). 
Measurements were performed at room temperature and at T = − 190 ◦C 
by using a cryostream. Two Perkin Elmer XRD 1621 digital imaging 
detectors that consist of flat scintillator panels (16” ×16” active area, CsI 
coated, 0.2 mm pixels) were mounted orthogonal to the beam path at 
1200 mm and 200 mm downstream of the sample, for XRPD and PDF 
measurements, respectively. Cerium oxide was measured as a standard 
material to calibrate wavelength and detector position. An empty 
capillary was measured for the background contribution estimation. 
Diffraction images were azimuthally integrated and converted into in
tensity profiles vs. momentum transfer (q = 4πsinϑ/λ) by using the 
DIOPTAS program [56]. PDF profiles were calculated from the q profiles 
with the program PDFGetX3 [57]. The parameters for PDF calculation 
(background subtraction, scale factor, minimum and maximum q values, 
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degree of data-correction polynomial) were optimized on individual 
PDF profiles, to avoid large termination effects and preserve the signal to 
noise ratio. The qmax values were 23.0 Å− 1 for all the samples.

Operando experiments were carried out at beamline BM31 of ESRF 
with an energy of 48.7 keV (λ=0.25448 Å), equipped by a PILATUS3 X 
CdTe 2 M detector positioned at 889 mm from the sample, for XRPD 
measurements, and a Vortex SDD with XIA Falcon X fast digital multi
channel analyzer electronics for fluorescence X-ray absorption spec
troscopy (XAS). Measurements were performed at variable temperature 
by using a cryostream, according to the protocol described in Figure S1. 
A low axial gradient capillary plug flow reactor was combined with a gas 
distribution system including 4 mass flow controllers, a back pressure 
regulator, and a mass spectrometer. A Si standard was measured for 
calibration. Diffraction images [58] were merged, masked and 
azimuthally integrated by using the software Bubble [59].

XRPD profiles were analysed by the program QUALX [60] for crystal 
phase identification, through a search on the Crystallographic Open 
Database (COD) [61]. Quantitative analysis was performed using the 
program QUANTO [62], which implements a full-pattern fit of the 
identified phases according to the Rietveld method [63].

PDF profiles were fitted with structural models by using the pro
gramme PDFgui [64,65]. To facilitate the comparison between different 
experiments, synchrotron XRPD profiles, were recalculated and inter
polated as they had been measured at λ = 1.54056 Å, by using RootProf 
[66,67] The same program was used to compare the collected patterns 
by Principal Component Analysis (PCA).

Transmission electron microscopy (TEM) analysis was performed 
using a Talos™ F200XG2 TEM microscope (Thermo Scientific). Energy 
dispersive X-ray spectra (EDS) and element maps were collected along 
with HAADF-STEM (high angular annular dark field scanning trans
mission electron microscopy) micrographs and four-detector SuperX 
Energy Dispersive. Samples for analysis were prepared by their sus
pension in iso-propyl alcohol and ultrasonically dispersed followed by 
deposition of a drop of the suspension on a holey carbon copper grid 
(300 mesh). The histograms of the metal particle size distribution were 
obtained by counting at least 300 particles onto the micrographs. The 
mean particle diameter (dm) was calculated by using the formula 
dm=

∑
dini/

∑
ni, where ni is the number of particles with diameter di.

The thermogravimetric analyses (TGA) of the samples after the cat
alytic reactions were performed using the TGA 1 Star System (Mettler 
Toledo, Schwerzenbach, Switzerland). Approximately 10 mg of the 
sample were heated from room temperature to 1100 ◦C at the rate of 10 
◦C min− 1 under flowing air at 30 mL min− 1.

2.3. Catalytic measurements

Methane dry reforming tests were carried out in a continuous-flow 
fixed-bed quartz reactor (inner diameter 12 mm). Catalyst powders 
(40–60 mesh) were diluted 1:9 by weight with SiC of the same mesh size 
to improve heat transfer. Before performing the catalytic test, samples 
were pre-treated in situ under 5 vol% O2/He (50 mL min− 1) at 350 ◦C for 
30 min, then cooled to room temperature and reduced in 5 vol% H2/He 
(30 mL min− 1) by heating to 750 ◦C (10 ◦C min⁻1) with a 1 h hold. The 
feed (15 vol% CH4 + 15 vol% CO2 in N2) was passed over 100 mg of 
catalyst at 100 mL min− 1 (STP), corresponding to GHSV =60,000 mL g⁻1 

h⁻1. Activity was maintained at 750 ◦C for 24 h to check the stability 
during the reaction. Inlet/outlet compositions were quantified by GC 
(Agilent 7890B) equipped with a DB− 1 capillary and molecular sieve 
columns using FID and TCD detectors to follow CH4, CO, CO2, H2, O2; 
H2O was removed by condensation at the reactor outlet. CH4 and CO2 
conversions (XCH4, XCO2) and H2 yield (YH2) were then calculated as 
usual from the measured flow compositions (Eqs. 4,5,6): 

XCH4(%) =
[CH4]

in
− [CH4]

out

[CH4]
in x 100 (4) 

XCO2(%) =
[CO2]

in
− [CO2]

out

[CO2]
in x 100 (5) 

YH2(%) =
[H2]

out

2[CH4]
in x 100 (6) 

3. Results and discussions

3.1. Catalytic results

Fig. 1 shows the evolution of CH4 conversion, CO2 conversion, H2 
yield and H2/CO ratio as a function of time on stream (TOS) for the four 
Ni-La catalysts prepared by one-pot or impregnation via hydrothermal 
or microwave routes (H-OP, H-IM, M-OP, M-IM). To facilitate a more 
direct quantitative comparison among the catalysts, the main catalytic 
parameters extracted at selected time-on-stream values, namely 5, 12, 
and 24 h, are summarized in Table 2.

For CH4 conversion (Fig. 1a), all catalysts display a slight decrease 
during the first 1–3 h, followed by a gradual stabilization under quasi- 
steady-state conditions. Over the whole test, the activity follows the 
order M-IM ≈ M-OP > H-OP > H-IM. The microwave-derived catalysts 
show the highest initial conversions (≈85–90%) and stabilize at 
≈ 69–71%, whereas H-OP reaches ≈ 62–64% and H-IM stabilizes 
slightly lower, at ≈ 61–63%. The initial decay is consistent with rapid 
carbon build-up and restructuring of the active phase under reaction. 
The milder activity loss of the MW-prepared catalysts is consistent with 
improved resistance to carbon accumulation and particle growth sup
ported by TEM/HAADF-STEM, H2/TPR and TGA measurements, dis
cussed in the following sections.

A similar trend is observed for H2 yield (Fig. 1c), with M-OP and M- 
IM maintaining the highest values, followed by H-OP and H-IM. CO2 
conversion (Fig. 1b) remains comparatively high and more stable 
throughout the test, following the order M-OP > M-IM > H-OP > H-IM. 
The systematically higher CO2 than CH4 conversion indicates the 
occurrence of parallel processes in addition to DRM, most notably 
reverse water-gas shift (RWGS), and possibly CO2-assisted gasification of 
carbonaceous species. These contributions are also consistent with the 
sub-stoichiometric H2 production observed under the adopted reaction 
conditions [4,68].

The H2/CO ratio remains below unity for all catalysts and decreases 
during the initial stage of the reaction before reaching a nearly constant 
value (Fig. 1d), confirming that hydrogen-consuming and additional 
CO-forming pathways contribute alongside DRM. Among the investi
gated samples, M-OP maintains the highest H2/CO ratio during most of 
the test (≈0.85), indicating a more favorable balance between DRM and 
side reactions.

Overall, the catalytic results clearly show that microwave-derived 
catalysts exhibit higher activity and improved stability than their hy
drothermal counterparts, while the one-pot approach provides a further 
advantage over impregnation in terms of catalyst performance. These 
differences point to a strong structure-function relationship, whose 
origin will be clarified in the following sections through the combined 
structural and microstructural characterization of the catalysts.

3.2. Characterization

3.2.1. Textural properties and chemical composition
Table 3 reports specific surface area, pore volume, and Ni content for 

the six samples. As it can be seen, the Ni-loaded materials are close to the 
nominal composition of 10 wt% for all the catalysts. Concerning the 
hydrothermal series, the Ni-free support H-La2O3 shows 16 m2 g− 1 and 
0.14 cm3 g− 1. Loading Ni slightly increases surface area to 19 m2 g− 1 for 
H-OP and 17 m2 g− 1 for H-IM, with pore volumes of 0.07 and 0.10 cm3 

g− 1, respectively. For the microwave series, the Ni-free M-La2O3 has the 
lowest textural values (11 m2 g− 1, 0.04 cm3 g⁻¹). Upon Ni addition, M- 
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OP reaches 14 m2 g− 1 and 0.07 cm3 g− 1, whereas M-IM shows 13 m2 g− 1 

and the highest pore volume, 0.12 cm3 g− 1. Overall, Ni incorporation 
yields surface-area increases relative to the corresponding supports, 
with the most marked pore-volume enhancement observed for the 
microwave-impregnated sample (M-IM).

3.2.2. Synchrotron X-ray characterization

3.2.2.1. Ex situ XRPD Model-free analysis of XRPD and PDF profiles.
Given the complexity of the ex situ XRPD and PDF datasets, and the 
presence of subtle but systematic differences among samples, Principal 
Component Analysis (PCA) was used as a model-free screening tool to 
identify the main variables governing the catalyst series prior to detailed 
phase analysis. By reducing data dimensionality, PCA enables the 
recognition of correlations, trends, and outliers that are not readily 
accessible through conventional inspection of individual peaks or 
interatomic-distance features. In the present case, this approach is 
particularly useful to clarify whether the synthesis route and the Ni 
incorporation strategy produce distinct structural fingerprints in the 
La–Ni–O precursor network. Main PCA results are (i) the score values 
associated with each measurement, which define its coordinates in the 
latent space formed by the principal components and can be used to 
compare profiles and identify data trends; and (ii) the loadings associ
ated with each value of the measured variables, which represent the 
contribution of each original variable to the principal component and 
can be used to provide a structural interpretation of the observed data 
trends.

PCA was performed on ex-situ X-ray data in reciprocal space (XRPD 
profiles) and direct space (PDF profiles) (Fig. 2). The XRPD profiles 
differ mainly in the trend of the background at low angles, as well as in 
the difference in height of some peaks, such as those at 2ϑ= 3.2◦ and 
3.5◦ (Fig. 2a). Instead, the differences among the PDF profiles are 
extended to the entire range of interatomic distances considered 
(Fig. 2b). Nevertheless, the arrangement of the representative points of 
the various samples in the score graph is similar for XRPD and PDF 
profiles (Fig. 2c,d) and can be interpreted in the following way: the first 

Fig. 1. Catalytic performance of Ni-La catalysts (H-OP, H-IM, M-OP, M-IM): (a) 
CH4 conversion vs TOS at 750 ◦C; (b) CO2 conversion; (c) H2 yield; (d) H2/CO 
ratio. Conditions: CH4/CO2 = 1 (15 vol% CH4 + 15 vol% CO2 in N2), 
100 mL min⁻1 (STP), m(cat) = 100 mg (GHSV = 60,000 mL g⁻1 h⁻1).

Table 2 
CH4 conversion, CO2 conversion, H2 yield, and H2/CO ratio of the Ni–La cata
lysts after 5, 12, and 24 h on stream during dry reforming of methane.

Catalyst TOS (h) XCH4 (%) XCO2 (%) H2 yield (%) H₂₂/CO

H-OP 5 70 86 58 0.80
12 65 87 53 0.76
24 62 85 51 0.74

H-IM 5 71 85 59 0.76
12 66 85 55 0.74
24 61 85 52 0.75

M-OP 5 75 90 65 0.85
12 70 90 60 0.83
24 69 89 57 0.84

M-IM 5 79 88 65 0.82
12 73 88 60 0.78
24 70 85 59 0.77

Table 3 
Textural properties and chemical composition obtained for the synthesized 
samples.

Samples Surface area 
(m2 g¡1)

Pore volume 
(cm3 g¡1)

Chemical compositiona

Ni (wt%)

H-La2O3 16 0.14 -
H-OP 19 0.07 9.99
H-IM 17 0.10 9.98
M-La2O3 11 0.04 -
M-OP 14 0.07 9.99
M-IM 13 0.12 9.99

a Determined by ICP-MS analysis
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principal component (PC1), which explains more than 80% of the total 
data variance in both spaces, separates the samples based on the treat
ment used during the synthesis phase (hydrothermal method, HT or 
microwave assisted, MW); the second principal component (PC2), which 
explains from 13% to 15% of the total data variance, distinguishes 
whether the sample was subjected to wetness impregnation (IM) or to 

one-pot synthesis (OP). The loadings values (Fig. 2e,f) allow to identify 
the features of the profiles that originate the above separations between 
representative points. They can be view in terms of X-ray diffraction 
background and peaks, mainly contributing at low 2ϑ values in recip
rocal space (Fig. 2e) or in terms of interatomic distances evenly 
distributed throughout the r interval in direct space (Fig. 2f). Despite the 

Fig. 2. Comparison of XRPD (left panel) and PDF (right panel) profiles by PCA (data collected at 68.36 keV (0.1814 Å). Profiles of the four samples are shifted one 
respect to the other (a,b); their representative points in the score plot of the first two principal components (PC1 and PC2), explaining respectively 81% and 14% of 
the total data variance for both XRPD and PDF profiles (b,c); and loading values of PC1 and PC2 (e,f). The main peaks of the identified phases are labelled in a.
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availability of information from reciprocal and direct space, it is difficult 
to interpret the origin of the differences among profiles in terms of 
structural features by using only a model-free analysis.

A closer inspection of the difference in the profiles, due to changes in 
temperature, can be given by comparing measurements at cryogenic 
conditions with those at room temperature. Figure S2 shows that they 
are much smaller than the differences among samples in case of XRPD 
profiles (representative points in Figure S2a are less separated than in 
Fig. 2c). PDF profiles are more affected by temperature changes, due to 
the strong overlap among PDF peaks from different crystal phases at 
higher temperatures (Figure S2b and Fig. 2d). For this reason, only the 
measurements at T = − 193 ◦C were considered for further analysis.

Overall, consistently with the score plots (shown in Figs. 2c and 2d), 
the four samples are clearly distributed along two well-defined charac
terization paths: the synthesis route, which dominates the separation 
along PC1, and the Ni incorporation mode, which provides a secondary 
but distinct separation along PC2. This result confirms that both XRPD 
and PDF data capture the same fundamental organization of the 
La–Ni–O precursor network, with the synthesis method representing the 
main source of structural variability across the catalyst series.

3.2.2.2. Ex situ crystal structure analysis of XRPD and PDF profiles. To 
assign a structural meaning to the model-free differences highlighted by 
PCA, the ex situ XRPD and PDF data were further analysed through phase 

identification and quantitative refinement. Three crystalline phases 
were identified in the fresh samples (Figure S3): La2NiO4 (COD code 
1008709) and La2NiO3.92 (COD code 1532215), both related to mixed 
Ni–La oxide domains, and La(OH)3 (COD code 4031381). Their relative 
abundances were quantified by Rietveld refinement of the XRPD pat
terns (Figure S4). To investigate the phase composition in the short- 
range, the PDF profiles were refined using a linear combination of the 
same three phases. As shown in Figure S5, the local structure of the 
samples is satisfactorily reproduced by this model, allowing only slight 
variations in lattice parameters and isotropic thermal factors.

The weight fractions obtained from the Rietveld analysis are re
ported in Fig. 3a. These results provide a quantitative basis to interpret 
the PCA trends observed in Fig. 2. Indeed, when each sample is 
described only by the relative abundances of La2NiO4, La2NiO3.92 and La 
(OH)3, the resulting PCA score plot (Fig. 3b) reproduces the same sample 
distribution already observed from the experimental XRPD and PDF 
profiles, apart from the arbitrary inversion of the PC signs. This is 
consistent with the fact that the structural variability detected by the 
model-free analysis is mainly governed by differences in phase 
composition.

More specifically, PC1, which explains 89.5% of the total variance, is 
mainly associated with the abundance of La2NiO3.92, indicating that the 
dominant effect of the synthesis route is to modify the relative fraction of 
this phase, which increases from the HT to the MW samples. PC2 is 

Fig. 3. Weight fractions determined for fresh samples (a) and their comparison by PCA (b,c), where each sample is described by the set of the weight fractions shown 
in a). Score plot of the first two principal components (PC1 and PC2), explaining respectively 89.5% and 10.5% of the total data variance, showing the representative 
points of the four samples; b) loading plot of PC1 and PC2 for the three crystal phases. Arrows in (b) indicate the interpretation of the point separations based on the 
loading values. Statistical errors calculated from the fit are reported in (a).
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instead mainly associated with La2NiO4, with La(OH)3 contributing with 
opposite sign, indicating that the Ni incorporation strategy further 
modulates the phase distribution. Moving from OP to IM preparation 
results in an increase in La2NiO4 and a decrease in La(OH)3. Overall, 
these results show that the structural differences among the fresh cata
lysts can be rationalized in terms of systematic changes in the La–Ni–O 
phase balance induced by the preparation pathway. The synthesis route 
emerges as the primary factor controlling phase composition, while the 
Ni incorporation mode provides an additional level of structural 
modulation.

3.2.2.3. Operando structural characterization. To identify the stages at 
which the main structural transformations occur during catalyst acti
vation and DRM operation, synchrotron operando experiments were 
performed according to the protocol reported in Figure S1, using H-OP 
and M-OP as representative samples of the hydrothermal and 
microwave-assisted series, respectively. The combined XRPD, PCA and 
XAS results indicate that the major structural evolution takes place 
during the reduction step (stages 01–03), whereas only minor changes 
occur once the catalysts are under DRM conditions (stages 06–07). As 
shown in Fig. 4a,b, the XRPD profiles undergo significant changes in 
peak position and intensity during heating in stage 02, indicating a 
pronounced structural rearrangement in both samples. This behaviour is 
quantitatively captured by the PCA-derived reaction coordinate 
(Fig. 4c), which shows a marked transition centred around 500 ◦C, with 
smaller variations already detectable from about 300 ◦C onward. The Ni 

K-edge XAS spectra evolve within the same temperature interval 
(Figure S6), reflecting changes in the Ni oxidation state in the XANES 
region together with a rearrangement of the local coordination envi
ronment in the EXAFS region. Altogether, these observations identify 
the reduction treatment as the key step responsible for the conversion of 
the fresh mixed La-Ni-O precursor into the structurally active catalyst.

To better resolve the nature of this transformation, qualitative and 
quantitative phase analysis was carried out on a subset of representative 
operando XRPD profiles. For the reduction step, measurements 7–9 of 
stage 02 were selected to follow the onset of the transition along the 
reaction coordinate, while measurement 12 was chosen to represent the 
steady state immediately after the transition. For the dry reforming step, 
the first and last measurements of stage 07 were selected (Fig. 5). The 
phase analysis of these representative profiles further clarifies the 
structural evolution. At stage 01, the XRPD patterns of the fresh samples 
are described by the same three phases previously identified ex situ, 
namely La2NiO4, La2NiO3.92 and La(OH)3, and their relative abundances 
are consistent with those obtained from the ex situ analysis reported in 
Fig. 3. During reduction, these initial phases are progressively replaced 
by the new crystalline phases La2O3 and metallic Ni, showing that the 
activation treatment converts the La-Ni-O precursor into the reduced 
catalyst. The transient region around 500 ◦C (stages 02.8–02.9) is 
particularly informative, because at this stage the fraction of metallic Ni 
is higher in H-OP than in M-OP, indicating that Ni in H-OP is reduced at 
lower temperature or more easily, while in M-OP a larger fraction of Ni 
remains oxidized at the same temperature. This interpretation is in 

Fig. 4. In situ XRPD profiles, arbitrarily shifted one respect to the other, measured during the reduction step applied to the H-OP (a) and M-OP (b) samples. The stage 
number is reported on the right. Temperature values applied on the samples during the measurements and values of reaction coordinate, as determined by the scores 
of the first principal component, which explains 81.1% of the total data variance, determined by PCA applied to the data matrices shown in a, plotted as a function of 
the measurement number (c). The main peaks of the identified phases are labelled in (a).
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agreement with the H2-TPR results, which showed that the high- 
temperature reduction domain is shifted to lower temperature in the 
hydrothermal sample and to higher temperature in the microwave- 
derived one. In this respect, the XAS evolution provides a consistent 
complementary picture: H-OP tends to form metallic Ni more readily, 
whereas in M-OP the reduction is shifted to higher temperature. How
ever, this easier reduction in H-OP likely reflects a less integrated La-Ni- 
O precursor structure rather than a more favourable catalytic state. By 
contrast, the reduction of M-OP at higher temperature is consistent with 
a more strongly integrated structure; once formed, the metallic Ni phase 

is likely better dispersed and better stabilized, which is more beneficial 
for catalytic activity retention and coke resistance. Moreover, the lower 
amount of metallic Ni detected by XRPD in M-OP at this temperature 
may also reflect the smaller size and higher dispersion of the reduced Ni 
crystallites, which are expected to be less easily detected by diffraction. 
This interpretation is coherent with the TEM observations on the 
reduced catalysts (see next section), which show finer and more 
embedded Ni nanoparticles for the microwave-derived sample, and with 
the catalytic results, where M-OP exhibits superior DRM stability despite 
its less prone to be reduced.

Fig. 5. Weight fractions determined for H-OP (a) and M-OP (b) determined on representative XRPD profiles collected during the operando experiment. The stage 
number of the in situ protocol (Fig. S1) is reported on the horizontal axis. Statistical errors calculated from the fit are reported.

Fig. 6. Superposed XRPD profiles (a,c) and XAS spectra at the Ni edge (b, d) collected during the dry reforming step (stages 06–07) for H-OP (a,b) and M-OP (b,d). 
The main peaks of the identified phases are labelled in (a).
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Under DRM conditions, the relative abundance of La2O3 and metallic 
Ni remains nearly constant, indicating that no major phase redistribu
tion occurs once the reduced catalyst is formed. Consistently, the XRPD 
profiles and XAS spectra collected during the dry-reforming step remain 
largely unchanged (Fig. 6), and only limited residual evolution is 
detected. In particular, PCA applied to the operando XRPD profiles 
(Figure S7) suggests a slightly different behaviour for M-OP, with the 
appearance of trace amounts of a weakly diffracting crystalline phase 
tentatively attributable to carbonaceous species. Since its contribution 
to the diffraction pattern is estimated to be below 1%, however, its 
identification remains uncertain, and the observed signal may also 
reflect the development of a minor ordered La-containing surface phase. 
In addition, a slight but continuous increase in the average crystallite- 
domain size of La2O3 is observed with time-on-stream (Figure S10). 
Since stage 07 is isothermal, this evolution cannot be ascribed to a 
temperature effect and instead points to a genuine progressive modifi
cation of the catalyst under operando DRM conditions. In agreement 
with this interpretation, the monotonic trend of the PCA scores in 
Figure S7 supports a slow and continuous evolution of the reduced 
structure during reaction. The gas-analyser output (Figure S8) further 
supports this interpretation, since the detected gas composition matches 
the feed changes imposed during the operando protocol and confirms 
the onset of catalytic activity under DRM conditions. In particular, H2 
formation is observed during stage 07 and reaches an estimated relative 
concentration of about 25%. Taken together, these operando results 
show that catalyst activation is governed by a well-defined reduction- 
driven transformation of the La-Ni-O precursor into La2O3 and metallic 
Ni, while the DRM stage proceeds on a largely stabilized reduced 
structure. In this framework, the superior catalytic behaviour of M-OP 
can be rationalized not by easier reducibility, but by the formation, after 
activation, of a metallic Ni phase that is more finely dispersed and more 
effectively stabilized within the catalyst structure.

3.2.3. TEM analysis

3.2.3.1. Fresh catalysts. TEM and HAADF-STEM/EDS element map 
(Figure 7, and S11) analysis of the freshly prepared catalysts revealed 
the presence of atomically dispersed Ni atoms within both amorphous 

and crystalline Ni-La-based grains, alongside monometallic La-based 
grains. Notably, no formation of segregated monometallic Ni-based 
grains was observed in any of the samples. This absence is illustrated 
in Fig. 7 for the microwave-derived samples and is representative of all 
catalysts examined. MW samples (i.e., M-IM, M-OP) exhibited highly 
dispersed, regular-shaped Ni-La crystallites with a more uniform size 
distribution (10–60 nm) compared to the hydrothermal-derived samples 
(i.e., H-IM, H-OP), where Ni-La grains with less regular morphology and 
significantly larger sizes (up to 200 nm) were observed. Elemental 
analysis of the various Ni-La grains in the microwave-derived samples 
revealed a highly homogeneous Ni/La molar ratio of 1:2, consistent with 
the presence of a La2NiO4 phase, as identified by XRPD analysis. In 
contrast, the bimetallic Ni-La grains in the hydrothermal-derived sam
ples exhibited a broader range of Ni/La molar ratios in the different 
grains, ranging from 1:1–1:2, along with a higher fraction of mono
metallic La-based grains.

HRTEM analysis of the crystalline grains containing both Ni and La 
atoms a D-spacing of 3.8 Å in all analysed samples that can be ascribed to 
(111) group planes of the La2NiO4 crystalline phase, as identified by 
XRPD analysis.

3.2.3.2. Reduced catalysts. TEM and HAADF-STEM/EDS elemental 
mapping of the various samples revealed the presence of highly 
dispersed reduced Ni nanoparticles (NPs) distributed across the La- 
based support. The M-OP-R catalyst (Fig. 8 A and S12) contains Ni 
NPs with an average diameter of 10.2 nm and a relatively narrow size 
distribution ranging from 4 to 18 nm. The Ni NPs appeared partially 
encapsulated by it, indicating a strong metal-support interaction (SMSI) 
[69] (Fig. 8 A and S12). Due to the two-dimensional nature of the 
analysis, it is challenging to assess the actual exposure of Ni NPs on the 
catalyst grain surface. However, no Ni nanoparticles were observed on 
the outer shell of all analysed grains, suggesting that the NPs are 
well-embedded within the support. M-IM-R catalyst exhibited slightly 
larger Ni nanoparticles (mean diameter: 16.1 nm) along with a broader 
particle size distribution ranging from 4 to 28 nm. Unlike the previously 
described sample, a minor fraction of Ni nanoparticles was observed to 
be partially covered by the support, while the majority appeared 
exposed on the surface of the catalyst grains (Figure S13), suggesting a 

Fig. 7. HAADF-STEM element mapping of Ni (green) and La (red) and HRTEM analysis of the Microwave-derived samples: A) M-OP; B) M-IM.
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weaker metal-support interaction derived by the synthesis protocol.
On the other hand, HT-derived samples showed larger particle size 

distribution respect to their analogous ones obtained by MW approach. 
Particularly, H-OP-R exhibited Ni NPs well-centred at 16.0 nm, as mean 
particle diameter along with 4–28 nm size range. A large amount of Ni 
NPs partially covered by the support were observed (Figure S14). 
Finally, H-IM-R (Figure S15) catalyst showed the largest particle size 
distribution respect the other catalysts, ranging mainly from 8 to 36 nm, 
together with the presence of NPs larger than 40 nm.

For the different catalysts, the mean Ni dispersion, calculated as 
exposed fraction (FE) of metallic Ni particles, was estimated from the 
relative size distributions obtained by TEM micrographs applying the 
equation: 

FE =
5.01 dat

dVS
x 100 (7) 

where dVS = volume-surface mean diameter of Ni particles, dat = atomic 
diameter of Ni (0.248 nm) [70]. As a result, the mean Ni dispersion 
values are 10.2%, 6.4%, 6.3% and 4.7% for M-OP-R, M-IM-R, H-OP-R 
and H-IM-R, respectively.

3.2.3.3. Spent catalysts. TEM analysis of the spent catalysts (i.e., M-OP- 
S, M-IM-S, H-OP-S, H-IM-S, Figure S16) revealed no signs of serious 
metal sintering, indeed similar NPs size distributions respect to the 
corresponding freshly reduced catalysts were observed. In H-OP-S and 
M-OP-S catalysts the presence of a modest quantity of carbonaceous 
deposits, including carbon nanotubes and graphitic carbon, was detec
ted. The formation of graphitic carbon was observed at the surface of the 
Ni NPs that remain mainly located at the surface of the support.

On the other hand, in case of H-IM-S and M-IM-S catalyst the for
mation of abundant filamentous carbon (CNT-like), with a significant 
fraction of Ni encapsulated within the filaments was observed, pointing 
to weaker metal-support interaction and a higher propensity for filament 
growth relative to the one-pot catalysts.

3.2.4. H2-TPR analysis
After defining the phase composition and structural evolution of the 

catalysts through ex situ and operando X-ray analyses, and relating these 

features to Ni dispersion by TEM, the H2-TPR results provide comple
mentary insight into the reducibility of the different Ni–La systems. In 
this framework, the reduction profiles can be interpreted as a probe of 
the strength of Ni stabilization within the La-Ni-O matrix and of the ease 
with which the active reduced phase is generated. The H2-TPR profiles 
of H-OP, H-IM, M-OP, and M-IM display two main reduction domains 
(Fig. 9): a low-temperature region (200–400 ◦C) and a high-temperature 
region (420–800 ◦C). Considering the complexity of Ni-containing La- 
based mixed oxides, in which Ni may occur in different local environ
ments and with different interaction strengths rather than exclusively as 
segregated NiO species, the low-temperature region should not be 
interpreted exclusively as the reduction of weakly interacting NiO spe
cies. Rather, it may also include contributions from the release of labile 
oxygen associated with highly dispersed, defective La-Ni-O surface sites 
within La2NiO4-type grains [71].

By contrast, the high-temperature domain (420–800 ◦C) can be 

Fig. 8. Representative TEM micrograph and corresponding histogram of Ni particle size distribution of: A) M-OP-R B) M-IM-R; C) H-OP-R; D) H-IM-R catalysts.

Fig. 9. H2-TPR profiles of H-OP, H-IM, M-OP, and M-IM catalysts.
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assigned to the reduction of strongly bound Ni2+ and La-Ni-O perov
skite-like domains to Ni0 + La2O3 [72]. This interpretation is consistent 
with the structural evidence discussed above and is further supported by 
the TEM observations, which point to a high degree of La-Ni structural 
integration rather than to the predominant presence of segregated 
NiO-like particles.

Within this framework, the differences observed among the samples 
can be rationalized in terms of the structural features of the La-Ni-O 
domains. Microwave-derived samples (M-OP, M-IM) show smaller and 
more regular La-Ni-O crystallites (10–60 nm); accordingly, their high 
temperature peaks occur at higher temperatures (M-OP T = 730 ◦C, M- 
IM T = 648 ◦C) than the hydrothermal analogues. Hydrothermal sam
ples (H-OP, H-IM) display larger, less regular grains (up to 200 nm) and 
reduce at lower temperatures (H-OP T = 590 ◦C, H-IM T = 555 ◦C), 
consistent with weaker Ni-support interaction.

It is worth noting that easier reducibility does not necessarily indi
cate superior catalytic performance. In the present Ni–La systems, the 
lower reduction temperature of H-OP is consistent with weaker stabili
zation of Ni species within a less integrated La–Ni–O framework. This 
may facilitate the formation of metallic Ni during reduction but does not 
ensure the generation of a finely dispersed and strongly anchored active 
phase. Conversely, the higher reduction temperature observed for M-OP 
reflects stronger Ni stabilization within a more integrated La–Ni–O 
structure. After the reduction treatment at 750 ◦C, this structural feature 
favors the formation of more finely dispersed and better stabilized Ni 
nanoparticles, as supported by TEM analysis, thereby improving activity 
retention and resistance to filamentous carbon formation under DRM 
conditions.

This shift to higher reduction temperature for the microwave derived 
samples is consistent with a stronger stabilization of Ni species within 
more integrated La–Ni–O frameworks, likely promoted by the etha
nol–glycerol polyol environment during synthesis.

In addition to the synthesis route, the Ni incorporation method 
further modulates reducibility. A slight shift of the reduction peaks to 
higher temperature is observed for both the one-pot samples, suggesting 
more continuous La-Ni-O matrices and stronger metal-support in
teractions compared with the impregnated counterparts.

To assess reducibility, the H2 uptake was integrated over 200–400 ◦C 
(low-T) and 420–800 ◦C (high-T) and compared with the theoretical 
demand for full reduction Ni2+→Ni0 (42 mL g⁻¹; Table 4). The total 
experimental consumptions are H-OP = 52 mL g− 1, H-IM = 54 mL g− 1, 
M-OP = 55 mL g− 1, and M-IM = 54 mL g− 1. Since all values exceed the 
theoretical amount requested, the only Ni2+→Ni0 reduction is unlikely. 
Indeed, a fraction of Ni3+ (in which case the theoretical total approaches 
= 62 mL g− 1) cannot be excluded. In addition, the removal of labile 
lattice oxygen from defective La–Ni–O domains may occur during 
reduction, leading to the formation of oxygen vacancies and further 
contributing to the overall H2 uptake. The decomposition of lanthanum 
oxycarbonates and hydroxylated carbonated La-containing species may 

also contribute to the measured H2 consumption, as reported for La- 
containing Ni catalysts. Therefore, the higher-than-theoretical H2 up
take should be regarded as the result of multiple overlapping processes, 
including Ni reduction, possible oxygen-vacancy formation, and 
decomposition/removal of labile La-containing species. [73–75]. Over
all, the TPR results confirm that the reducibility of these catalysts is 
governed by the structural organization of the La-Ni-O precursor and not 
merely by the presence of isolated Ni oxide species. On this basis, a 
pre-reduction at 750 ◦C was adopted prior to the DRM tests.

3.2.5. TGA measurements
The thermogravimetric profiles of the spent catalysts (Fig. 10) show 

a major weight loss between 500 and 750 ◦C, with multi-step DTG fea
tures mainly attributable to the oxidation of carbonaceous deposits 
formed during DRM. However, in these La-containing catalysts, over
lapping decomposition processes of support-related phases may also 
contribute to the same temperature range. Therefore, the total weight 
loss cannot be assigned only considering coke combustion, so an accu
rate absolute quantification of the carbon content from TGA alone would 
be affected by significant uncertainty.

Despite this limitation, a clear qualitative and semi-quantitative 
correlation with TEM observations can be established. In particular, 
M-IM-S and H-IM-S, which exhibit abundant CNT-like filamentous car
bon in TEM, display more intense DTG features extending toward higher 
temperatures (≥650–700 ◦C), consistent with the presence of a larger 
amount of more oxidation-resistant carbon deposits [76]. By contrast, 
M-OP-S and H-OP-S show only a modest amount of TEM-visible carbo
naceous species, mainly in the form of thin graphitic layers and limited 
CNTs, and display less intense DTG contributions overall. The oxidation 
features of the one-pot samples appear at relatively lower temperatures, 
however, this behavior should not be interpreted straightforwardly as 
evidence of lower carbon structural order, since the apparent combus
tion temperature is also influenced by carbon morphology, defect den
sity, metal-carbon contact and oxygen accessibility [77,78]. In 
particular, carbon species formed in close contact with Ni nanoparticles 
located mainly at the support surface may be more readily oxidized 
under air. Moreover, although the one-pot catalysts show less carbo
naceous residue by TEM, they may display a relatively large total weight 
loss in TGA. This apparent discrepancy likely arises because TGA in air 
reflects not only coke combustion but also other mass-loss processes 
occurring in the same temperature range. Owing to their more inte
grated La–Ni–O networks, the one-pot materials may accumulate labile 
La-based species during DRM, such as La2O2CO3 and La(OH)3, whose 
decarbonation and dehydroxylation can partially overlap with carbon 
oxidation, thus inflating the apparent coke contribution. The unusually 

Table 4 
Theoretical and experimental H2 consumption (mL g− 1) of catalysts calculated 
by TPR analyses.

Samples Experimental H2 consumption 
(mL g¡1)

Theoretical H2 consumption 
(mL g¡1)

H-OP 13.0 (200–420 ◦C) 
39.0 (420–800 ◦C)

42.0 (Ni2+/Ni0)

Total = 52.0
H-IM 14.0 (200–420 ◦C) 

40.0 (420–650 ◦C)
Total = 54.0

M-OP 14.0 (200–420 ◦C) 
41.0 (420–800 ◦C)
Total = 55.0

M-IM 12. 0 (200–420 ◦C) 
42.0 (420–800 ◦C)
Total = 54.0 Fig. 10. TGA profiles of the catalysts after TOS at 750 ◦C for 24 h.
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large weight loss of H-OP-S, despite the modest amount of TEM-visible 
coke, is therefore plausibly associated with the concurrent decomposi
tion of non-carbon phases, such as La(OH)3 → La2O3 + H2O and 
La2O2CO3 → La2O3 + CO2, together with carbon oxidation [79,80].

Overall, the combined TGA and TEM evidence indicates that the 
impregnated catalysts have a higher propensity toward filamentous 
carbon formation. Conversely, the one-pot catalysts limit the develop
ment of filamentous coke, supporting the beneficial role of a more in
tegrated La–Ni–O precursor architecture in improving resistance to 
carbon-related deactivation.

4. Conclusions

This work suggests that the synthesis pathway plays a decisive role in 
determining the structural organization, reducibility, and catalytic 
behavior of Ni–La catalysts for dry reforming of methane. The combined 
comparison of hydrothermal and microwave-assisted routes, together 
with one-pot and post-synthesis Ni incorporation, indicates that the 
preparation method influences the architecture of the La–Ni–O precur
sor and is associated with differences in properties of the active catalyst 
generated upon reduction.

Ex situ XRPD/PDF, supported by PCA and TEM analyses, revealed 
clear structural differences among the fresh catalysts as a function of 
both synthesis route and Ni incorporation strategy. In particular, 
microwave-assisted synthesis led to smaller, more homogeneous, and 
more regular La–Ni–O domains, while one-pot preparation promoted a 
more integrated catalyst architecture than impregnation. These features 
were found to strongly influence the reduction behavior and the stabi
lization of the metallic Ni phase.

Operando XRPD/XAS showed that the main structural trans
formation occurs during the reduction step, where the mixed La–Ni–O 
precursor evolves into La2O3 and metallic Ni, whereas only limited 
modifications take place under DRM conditions. In this perspective, the 
superior catalytic performance cannot be simply ascribed to easier 
reducibility, but rather to the formation of a more finely dispersed and 
better stabilized Ni phase derived from a more integrated precursor 
structure.

Catalytic tests, combined with TEM and TGA on reduced and spent 
catalysts, suggest that microwave-derived materials exhibit higher ac
tivity and improved stability than their hydrothermal counterparts, 
consistent with their finer and more homogeneous La–Ni–O domains 
and improved Ni dispersion. Conversely, the reduced formation of fila
mentous carbon is mainly associated with the one-pot Ni incorporation 
strategy, since both M-OP and H-OP developed substantially less CNT- 
like carbon than the corresponding impregnated catalysts. Among the 
investigated materials, M-OP provided the best overall balance between 
activity, stability, Ni stabilization and resistance to filamentous coke 
formation.

Overall, these results identify precursor architecture as the key 
descriptor linking synthesis route to catalyst performance and establish 
microwave-assisted one-pot synthesis as a particularly effective strategy 
for the design of robust Ni-based DRM catalysts for greenhouse-gas 
valorization.
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