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Abstract 
Ethanol steam reforming is a promising route for hydrogen production from 

renewable sources, but catalyst deactivation caused by metal sintering and 

carbon deposition remains a major limitation. Hence, the search for novel 

stable catalysts is imperative. A promising approach is using the catalysts 

based on high-entropy perovskites, which possess high oxygen mobility and 

surface reactivity, as well as enhanced stability, which may contribute to the 

suppression of catalyst sintering and coke formation. In this study, the cata-

lysts for ethanol steam reforming based on high-entropy perovskites 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (LCMFCN) and La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 

(LTMFCN) were studied in comparison to the catalyst based on low-entropy 

perovskite LaMnO3−δ. The Ni-supported high-entropy perovskite catalysts 

showed improved ethanol steam reforming behavior compared with 

Ni/LaMnO3−δ, giving nearly complete ethanol conversion and H2/CO ratios 

above 3 at 700 °C. Among the studied catalysts, Ni/LCMFCN showed the 

strongest individual performance, reaching 99.84 % ethanol conversion, 

54.99 % H2 yield, and H2/CO ratio of 3.38 at 700 °C. The 20 h stability test 

further showed that Ni/LCMFCN maintained nearly complete ethanol conver-

sion with stable product selectivity. Post-reaction TEM analysis did not re-

veal massive carbon deposits blocking the catalyst surface. In the high-

entropy perovskite-based catalysts, carbon was mainly observed in the form 

of filamentous carbon structures; no extensive surface-blocking coke layer 

was detected. 
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Key findings 
● The catalysts based on Ni and high-entropy perovskites demonstrate consistent perfor-

mance in ESR, exhibiting nearly complete conversion of ethanol. 

● The structural stability of the catalysts and the absence of substantial carbon deposit for-

mation are revealed after short-term stability tests. 

● DFT calculations demonstrate the absence of a strong dependence of the density of states 

on a particular B-ion arrangement. 

● This suggests that the material can tolerate local B-site disorder without losing the perov-

skite-like electronic structure. 
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1. Introduction 

Hydrogen production from renewable feedstocks is an im-

portant direction in the development of cleaner energy 

and chemical technologies [1–4]. Among the different liq-

uid hydrogen carriers, ethanol is particularly attractive 

because it can be produced from biomass, has a high hy-

drogen content, is relatively safe to store and transport, 

and can be converted into hydrogen-rich gas mixtures un-

der catalytic conditions [4–6]. Ethanol steam reforming 

(ESR) is therefore considered one of the promising routes 

for renewable hydrogen production, especially for decen-

tralized or small-scale hydrogen generation systems [7–

15]. The overall ESR reaction can be written as follows: 

C2H5OH + 3H2O → 6H2 + 2CO2. (1) 

In practice, however, ethanol steam reforming does not 

proceed through a single reaction pathway. It includes a 

complex network of parallel and consecutive reactions, 

such as ethanol dehydrogenation to acetaldehyde, ethanol 

dehydration to ethylene, C–C bond cleavage, methane 

steam reforming, and the water-gas shift reaction [5,6,16–

22]. These reactions determine the final distribution of H2, 

CO, CO2, CH4, and carbon-containing surface species. 

Therefore, an efficient ESR catalyst must not only activate 

ethanol and water, but also promote cleavage of the C–C 

bond, suppress dehydration routes leading to ethylene, 

and prevent the accumulation of carbon depos-

its [21,23,24]. 

Ni-based catalysts are widely used in ethanol reform-

ing because nickel is relatively inexpensive and active in 

C–C bond cleavage [25–29]. However, their practical ap-

plication is often limited by catalyst deactivation. The 

main reasons are sintering of metallic particles at elevated 

temperatures and carbon deposition caused by ethanol 

decomposition, ethylene polymerization, methane crack-

ing, and the Boudouard reaction [23,24]. These processes 

block active sites, change the catalyst surface, and reduce 

long-term stability. For this reason, the design of oxide 

supports and catalyst precursors capable of stabilizing 

active Ni-containing species and removing carbon inter-

mediates is one of the central challenges in ESR cataly-

sis [22,30–34]. 

A new class of high entropy metal oxides has recently 

attracted increasing attention due to their extensive po-

tential for tailoring the material’s functions in electroca-

talysis [35], reversible energy storage [36] and electro-

chemistry [21]. The perovskite oxides have been the sub-

ject of much research due to their thermal stability, oxy-

gen storage capacity, and oxygen ion conductivity [30,37]. 

Perovskite-type LaNiO3, LaCoO3, LaMnO3 and LaFeO3 cata-

lysts have been prepared using the combustion method. 

The reduced LaNiO3 catalyst has been highly active and 

selective for the autothermal reforming reaction, produc-

ing 3.2 H2 molecules per ethanol molecule. The perovskite-

derived catalysts have been more active, stable, and selec-

tive for hydrogen production [31,38]. Using Ni-containing 

complex oxide precursors (perovskites) or fluorite-like 

oxide supports with a high oxygen mobility has been an-

other extremely effective strategy to increase stability of 

these catalysts. These rare-earth element-containing sys-

tems have combined two incredibly helpful properties to 

produce catalysts that block two primary pathways for 

deactivation: strong Ni-support contact prevents the dis-

persed metallic species from sintering, while oxygen mo-

bility offers a bi-functional mechanism of the steam re-

forming reaction, preventing the production of coke [39–

41]. 

High-entropy perovskite oxides (HEPO) have been used 

in many applications due to their unrivaled structure and 

catalytic characteristics such as air electrodes in solid ox-

ide fuel cells [42–44]. In perovskite structures, several 

elements have been combined in one place in order to cre-

ate the HEPO legend. Perovskite oxides ABO3 have exhibit-

ed exceptional and varied physical properties that have 

made them useful for a wide range of applications includ-

ing enhanced catalytic activity [44–49], chemical and 

thermal stability [40,50,51], thermal conductivity [52,53] 

and energy [49,54]. In addition, they can be used as die-

lectrics [55], photocatalysts [56,57], ferroelectric and mul-

tiferroic materials, proton conductors [58,59]. The use of 

HEPO catalysts in ethanol steam reforming has been a new 

approach solving the main problem of this reaction, name-

ly rapid deactivation of the catalysts. Ni-supported cata-

lysts have been often used in steam reforming due to their 

good C–C bond cleavage capability and their cost-

effectiveness in practical applications [25,26]. The scheme 

of the ESR reaction over such Ni-based catalysts can be 

written as follows (Equations (2)–(4)) [60–63]: the etha-

nol decomposes on the oxidized active sites (Me–OS): 

C2H5OH + Me–OS = 2CO + 3H2 + Me, 
(2) 

and water decomposes on the surface oxygen vacancies 

of the oxide support (VO): 

H2O + VO = H2 + OS, 
(3) 

followed by fast diffusion of surface oxygen to the 

metal-support interface: 

OS + Me = Me–OS + VO. 
(4) 

Although the primary focus of developing new catalysts 

for ESR has been increasing the H2 yield, another problem 

in ESR research has been minimizing catalyst deactivation 

by coke formation through active site optimiza-

tion [23,24]. Ni/(CeO2–ZrO2) (Ni/CZ) catalysts have been 

considered to be the preferred steam reforming catalysts 

[32–34]. It has been reported that the interaction between 

Ni and CexZr1−xO2 affects oxygen vacancy formation and 

the corresponding catalytic behavior of the Ni/CexZr1−xO2 

ESR catalyst [32]. A 5 wt. % Ru/Al2O3 and a 

5 wt.% Ru/MgO–Al2O3 catalysts have been synthesized to 

be used in ethanol steam reforming for the production of 
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hydrogen resulting in 100 % ethanol conversion with high 

H2 selectivity and remarkable stability after 45 h of expo-

sure to the reaction mixture at 700 °C for Ru/Al2O3 cata-

lyst [64]. 

The same Ni/LaMnO3−δ, 

Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ, and 

Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ perovskite systems 

were previously investigated in ethanol dry reforming, 

where CO2 served as the oxidizing component of the reac-

tion mixture [65]. In that environment, the high-entropy 

perovskite-based catalysts showed promising oxygen mo-

bility, catalytic stability, and resistance to massive coke 

accumulation. However, ethanol steam reforming pro-

ceeds under different redox conditions because H2O acti-

vation, water-gas shift chemistry, and steam-assisted car-

bon removal become dominant. Therefore, the present 

work examines whether the stabilizing effect of high-

entropy perovskite design can also be transferred from a 

CO2-containing dry reforming feed to a H2O-containing 

steam reforming feed. The findings from this work assert 

the efficacy of employing high entropy perovskite catalysts 

as an advanced catalysts of ethanol steam reforming. 

In this work, high-entropy perovskites 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ and 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ were investigated as cata-

lysts and catalyst precursors for ethanol steam reforming. 

LaMnO3−δ was used as a low-entropy reference sample in 

order to evaluate the effect of B-site high-entropy compo-

sition. In addition, 5 wt. % Ni-supported catalysts based 

on these perovskites were prepared to study how the high-

entropy oxide matrix influences the formation and stabili-

zation of active Ni-containing surface species. The cata-

lysts were characterized by X-ray diffraction, N2 adsorp-

tion-desorption, Fourier-transform infrared spectroscopy 

(FTIRS) of adsorbed CO, H2-temperature-programmed 

reduction, transmission electron microscopy, and density 

functional theory calculations. Their catalytic performance 

was evaluated in ESR with particular attention to ethanol 

conversion, hydrogen yield, H2/CO ratio, stability, and 

post-reaction carbon formation. The main aim of this 

study is to evaluate high-entropy perovskite catalysts and 

Ni-supported catalysts based on them in ethanol steam 

reforming. 

2. Materials and methods 

2.1. Catalyst preparation 

The high-entropy perovskite catalysts LaMnO3−δ (LM), 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (LCMFCN), and 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (LTMFCN) were synthe-

sized via Pechini and citrate methods [65]. Catalysts with 

5 wt. % Ni were prepared by the incipient wetness im-

pregnation of the obtained oxides with an aqueous solu-

tion of Ni(NO3)2 and subsequent drying and calcination at 

700 °C in air. Six nitrates of the relevant cations were 

used: La(NO3)3·6H2O, C16H36O4Ti, Cr(NO3)2·6H2O, 

Mn(NO3)2, Fe(NO3)3·9H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, 

citric acid (CA) and ethylene glycol (EG). La nitrate and 

the five other nitrates were dissolved in a solution consist-

ing of citric acid dissolved in ethylene glycol and mixed 

continuously for one hour. The resulting mixture was 

placed in a drying oven at 80 °C to obtain the gel. The gel 

was calcined in an oven at 700 °C for two hours. The ratio 

of CA:EG:M (M = Cr, Ti, Mn, Fe, Co, and Ni) was 

3.75:11.25:1. 

Ni supported catalysts with 5 wt. % Ni were synthe-

sized using the incipient wetness impregnation method of 

obtained oxides with an aqueous solution of Ni(NO3)2 and 

subsequent drying and calcination at 700 °C. 

2.2. Characterization 

2.2.1. X-ray diffraction (XRD) 

The crystal structure and phase composition of the cata-

lysts were characterized by X-Ray diffraction. The footage 

was taken with the Tongda TD-3700 (China) diffractome-

ter, in the 10–70° range with a step of 2θ = 0.05° and a 

storage time of 3 s with the use of the Mythen2R 1D linear 

detector (Dectris, Switzerland). Cu Kα radiation 

(λ = 1.5418 Å) was used. 

2.2.2. N2 adsorption-desorption isotherm 

The N2 adsorption-desorption experiments were carried 

out to study the texture of the samples. The catalysts were 

first prereduced in a stream of 5 % H2 in He at 600 °C for 

an hour and cooled to a room temperature. Brunauer–

Emmett–Teller (BET) specific surface areas, pore sizes and 

pore volume were measured through nitrogen adsorption-

desorption isotherms at liquid nitrogen temperature in a 

Micromeritics ASAP 2000 apparatus. 

2.2.3. CO chemisorption 

The dispersion of Ni particles was studied by the CO chem-

isorption technique, as described in the work [66]. The 

catalysts were prereduced in a stream of 5% H2 in He at 

700°C for an hour. The passivated samples (with a mass of 

0.2–0.7 g) were preliminarily heated in He flow at 100 °C 

(flow rate of 60 ml/min). Subsequently, the He flow was 

substituted by the H2 flow (flow rate of 60 ml/min). The 

samples were heated to 350 °C and held for 1 h. Then, the 

samples were cooled to room temperature in the He flow. 

Subsequently, the catalyst samples were subjected to pulse 

titration with CO at ambient temperature. The amount of 

unabsorbed CO following each pulse was determined 

through the utilization of gas chromatography, employing 

a thermal conductivity detector. A single titration pulse 

contained 2.6198 μmol CO. 

2.2.4. Fourier transform infrared spectroscopy (FTIRS) 

of adsorbed CO 

The surface properties of the samples were studied by 

means of a Fourier transform infrared spectroscopy of 

adsorbed carbon monoxide technique. The samples were 
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pressed into pellets with dimensions of 1×2 cm2 and a 

mass of 40–50 mg, placed into an IR cuvette, and heated 

in a vacuum up to 600 °C. Then, 100 Torr of H2 gas was 

introduced into the cuvette, and the sample was calcined 

in an H2 atmosphere for 1 h at 600 °C. Subsequently, the 

sample was subjected to vacuum conditions until the re-

sidual pressure reached a level of < 10−4 Torr, and then it 

was cooled down to room temperature. The IR spectra 

were recorded using a Shimadzu IRTracer-100 spectrome-

ter in the range of 400–600 cm−1 with a resolution of 

4 cm−1 and accumulation of 200 scans. CO adsorption was 

carried out at a temperature of −196 °C and a pressure 

ranging from 0.1 to 10 Torr. The spectra acquired in the 

adsorption scale were normalized to the optical thickness 

of the pellet. All the IR spectra are differential, i.e., the 

spectrum before CO adsorption was subtracted from the 

spectrum after CO adsorption. The IR spectra analysis was 

carried out by decomposing the corresponding IR bands 

into individual Gaussian components. Concentrations of 

various centers were determined from the integral intensi-

ties of the observed characteristic bands with using the 

integral adsorption coefficients [67]. 

2.2.5. H2-temperature-programmed reduction (H2-TPR) 

The redox properties of the samples were examined by 

temperature-programmed reduction by H2 (H2-TPR). Tem-

perature-programmed reduction (TPR) by H2 was carried 

out in a flow installation using feed containing 10 vol. % 

H2 in Ar at the flow rate 40 ml/min and the temperature 

ramp 10 °C/min from 25 °C to 900 °C. Before reduction, 

samples were pretreated in O2 at 500 °C for 0.5 h. Product 

water was separated by freezing at −80 °C. The H2 con-

centration was determined by a thermal conductivity de-

tector. 

2.2.6. Transmission electron microscopy (TEM) 

The morphology of the catalysts before and after the ESR 

reaction was investigated by transmission electron mi-

croscopy (TEM). TEM micrographs were obtained with a 

Themis-Z 3.1 instrument (TFS, USA) equipped with X-FEG-

monochromator and CS/S double corrector, accelerating 

voltage 200 kV and with a JEM-2200FS transmission elec-

tron microscope (JEOL Ltd., Japan, acceleration voltage 

200 kV, lattice resolution ~1 Å) equipped with a Cs correc-

tor. Elemental analysis was performed with a Super-X EDS 

detector (energy resolution about 120 eV) in high-angle 

annular dark-field scanning transmission electron micros-

copy (HAAD FSTEM) mode. Samples for the TEM study 

were prepared by ultrasonic dispersing in ethanol and 

subsequent deposition of the suspension upon a “holey” 

carbon film supported on a copper grid.  

2.3. Computational details (DFT) 

Computation was performed within the plane-wave densi-

ty functional theory (DFT) using the Vienna Ab initio Sim-

ulation Package (VASP) version 5.4.4 [68,69]. There was 

applied the projector augmented wave (PAW) method 

[70,71] and the generalized gradient approximation (GGA) 

with the exchange-correlation functional of Purdew, Burke 

and Ernzerhof (PBE) [72]. The plane wave kinetic energy 

cutoff was chosen to be 400 eV. Electronic self-consistency 

was considered to be achieved at a threshold value of 

106 eV, while the lattice relaxation was stopped when the 

forces acting on the ions dropped to 0.001 eV/Å. To speed 

up the calculations, only the gamma-k point was used. The 

high-entropy perovskites are considered for the 3×3×2 

supercells. It turned out that for larger supercells self-

consistency is not achieved. The (3×3×2) supercell con-

tained 18 La atoms, 54 O atoms, and a total of 18 atoms of 

3d transition elements (Ti, Cr, Mn, Fe, Co, Ni). It is not 

possible to accommodate equal numbers of transition 

metal ions in the supercells used. Therefore, the cells 

La18Cr4Mn2Fe4Co4Ni4O54, La18Cr4Mn4Fe2Co4Ni4O54 and 

La18Cr4Mn4Fe4Co2Ni4O54 were used. Although these com-

positions are not equimolar ones (mole fractions are 2/9, 

1/9, 2/9, 2/9, 2/9, 2/9) the configurational entropy is still 

high (Sconfig = −R(4(2/9ln(2/9)+1/9ln(1/9))=1.58) being 

just a little smaller than maximal value of 1.61 for the 

equimolar case with mole fractions of 0.2. 

Relaxed (3×3×2) supercells parameters are the follow-

ing: 

La18Cr4Mn2Fe4Co4Ni4O54: 

a=11.450170 Å, 

b=11.544054 Å, 

c=7.610494 Å; 

La18Cr4Mn4Fe2Co4Ni4O54: 

a=11.648470 Å, 

b=11.628038 Å, 

c=7.687335 Å; 

La18Cr4Mn4Fe4Co2Ni4O54: 

a=11.682289 Å, 

b= 11.633852 Å, 

c=7.720064 Å. 

2.4. Catalytic tests 

Ethanol steam reforming tests were carried out in a con-

tinuous flow reactor under atmospheric pressure. The cat-

alyst weight of 30 mg (0.25–0.5 mm fraction) was placed 

between two layers of quartz wool. Ethanol and water 

were supplied to the general gas flow of He (90 ml/min) 

by separate saturators with temperatures of 35 and 50 °C, 

respectively, yielding a feed gas with EtOH:H2O = 1:4, 

C(EtOH) = 2 vol. %. All reagents and products were ana-

lyzed by a gas chromatograph Chromos GC1000 (Novosi-

birsk, Russia) equipped with TCD and FID detectors. In the 

temperature range of 500–800 °C, at each stage the reac-

tion was carried out until a steady state was reached 

(about 30 min), two concentration points were recorded, 

and the temperature was lowered stepwise by 50 °C. in 

the temperature range of 500–800 °C. Ethanol conversion 

X(EtOH) (%), hydrogen yield Y(H2) (%), and products se-

lectivities Si (i = H2, CO, CH4, CO2) (%) were calculated 

according to Equations (5)–(7). 
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Figure 1 XRD patterns for supports and Ni-catalysts. 

𝑋(EtOH)=
𝐶(EtOH)

𝐶0(EtOH)-𝐶(EtOH)
× 100%, (5) 

𝑌(H2)=
𝐶(H2)

6 × 𝐶0(EtOH)
× 100%, (6) 

𝑆𝑖=
𝜈𝑖𝐶𝑖

𝐶0(EtOH)-𝐶(EtOH)
× 100%. (7) 

The carbon balance was calculated for all experiments 

taking into account the concentrations of ethanol (initial 

and unreacted), CO, CO2, and CH4: 

C balance=
𝐶(CO)+𝐶(CO2)+𝐶(CH4)

𝐶0(EtOH)-𝐶(EtOH)
× 100%. 

(8) 

The effective pseudo-first-order rate constant (keff) was 

estimated according to Equation 9: 

𝑘𝑒𝑓𝑓≃-
𝑙𝑛(1-𝑋(EtOH))

𝜏
, 

(9) 

where τ is the contact time. 

3. Results and discussion 

3.1. Study of structural properties and texture 

Based on the X-ray diffraction data presented in Figure 1, 

the primary phase present in all samples is identified as a 

hexagonal perovskite. The XRD patterns of the supports 

and Ni supported catalysts show sharp peaks characteris-

tic of an oxide with a perovskite structure known as LaM-

nO3 (space group R-3c, PDF number 85-2152, Z = 6). In 

addition, in the Ni supported catalyst there is a low inten-

sity reflection attributed to NiO. A notable advantage of 

high-entropy perovskite materials is their ability to main-

tain a single-phase structure in which all cations are even-

ly distributed in the crystal lattice, contributing to stabil-

ity of catalysts. This single-phase crystallization is facili-

tated by an increase in configurational entropy [48,53,73]. 

Analysis of XRD data presented in Table 1 reveals minimal 

differences between the support and the Ni-loaded cata-

lysts. The support containing Ti exhibits a larger unit cell 

volume, likely due to the larger ionic radius of Ti com-

pared to other cations [53,74]. Furthermore, the lattice 

parameter remains consistent before and after the addi-

tion of Ni, consistent with observations of uniform cations 

distribution from transmission electron microscopy. 

The specific surface area and pore volume of samples 

were analyzed, and the results are shown in Table 2. It is 

found that the addition of Ni has no significant effect on 

the surface area or pore volume of the samples. N2 adsorp-

tion-desorption isotherms obtained are shown in Figure 2. 

The isotherms for all samples are of II type according to 

the IUPAC classification [54,75–77], suggesting that they 

are characteristic of macro-porous solids with an H3-

shaped hysteresis loop. This hysteresis pattern is often 

observed in solids that consist of aggregates or agglomer-

ates of particles that create non-uniform slit-shaped pores 

of varying sizes or shapes. Hysteresis is a result of differ-

ent adsorption and desorption behavior. The pore size dis-

tribution of the samples is also analyzed, as shown in Fig-

ure 3. It is observed that the samples contain macro-pores 

with a distribution maximum of 28 nm, while the samples 

supported with Ni have a distribution maximum of 32 nm. 

The introduction of titanium cations results in an increase 

in the pore size of the samples, which is consistent with 

the XRD results. The BET specific surface area of all sam-

ples was ~20 m2/g, which was comparable to those of per-

ovskites reported in previous studies [65], as well as re-

ported for similar materials by other authors [77,78]. 

Table 1 Phase composition and structural properties of the samples according to the XRD data. 

Composition Phase 

composition 

Content Lattice 

parameters, 
[Å] 

V/Z, 

[Å3] 

Crystallite 

size, [nm] 

LaMnO3−δ 

(LM) 

LaMnO3 (hex) 100 % a = 5.502, 

c = 13.316(2) 

59.5 34.9 

Ni/LaMnO3−δ 

(Ni/LM) 

LaMnO3 (hex) 100 % a = 5.503, 

c = 13.370(2) 

58.4 41 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 
(LCMFCN) 

perovskite (hex) 100 % a = 5.520(1), 
c = 13.384(4) 

58.9 28 

Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−

δ 

(Ni/LCMFCN) 

NiO 4 % – – 22 

perovskite (hex) 96 % a = 5.511(1), 

c = 13.327(1) 

58.7 32 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 
(LTMFCN) 

perovskite (hex) 100 % a = 5.529(1), 
c = 13.497(4) 

59.6 45 

Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 
(LTMFCN) 

NiO 7 % – – 27 

perovskite (hex) 93 % a = 5.532(1), 

c = 13.466(2) 

59.5 39 
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Figure 2 Adsorption-desorption isotherm of supports (a) and 

catalysts (b). 

Table 2 Textural characteristics of supports and Ni-supported 
catalysts. 

Composition Surface 
area, 

[m2/g] 

Pore 
volume, 

[cm3/g] 

LaMnO3−δ 15.8 0.132 
Ni/LaMnO3−δ 15.8 0.115 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 14.3 0.116 
Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−

δ 
15.3 0.117 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 20.5 0.135 
Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 17.8 0.115 

 

According to the CO chemisorption data for the re-

duced catalyst samples (Supplementary materials, Table 

S1), the Ni particles in the Ni/LM samples undergo a sub-

stantial enlargement (up to 768 nm), while they remain 

more dispersed for the Ni/LTMFCN sample (114 nm). The 

enlargement of the Ni nanoparticles for the Ni/LCMFCN 

sample is even less pronounced, and they remain na-

nosized (52 nm), which is promising for the catalytic per-

formance, since it indicates an increase in the specific 

number of active sites available for the steam reforming 

reaction. The elevated dispersity of Ni particles observed 

in the Ni/LCMFCN sample may be indicative of a more 

pronounced metal-support interaction. 

 

 
Figure 3 Pore size distribution of supports (a) and catalysts (b). 

3.2. FTIRS studies of adsorbed CO 

The identification and study of properties of oxide surface 

centers are carried out using Fourier transform infrared 

spectroscopy of adsorbed carbon monoxide utilized as a 

probe molecule. Figures 4a–c demonstrate the infrared 

(IR) spectra of CO adsorbed on the support samples at 

−196 °C with varying pressures ranging from 0.1 to 

10 Torr. The bands at 2147–2155 cm−1 are indicative of CO 

adsorption on OH groups, while the bands at 2160–

2165 cm−1 are associated with CO adsorption on various 

cations [79,80]. In addition, the low-intensity bands at 

1920 cm−1 are observed for all three support samples, 

which can be attributed to the bridge CO complexes with 

metal particles [81,82]. For the supports, the bands ob-

served in the 2080–2089 cm−1 region attributed to linearly 

adsorbed CO on reduced surface transition-metal centers 

or metallic-like (or/and partially reduced nonmetallic) 

surface species generated during the in situ H2 pretreat-

ment used before CO adsorption. These species are not 

considered to be pre-existing metallic particles in the as-

calcined perovskite oxides. Their formation can be associ-

ated with the partial reduction of surface B-site cations, 

particularly Ni- and Co-containing species incorporated 

into the high-entropy perovskite lattice. Therefore, these 

bands indicate the presence of reducible surface metal 

centers in the high-entropy perovskites, while the Ni-

supported catalysts show additional and more intense CO 
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adsorption features associated with the deposited Ni-

containing phase. 

The IR spectra of CO adsorbed at a temperature of 

−196 °C and a pressure range of 0.1–10 Torr for the sam-

ples with nickel deposited onto the supports are presented 

in Figures 4d–f. The bands corresponding to CO adsorption 

on OH groups and metal cations at 2148–2155 cm−1 and 

2160–2165 cm−1, respectively, and bridge Ni2CO and on-top 

forms of CO adsorption on metal particles at 1925–

1935 cm−1 and 2085–2090 cm−1, respectively, are observed 

[82–86]. The estimated concentration of metal centers for 

all samples studied is provided in Table 3. The total num-

ber of centers increases several times for HEPO compared 

to LaMnO3−δ and two times for 

Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ. 

 

  

  

  

Figure 4 IR spectra of CO adsorbed: (a) LM; (b) LCMFCN; (c) LTMFCN; (d) Ni/LM; (e) Ni/ LCMFCN; (f) Ni/ LTMFCN. 

(a) (b) 

(c) (d) 

(e) (f) 
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Table 3 Concentrations of various metallic centers for samples estimated from the IR spectra of CO adsorbed at −196 °C. 

Composition Amount of bridge CO, 
[μmol/g] 

(νCO = 1920–
1935 cm−1) 

Amount of on-top CO, 
[μmol/g] 

(νCO = 2085–
2090 cm−1) 

Total amount 
of centers, 

[μmol/g] 

LaMnO3−δ 1 – 1 
La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 1 6 7 
La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 0.5 7.5 8 

Ni/LaMnO3−δ 2 8 10 
Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 12 11 23 
Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 5 6 11 

 

 

 
Figure 5 H2-TPR profiles of supports (a) and catalysts (b). 

Table 4 H2 consumption for supports and Ni-supported catalysts 

according to the H2-TPR data 

Composition H2 consumption, 
[mol H2/g] 

LaMnO3−δ 4.88·10−4 
Ni/LaMnO3−δ 6.19·10−4 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 4.06·10−4 
Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 4.63·10−4 
La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 2.26·10−4 

Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 3.27·10−4 

3.3. H2-temperature-programmed reduction 

The redox properties of the supports and Ni-supported 

catalysts are studied using H2-temperature-programed 

reduction (H2-TPR), as shown in Figure 5. Three distinct 

peaks are observed, where the first two peaks (up to 

550 °C) correspond to the reduction of active surface oxy-

gen, while high temperature of hydrogen absorption indi-

cates the removal of oxygen from the bulk. For LaMnO3−δ, 

two main reduction regions are detected. Literature re-

ports have indicated that two main peaks are observed in 

the reduction process: one between 250 and 550 °C, corre-

sponding to the reduction of Mn4+ to Mn3+, and another 

above 600 °C for the reduction of Mn3+ to Mn2+. The com-

plete reduction of Mn2+ to metallic manganese does not 

occur during the reduction process [65,85,86]. 

A small peak is also observed in the temperature range 

of 150–225 °C, which is due to the reduction of adsorbed 

O2 on the surface [87,88]. The reduction peak for Co-

containing sample occurs in the temperature range of 

about 230–490 °C, while for Ni-containing it occurs be-

tween 640–880 °C. The third reduction peak observed in 

the range of 410–620 °C is attributed to the reduction of 

Mn4+ to Mn3+, Co3+ to Co2+, Ni3+ to Ni2+, Fe4+ to Fe3+ and 

Ti3+ to Ti2+ [37,41,73,89–92]. The reduction of Co2+ and 

Ni2+ to metallic Co and Ni was associated with the high-

temperature reduction peak above 600 °C [73,87,88,91–

94]. For the Ni-supported catalysts, it is observed that the 

peaks at lower temperatures are associated with the re-

duction of free NiO (318 °C), while the peaks at higher 

(484 °C) temperatures were associated with the reduction 

of Ni cations in the surface layers of perovskite generated 

due to the strong interaction between NiO and the support 

[41,89,94,95]. Addition of Ni results in a slight shift of the 

reduction peaks to lower temperatures for Ni/LM and 

Ni/LCMFCN (318–784 °C, and 297–484 °C, respectively). 

This could be due to the known fact that addition of Ni to 

the perovskite can disorder the lattice and create more 

oxygen vacancies facilitating fast oxygen diffusion to the 

metal sites. A small particle size of supported NiO parti-

cles as follows the XRD data also makes it easier for the 

reduction reaction to occur at lower temperatures. The 

introduction of Ti results in the reduction of Ni/LTMFCN 

shifted slightly to higher temperatures, which indicates a 

strong interaction between the support and NiO. Total 

amount of the hydrogen consumed during the H2-TPR run 

is provided in Table 4. 

The total H2 consumption values obtained from inte-

gration of the H2-TPR profiles are summarized in Table 4, 

the H2 consumption of the bare supports increases in the 

order LTMFCN < LCMFCN < LM, indicating that the Cr-

containing high-entropy perovskite possesses a larger 

amount of reducible oxygen species than the Ti-containing 

analogue [48]. This trend is consistent with the relative 

areas of the H2-TPR profiles. Ni loading increases the total 
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H2 consumption for all supports, which can be attributed 

to the reduction of supported NiO species together with 

hydrogen spillover-assisted reduction of the oxide sup-

port. The increase is most pronounced for Ni/LM and 

Ni/LCMFCN, whereas the reduction features of 

Ni/LTMFCN are shifted to higher temperatures, suggesting 

a stronger interaction between NiO species and the Ti-

containing high-entropy perovskite matrix. 

The potential explanations for the lower redox activity 

of the Ti-containing samples compared to the Cr-

containing ones can be attributed to the impact of these 

cations on various factors, including lattice distortion and 

degree of disordering [65,96], the solubility of Ni cations 

in the B-sublattice [97–99], and oxygen mobility [65]. As 

demonstrated in the authors’ previous work [65], the Cr-

containing samples possess higher oxygen mobility com-

pared to the Ti-containing ones (Figures S2 and S3 in the 

Supplementary materials). 

3.4. Ethanol steam reforming test over supports 

and Ni-supported catalysts 

The dependence of ethanol conversion, hydrogen yield, 

CO, CO2 and CH4 selectivity on temperature investigated in 

this study is shown in Figure 6. A summary of the catalytic 

data is presented in Table 5. The main products of the eth-

anol steam reforming reaction are H2, CO, CO2 and CH4. 

Additional products, including acetaldehyde and acetone, 

are observed as well (Figure S1 in the Supplementary ma-

terials). Complete conversion of ethanol is achieved for all 

carriers at 700 °C and increases with increasing tempera-

ture. This is comparable to the most effective catalysts for 

the process, in comparison; here full conversion is 

achieved at 700 °C, while in another works it is achieved 

at a higher temperature [23,24,26]. The highest ethanol 

conversion (99.6 %) and hydrogen yield (60.56 %) are 

observed for La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ. The CH4 

content and H2/CO ratio increase with decreasing temper-

ature, which is due to the water gas shift reaction (WGS) 

being favored at lower temperatures. The WGS reaction 

converts carbon monoxide and steam into carbon dioxide 

and hydrogen and promotes the production of methane 

through the consumption of carbon monoxide, shifting the 

balance toward the formation of more methane. This leads 

to decrease of CO content in the converted reaction mix-

ture, resulting in a higher H2/CO ratio. The same observa-

tion applies to CO2 selectivity in steam reforming of etha-

nol, which increases with decreasing temperature for 

thermodynamic reasons. At lower temperatures, the equi-

librium constant of the water gas shift reaction shifts to-

ward the formation of CO2 and H2, resulting in a higher 

selectivity toward CO2. Additionally, the lower tempera-

ture allows for better control of reaction conditions, 

thereby reducing the likelihood of undesirable side reac-

tions that can lead to the formation of other byproducts. 

The carbon balance increased with temperature for all 

supports. At 700–800 °C, LaMnO3−δ and LCMFCN showed 

high carbon balance values of about 95–97 %, confirming 

that most carbon-containing products were detected in the 

gas phase. LTMFCN showed lower values, especially at 

lower temperatures, but the balance also improved with 

increasing temperature and reached about 92 % at 

800 °C. This fact can be explained by partial carbonization 

of the catalyst. 

Ni supported catalysts are widely used due to their 

high activity and low cost. The major unsolved problem of 

Ni-based catalysts is metal sintering and coke formation, 

which leads to deactivation of the catalyst and hinders 

their industrial application [71]. As is mentioned in the 

introduction, to overcome this problem we used high en-

tropy perovskite catalysts possessing a high oxygen mobil-

ity [37,54,76,100,101]. The oxygen transport properties of 

the supports and catalysts were studied and discussed in 

details in the authors’ previous work [65]. According to 

the C18O2 temperature-programmed isotope exchange data 

(Figure S2 in the Supplementary materials), the curves are 

characterized by a single extremum in the temperature 

range of about ~600 °C, the total amount of substituted 

oxygen is ~60 %. According to mathematical modeling 

data, exchange is limited by diffusion of oxygen in the vol-

ume [65]. The main part of oxygen (~80 %) is character-

ized by a diffusion coefficient of ~10−14–10−13 cm2/s at 

700 °C, the apparent activation energy is 90–150 kJ/mol 

(Figure S3). The rest of the oxygen is less mobile, howev-

er, the self-diffusion coefficient for it could not be deter-

mined. LaMnO3−δ and La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 

samples have similar oxygen self-diffusion coefficients 

(2.2·10−14 and 3.1·10−14 cm2/s at 700 °C, respectively, with 

the effective activation energy of 95 and 110 kJ/mol, re-

spectively) [65], however, for 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ it is lower (1.2·10−14 cm2/s 

at 700 °C, with the effective activation energy of 

150 kJ/mol) [65], which is probably due to a decrease in 

the oxygen vacancy content when replacing cations with a 

charge of 3+ with Ti4+ cations, as reported for oxygen va-

cancy content in Cr-, Ti- and Mn-containing perovskites 

and its effect on their catalytic properties [41,48]. Doping 

with multiple transition metal cations results in variation 

of the redox properties of the perovskites (Figure 5), 

which affects the oxygen transport and the catalytic prop-

erties as well [76,102]. Nevertheless, a notable correlation 

exists between oxygen transport properties and key per-

formance indicators such as ethanol conversion and hy-

drogen yield for the (Ni/) La(M0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 

(M = Cr, Ti) samples (Figure S4). 

For perovskite-based catalysts with deposited Ni, there 

was a tendency to decrease the total oxygen mobility com-

pared with the initial perovskites, which is apparently due 

to the low oxygen mobility of nickel oxide. The proportion 

of exchanged oxygen is ~50–60 % for catalysts with Ni 

and ~70 % for catalysts without Ni. However, for catalysts 

based on undoped and Ti-containing perovskites, a more 

mobile form of oxygen (~12–20 % of the total amount) 
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with a diffusion coefficient of ~10−12 cm2/s at 700 °C and 

an activation energy of 90–120 kJ/mol is also observed 

(Figure S3b). The appearance of this rapid diffusion chan-

nel is apparently related to the partial dissolution of nickel 

cations in the perovskite lattice and their effect on the 

defective structure, which is promising from the point of 

view of use as catalysts for fuel conversion, including eth-

anol steam reforming. The main products are the same as 

for the support, H2, CO, CO2 and CH4 (Figure 7 and Ta-

ble 5). 

  

  

 
 

Figure 6 Temperature dependence of (a) ethanol conversion, (b) hydrogen yield, selectivity of (c) CO, (d) CO2, (e) CH4; and (f) H2/CO 

ratio in ethanol steam reforming reaction over LaMnO3−δ, La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ, and La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ. 
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Table 5 Ethanol (EtOH) conversion, H2 yield, selectivity of CO, CO2 and CH4, and H2/CO ratio in ESR. 

Composition T, 
[°C] 

X(EtOH), 
[%] 

Y(H2), 
[%] 

S(CO), 
[%] 

S(CO2), 
[%] 

S(CH4), 
[%] 

H2/CO 
ratio 

C balance, 
[%] 

LaMnO3−δ 700 99.0 49.4 58.4 35.5 1.8 2.3 96.8 

800 99.6 46.3 65.3 30.4 1.3 2.1 97.4 

Ni/LaMnO3−δ 700 86.4 41.4 49.4 31.9 2.2 2.5 95.8 
800 98.5 42.4 50.2 33.6 1.0 2.7 97.7 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 700 99.1 48.2 58.4 33.6 2.3 3.0 95.3 

800 99.6 45.6 63.5 31.0 1.5 2.9 96.7 
Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 700 99.8 55.0 49.1 40.2 2.3 3.4 91.5 

800 99.7 48.7 52.8 49.1 1.6 2.8 89.5 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 700 98.8 39.7 55.9 26.1 2.4 2.1 86.2 
800 99.6 39.2 59.6 28.4 3.6 2.0 92.0 

Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 700 99.4 47.9 45.6 38.3 1.3 3.2 84.8 

800 99.7 54.5 50.7 35.0 1.2 2.8 84.0 

 

The highest ethanol conversion for the sample 

Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (~ 96 %) occurs at 

600 °C. The complete conversion of ethanol occurs at 

700 °C for La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ and 

Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ. The maximum yield of 

hydrogen among high-entropy oxides with a perovskite 

structure reaches ~54.99 % at a temperature of 700 °C. At 

700 °C, the hydrogen yield increased in the row of cata-

lysts Ni/LM (41.4 %) < Ni/LTMFCN (47.8 %) < 

Ni/LCMFCN (54.9 %) with the ratio H2/CO being higher 

than 3. Thus, it can be concluded that the optimal compo-

sition among perovskites is 

Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ, which allowed to ob-

tain the highest values of reagent conversions and product 

yields. This may be due to the largest number of metallic 

Ni centers on the catalyst surface, as shown by CO chemi-

sorption (Table S1), IR spectroscopy of adsorbed CO and a 

stronger metal-support interaction (Table 3). As the cata-

lytic activity of HEPO-based catalysts in the reaction of 

ethanol dry reforming was previously described [65], and 

in the case of studying these systems in steam reforming 

of ethanol, the high activity of Cr-containing perovskite 

may be associated with the catalytic efficiency of Cr cati-

ons on the surface of complex oxides. Titanium cations can 

form strong Lewis centers on the surface of the catalyst, 

which catalyze the ethanol dehydration reaction and can 

cause carbonation as a result of the formation of a C–C 

double carbon bond, which is consistent with the data of 

temperature programmed H2 reduction. For titanium-

containing sample, the percentage of reduction in H2-TPR 

decreases, which leads to a decrease in the number of ac-

tive sites and activity of the catalyst as a whole. For the Ni 

supported catalysts the yield of CO and CO2 increases with 

the increase of temperature since the reverse water gas 

shift reaction is endothermic and more CO is produced at 

higher temperatures [34]. It is noteworthy that the selec-

tivities of CO2 and CO are nearly equivalent for the 

Ni/LCNFCN catalyst at 800 °C, while the C balance de-

clines to approximately 90 % (Table 5, Figure 7cd). This 

phenomenon can be attributed to the impact of side reac-

tions, including the Boudouard reaction. In comparison to 

other catalysts a low amount of methane is produced and 

its content decreases with the increase of tempera-

ture [26]. 

The effective pseudo-first-order rate constant of ESR 

can be estimated as ~102 s−1 at 500 °C, with the effective 

activation energy of ~50–70 kJ/mol for the supports and 

~30–40 kJ/mol for the catalysts (Table S2 in the Supple-

mentary materials). This indicates the positive effect of 

the Ni deposition on the ESR performance. The effective 

activation energy values are comparable or even lower 

compared to the state-of-the-art ESR catalysts, including 

those based on LaNi1−xCuxO3−δ (57.9–83.6 kJ/mol) [103], 

LaMn0.9Ru0.1O3−δ (34–113 kJ/mol) [104], 

LaMn0.45Ni0.45Ru0.1O3−δ (61–109 kJ/mol) [105], and 

Mn3−xCrxO4 (42–73 kJ/mol) [106]. 

When comparing the performance of low- (LM, Ni/LM) 

and high-entropy catalysts (LCMFCN, Ni/LCMFCN, 

LTMFCN, Ni/LCMFCN), two main factors must be taken 

into account. Firstly, there is a high entropy factor, which 

encompasses effects such as lattice distortion, sluggish 

diffusion, and cocktail effects. These effects have been 

demonstrated to frequently result in enhanced stability, 

transport properties, and catalytic perfor-

mance [54,59,107,108]. Secondly, the presence of multiple 

cations at the B-site (including Co and Ni, which are active 

in reforming reactions) of the perovskite structure has 

been demonstrated to exhibit synergistic properties, lead-

ing to the creation of more active sites with distinct prop-

erties [54,78,108]. These features are also responsible for 

the variation of oxygen non-stoichiometry, redox proper-

ties, oxygen mobility, and strong metal-support interac-

tion. In turn, these factors lead to superior catalytic per-

formance of HEPO catalysts in comparison to the low-

entropy ones. 

The lower performance of the Ti-containing HEPO 

catalysts compared to the Cr-containing one may be at-

tributable to the following factors. Firstly, doping with Ti 

results in a decrease in the oxygen mobility due to the 

lowering of the oxygen vacancy content and the effect of 

unit cell size, as discussed in the work [65]. Secondly, the 

sample dispersity is also a critical factor in determining 

catalytic performance. The CO chemisorption data demon-

strate a substantial enlargement of Ni particles for the Ti-
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containing catalyst, while maintaining nanosized particles 

for the Cr-containing catalyst (Section 3.1, Table S1). 

Catalyst stability is a key criterion in ethanol steam re-

forming because Ni-based catalysts often deactivate due to 

sintering, coke formation, or structural degradation. 

Therefore, short-term stability tests were carried out for 

the LaMnO3−δ reference and the Cr-containing high-

entropy perovskite system (Figure 8). 

  

  

  

Figure 7 Temperature dependence of ethanol conversion (a), hydrogen yield (b), selectivity of CO (c), CO2 (d), CH4 (e) and H2/CO ratio 

(f) in ESR over Ni-supported catalysts. 
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Figure 8 Ethanol conversion (a) and hydrogen yield (b) during 

short-term stability test in ethanol steam reforming over cata-
lysts. 

The LaMnO3−δ-based catalyst shows rapid deactivation 

after approximately 1.5 h of operation. This decrease in 

activity can be associated with structural changes of the 

reference perovskite and blocking of active sites by carbo-

naceous species. In contrast, the LCMFCN high-entropy 

perovskite show much better stability. No significant deac-

tivation is observed over approximately 16 h of operation. 

This confirms that the Cr-containing high-entropy perov-

skite framework provides a more stable catalytic system 

under ESR conditions. 

The Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ catalyst was 

evaluated in ethanol steam reforming for 20 h, as shown 

in Figure 9. During the whole time-on-stream test, ethanol 

conversion remained close to 100%, indicating that the 

Cr-containing high-entropy perovskite provides a stable 

catalytic platform under steam reforming conditions. The 

H2 yield was also relatively stable, remaining mainly in 

the range of about 40–45 %, with only a slight decrease 

after the first hours of reaction. This behavior confirms 

that the catalyst does not undergo rapid deactivation, 

which is commonly observed for Ni-based reforming cata-

lysts due to carbon deposition, sintering of metallic parti-

cles, or structural degradation. 

 

 
Figure 9 Stability test of Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ in 
ESR for 20 h: (a) ethanol conversion and H2 yield; (b) CO, CO2, 
and CH4 selectivity. 

The product selectivity shown in Figure 9b also re-

mains stable during the 20 h test. CO is the main carbon-

containing product, with selectivity of about 55–58 %, 

while CO2 selectivity remains around 33–38 %. CH4 selec-

tivity is very low throughout the experiment, close to 1–

2 %, which suggests that methane formed as an interme-

diate is efficiently converted under the reaction condi-

tions. The stable CO, CO2, and CH4 selectivities indicate 

that the main reaction pathway does not change signifi-

cantly during operation. 

The high stability of Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 

can be related to the combined role of accessible Ni-

containing surface centers and the high-entropy perov-

skite matrix. Metallic Ni-containing species promote etha-

nol activation and C-C bond cleavage, while the Cr-

containing high-entropy perovskite support contributes to 

redox flexibility, oxygen-related surface processes, and 

resistance to carbon accumulation. Therefore, the 20 h 

stability test demonstrates that the Cr-containing high-

entropy perovskite is not only active in ethanol steam re-

forming, but also resistant to rapid deactivation under 

prolonged reaction conditions. 

Post-reaction TEM analysis gives additional evidence 

for the improved stability of the high-entropy perovskite 

catalysts. As shown in Figure 10, only a small amount of 
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carbon filaments is observed on the surface of the spent 

high-entropy catalysts. It has been documented that the 

formation of such carbon filaments in ESR occurs on the 

Ni0 nanoparticles [24,109,110]. The pathways of carbon 

formation include methane decomposition (pyrolysis): 

CH4 = C + 2H2, 
(10) 

the Boudouard reaction: 

2CO = C + CO2, 
(11) 

CO and CO2 hydrogenation: 

CO + H2 = C + H2O, 
(12) 

CO2 + 2H2 = C + 2H2O, (13) 

ethylene and acetaldehyde polymerization, and decom-

position: 

C2H4 → polymers → 2C + 2H2, 
(14) 

CH3CHO → CO + 2H2 + C. (15) 

A variety of works have explored the role of the reac-

tions (10)–(15) in the formation of carbon fila-

ments [109,111,112]. The composition of the outlet gas 

mixture suggests the potential for all of these reactions to 

contribute to the formation of carbon filaments. 

 

 
Figure 10 HR TEM images for the La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 
(a) and La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (b) samples after test in 
ethanol steam reforming. 

No massive coke deposits blocking the active surface 

are detected. This means that carbon formation is limited 

and does not lead to severe deactivation during the stabil-

ity test. The formation of minor carbon filaments is less 

harmful than encapsulating or graphitic coke because 

these filaments do not completely cover the active surface. 

3.5. DFT calculations 

Within the framework of DFT, several arbitrary spatial 

configurations of metal cations in perovskite have been 

investigated. Three cells with a random distribution of 

metals were considered. It has been demonstrated that the 

energy range of the d-states of metals is almost independ-

ent of the position of the metal in the cell of 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ, since each of the cations 

is located in the octahedral environment of oxygen anions 

(Figure 11). The states of oxygen anions also hardly change 

and are typical for all perovskites [113]. The formation of 

some unusual electronic states (for example, oxygen va-

cancies or interstitials) and, accordingly, the formation of 

active catalytic centers as a result of the introduction of 

several cations instead of one is not observed. Oxygen sub-

lattice remains electronically connected with the transi-

tion-metal d states. 

To address the question whether the “high-entropy” 

mix of transition-metal ions in perovskite creates “catalyt-

ically active” electron structure, three arbitrary configura-

tions of metal cations in perovskite 

(La18Cr4Mn2Fe4Co4Ni4O54, La18Cr4Mn4Fe2Co4Ni4O54, and 

La18Cr4Mn4Fe4Co2Ni4O54) were considered within DFT 

(Figure 11). A little deviation from equimolar composition 

only slightly decreases the configurational entropy from 

maximal value of 1.61 to 1.58 in our case. 

All three compositions reveal dielectric-type density of 

state (DOS) with oxygen dominated valence band, the 

band gap at the Fermi level of about 1 eV and La-

dominated conduction band. The contributions of B-metal 

states into DOS are ten times less. One may see that total 

DOS is almost independent of the position of the metal in 

the cell of La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ. This might be 

explained by the fact that each of the transition-metal ions 

is located in the octahedral environment of oxygen anions 

(Figure 11). Thus, the oxygen ligand sphere to some extent 

“isolates” B ions from each other. Because of this, it can be 

assumed that the only synergistic effect in the context of 

ethanol decomposition here may be the unusual electronic 

state of oxygen binding two different B ions. However, the 

oxygen DOS did not reveal any signs of the “active” (i.e. 

less negatively charged) oxygen, which would be indicated 

by a noticeable decrease of the O 2s energy. Instead, one 

can see only a typical “O2-” 2s state with the lowest ener-

gy is the range of 17–20 eV below the Fermi level for all 

three considered compositions (Figure 11). This prediction 

corresponds to the O2s XPS derived binding energy of 

21.5 eV for “low-entropy” perovskite La1−xSrxMnO3  

(x = 0.1–0.3) [114]. 

(a) 

(b) 
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La18(Cr4Mn2Fe4Co4Ni4)O54 

 

La18(Cr4Mn4Fe2Co4Ni4)O54 

 

La18(Cr4Mn4Fe4Co2Ni4)O54 

 

 

EF = 9.28 eV 

 

EF = 8.68 eV  

 

EF = 9.25 eV 

 

Figure 11 Supercells La18Cr4Mn2Fe4Co4Ni4O54, La18Cr4Mn4Fe2Co4Ni4O54, and La18Cr4Mn4Fe4Co2Ni4O54 considered by means of DFT to mod-

el a random scatter of metals in La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ along with the corresponding partial density of states of metals and 
oxygen (EF is the calculated Fermi level). 

Therefore, the formation of active catalytic centers as a 

result of the introduction of several cations instead of one 

is not observed. These results are important for under-

standing the catalytic behavior of the high-entropy perov-

skite. The absence of a strong dependence of the density of 

states on a particular B-ion arrangement suggests that the 

material can tolerate local B-site disorder without losing 

the perovskite-like electronic structure. This agrees with 

the XRD data showing preservation of the perovskite 

phase and supports the idea that configurational disorder 

does not destabilize the oxide matrix. 

Obtained relaxed unit cell parameters, for instance for 

La18Cr4Mn2Fe4Co4Ni4O54, are (3.81, 3.84, 3.80) Å being 

fairly close to pseudocubic parameters for LaMO3 3.88, 

3.94, 3.93, 3.83 for (M = Cr, Mn, Fe, Co, Ni), respective-

ly [115–117]. This means that no any HEPO cell strain and 

no any corresponding defects like increased number of 

oxygen vacancies and so enhanced oxygen mobility takes 

place for high-entropy perovskites considered here. 

There is a well-known fact that a higher configuration 

entropy of such materials (LCMFCN reached 1.60 R 

(> 1.5 R), increases their thermodynamic stability. This 

improves their stability in reducing reaction conditions, 

since otherwise segregation of reduced oxides (La2O3, 

MnO, Fe3O4, etc.) and metals (Ni, Co) will lead to destruc-

tion of perovskite structure, and, hence, to hampering of 

oxygen mobility, which inevitably leads to heavy coking of 

catalysts and catalytic activity degradation. The DFT re-

sults show that the high-entropy B-site arrangement pro-

vides a structurally and electronically robust perovskite 

matrix. In combination with the experimental H2-TPR and 

oxygen mobility data, this supports the proposed role of 
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the high-entropy perovskite as a redox-active oxide 

framework capable of stabilizing dispersed transition-

metal centers and maintaining oxygen-transfer functional-

ity under steam reforming conditions. This structural and 

electronic robustness is consistent with the improved sta-

bility of the high-entropy catalysts. 

3.6. TEM characterization of the supports and Ni 

supported catalysts 

The morphology of the catalyst before and after etha-

nol steam reforming and Ni addition was examined using 

transmission electron microscopy. TEM images of the 

fresh La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ samples are provid-

ed in Figures 12. Conclusive evidence from high-resolution 

TEM and FFT analysis substantiates the crystalline nature 

of the high-entropy perovskite. The high-resolution TEM 

image displays uninterrupted lattice fringes with an inter-

planar spacing of approximately 0.276 nm, which corre-

sponds to the d-spacing of the (104)/(110) planes of the 

rhombohedral perovskite structure. Also of note, a large 

number of distortions could be observed in the lattice 

fringes of both HEPO, which would facilitate the ESR pro-

cess by providing sites for efficient H2O adsorption and 

dissociation. 

The TEM results of the support (Figure 13) and Ni sup-

ported catalysts (Figure 14) showed that the cations are 

uniformly distributed before and after Ni deposition. Ran-

domly oriented Ni oxide particles form agglomerates with 

size of 20–50 nm which agrees with the XRD and N2 ad-

sorption isotherm data. In addition to that, the small par-

ticle size of NiO in catalysts explain the shift of the reduc-

tion temperature towards lower temperatures. The HR 

TEM data reveal the presence of a significant number of 

extended defects, including grain boundaries, stacking 

faults, surface steps, and terraces. The TEM data indicate 

the average particle size of ~700 nm, which is substantial-

ly larger than the size of the scattering region determined 

by XRD (~50 nm). This clearly demonstrates the polycrys-

talline nature of the samples under investigation. 

   

Figure 12 HR TEM images and corresponding FFT patterns for fresh La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ sample. 

 
Figure 13 TEM images and element mapping for the La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ sample. 
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Figure 14 TEM images and element mapping for the Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ sample. 

 
Figure 15 HR TEM images for the La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (a) and the Ni/LaMnO3−δ (b) catalysts after test 16 hours in the ESR. 

After steam reforming ethanol, TEM images (Figure 15) 

show a small amount of carbon fiber material on the sur-

face of the catalysts. The Ni/LaMnO3−δ sample exhibits 

many carbon fibers on the surface, which is consistent 

with the stability test and explains its deactivation after 

1.5 hours. Figure 15a demonstrates HR TEM images of the 
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La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ after 16 hours in the ESR 

reaction. The catalyst maintains its crystalline structure, 

thereby demonstrating the elevated structural stability of 

the high-entropy perovskite under reaction conditions. 

The carbon filaments are characterized by their small size 

and elongated, tubular structure. The catalyst remains 

active during ethanol steam reforming since the surface 

remains exposed to the reactants and the carbon formed 

therefore does not result in significant deactivation of the 

catalyst. 

4. Limitations 

It is imperative to acknowledge the limitations of this 

study. First, the catalysts were examined in ethanol steam 

reforming. A previous investigation included the study of 

these catalysts in the context of ethanol dry reforming. 

These catalysts based on high-entropy perovskites hold 

promise for other reactions of the transformation of fuel 

into syngas. However, further studies are necessary to 

explore this potential. 

Second, in the interpretation of the results of catalytic 

tests, the product concentrations in the reactor outlet are 

expressed on a dry basis. The conversion of ethanol, the 

yield of hydrogen, and the selectivities of carbon monox-

ide, carbon dioxide and methane are calculated based on 

the reagent and product concentration in the reactor inlet 

and outlet (on a dry basis). It is to be noted that the effec-

tive pseudo-first-order rate constants cannot be calculated 

for some experimental points due to the high ethanol con-

version. 

Third, the catalysts tests are performed for diluted 

mixtures (2 % EtOH + 8 % H2O, He balance). Carrying out 

the tests in concentrated mixtures necessitates a distinct 

investigation. The studies in realistic feeds would enable 

the evaluation of the practical application of the 

Ni/LCMFCN catalyst with the best performance. In such 

studies, the mass and heat transport features must also be 

considered, as they may indicate both opportunities and 

challenges regarding future scalability. A particularly 

promising approach for achieving this objective is the fab-

rication of structured catalysts based on heat-conducting 

substrates with optimal heat and mass transport modes. 

When considered as a whole, these limitations estab-

lish the limits of the conclusions that can be derived. 

5. Conclusions 

Catalysts based on perovskite-oxide structure LaMnO3−δ, 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ and 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ were synthesized via 

Pechini and citrate methods. After calcination at 700 °C 

initial and Ni-supported perovskites were characterized by 

XRD, N2 adsorption-desorption isotherm, H2-TPR and 

TEM. The catalytic properties were studied in ethanol 

steam reforming carried out in a continuous flow reactor 

under atmospheric pressure in the temperature range of 

600–800 °C. The high-entropy perovskites promoted by Ni 

were demonstrated to be efficient catalysts for ESR. The 

highest ethanol conversion was achieved for the 

Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ and is ~96 % already 

at 600 °C. and the stability test for 20h showed full etha-

nol conversion with high H2 yield. TEM showed a very 

small amount of carbon filaments on the surface of the 

catalyst. The LCMFCN- and LTMFCN-based materials have 

demonstrated considerable promise in a variety of catalyt-

ic reactions, including, but not limited to ethanol steam 

reforming and oxygen reduction/evolution reaction. 

Supplementary materials 
This manuscript contains supplementary materials, which are available 

on the corresponding online page. 

Table S1: Dispersion (D, [%]) and average surface size (d, [nm]) of 

Ni particles in the catalysts; Figure S1: Chromatograms of the reactor 

outlet mixture in ethanol steam reforming over the LaMnO3−δ (a), 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (b), La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (c), 

Ni/LaMnO3−δ (d), Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (e), and 

La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (f) catalysts; Figure S2: Temperature-

programmed isotope exchange of oxygen with C18O2 in a flow reactor 

for the supports (a) and the catalysts (b). Points – experiment, lines – 

modeling [65]; Figure S3: Arrhenius plots for oxygen tracer diffusion 

coefficient and their effective activation energies for the supports (a) 

and the catalysts (b) [65]; Figure S4: Correlation of oxygen tracer diffu-

sion coefficient (D*), ethanol conversion (X(EtOH)) and hydrogen yield 

(Y(H2)) values at 600 °C for the La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (1), 

Ni/La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (2), La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ 

(3) and Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ (4) samples; Table S2: The 

effective rate constant (keff) of EDR reaction over the supports and the 

catalysts and its effective activation energy (Ea). 

CIF-files: O54Cr4Mn2Fe4Co4Ni4La18_01.cif; 

O54Cr4Mn4Fe2Co4Ni4La18_01.cif; O54Cr4Mn4Fe4Co2Ni4La18_01.cif. 

Data availability statement 
Data will be made available on request. 

Acknowledgments 
None. 

Author contributions 
Conceptualization: S.A.H., V.S., Y.B. 

Funding acquisition: Y.B. 

Investigation: S.A.H., A.L., O.B., T.G., A.U.; A.I., V.R., I.Z., A.S, Y.B. 

Methodology: S.A.H., A.L., O.B., V.R., V.S., Y.B. 

Supervision: V.S., Y.B. 

Writing – original draft: S.A.H., A.L., O.B., T.G., V.R. 

Writing – review & editing: N.E., V.S., Y.B. 

Conflict of interest 
The authors declare no conflict of interest. 

Additional information 
Author IDs: 

Semon Amgad Hanna, Scopus ID 59660361800; 

Nikita Eremeev, Scopus ID 55645818400; 

Aleksandra Leonova, Scopus ID 57201251898; 

Olga Bulavchenko, Scopus ID 8436887500; 

Tatiana Glazneva, Scopus ID 16241597700; 

Artem Urlukov, Scopus ID 57215063051; 

Arcady Ishchenko, Scopus ID 57194264619; 

Vladimir Rogov, Scopus ID 57011738500; 

Igor Zilberberg, Scopus ID 6602456763; 

https://doi.org/10.15826/chimtech.10087
https://www.scopus.com/authid/detail.uri?authorId=59660361800
http://www.scopus.com/authid/detail.uri?authorId=55645818400
https://www.scopus.com/authid/detail.uri?authorId=57201251898
https://www.scopus.com/authid/detail.uri?authorId=8436887500
https://www.scopus.com/authid/detail.uri?authorId=16241597700
https://www.scopus.com/authid/detail.uri?authorId=57215063051
https://www.scopus.com/authid/detail.uri?authorId=57194264619
https://www.scopus.com/authid/detail.uri?authorId=57011738500
https://www.scopus.com/authid/detail.uri?authorId=6602456763


Chimica Techno Acta 2026, vol. 13(4), No. 10087 ARTICLE 

 19 of 22 DOI: 10.15826/chimtech.10087  

Aleksandr Shubin, Scopus ID 35498305000; 

Vladislav Sadykov, Scopus ID 7006677003; 

Yulia Bespalko, Scopus ID 36450050400. 

 

Websites: 

Novosibirsk State University https://english.nsu.ru/; 

Federal Research Center Boreskov Institute of Catalysis SB RAS 

https://en.catalysis.ru/; 

Institute of Solid State Chemistry and Mechanochemistry SB RAS 

http://www.solid.nsc.ru/en/. 

References 

1. Zou C, Zhao Q, Zhang G, Xiong S. Energy revolution: From a 
fossil energy era to a new energy era. Nat Gas Ind B. 

2016;3(1):1–11. doi:10.1016/j.ngib.2016.02.001 
2. Holechek JL, Geli HME, Sawalhah MN, Valdez R. A global 

assessment: Can renewable energy replace fossil fuels by 

2050?. Sustainability. 2022;14(8):4792. 
doi:10.3390/su14084792 

3. Abas N, Kalair A, Khan N. Review of fossil fuels and future 

energy technologies. Futures. 2015;69:31–49. 
doi:10.1016/j.futures.2015.03.003 

4. Segovia-Hernández JG, Hernández S, Cossío-Vargas E, Juarez-
García M, Sánchez-Ramírez E. Green hydrogen production for 
sustainable development: A critical examination of barriers 

and strategic opportunities. RSC Sustainability. 
2025;3(1):134–57. doi:10.1039/D4SU00630E 

5. Ni M, Leung DYC, Leung MKH. A review on reforming bio-

ethanol for hydrogen production. Int J Hydrogen Energy. 
2007;32(15):3238–47. doi:10.1016/j.ijhydene.2007.04.038 

6. Baig A, Sonal. Steam reforming of methanol, ethanol, acetic 

acid, acetone, and bio-oil for hydrogen generation: Catalytic 
and mechanistic insight. Bioresour Technol Rep. 
2024;28:101980. doi:10.1016/j.biteb.2024.101980 

7. Liberatori JWC, Ribeiro RU, Zanchet D, Noronha FB, Bue-
no JMC. Steam reforming of ethanol on supported nickel cata-
lysts. Appl Catal A Gen. 2007;327(2):197–204. 

doi:10.1016/j.apcata.2007.05.010 
8. García EY, Laborde MA. Hydrogen production by the steam 

reforming of ethanol: Thermodynamic analysis. Int J Hydro-

gen Energy. 1991;16(5):307–12. doi:10.1016/0360-
3199(91)90166-G 

9. Liguras DK, Kondarides DI, Verykios XE. Production of hy-

drogen for fuel cells by steam reforming of ethanol over sup-
ported noble metal catalysts. Appl Catal B Environ. 

2003;43(4):345–54. doi:10.1016/S0926-3373(02)00327-2 
10. Contreras JL, Salmones J, Colín-Luna JA, Nuño L, Quintana B, 

Córdova I, Zeifert B, Tapia C, Fuentes GA. Catalysts for H2 

production using the ethanol steam reforming (a review). Int 
J Hydrogen Energy. 2014;39(33):18835–53. 
doi:10.1016/j.ijhydene.2014.08.072 

11. Chen W-H, Biswas PP, Ong HC, Hoang AT, Nguyen T-B, 
Dong C-D. A critical and systematic review of sustainable hy-
drogen production from ethanol/bioethanol: Steam reform-

ing, partial oxidation, and autothermal reforming. Fuel. 
2023;333(2):126526. doi:10.1016/j.fuel.2022.126526 

12. Hou T, Zhang S, Chen Y, Wang D, Cai W. Hydrogen produc-

tion from ethanol reforming: Catalysts and reaction mecha-
nism. Renew Sustain Energy Rev. 2015;44:132–48. 
doi:10.1016/j.rser.2014.12.023 

13. Manzolini G, Tosti S. Hydrogen production from ethanol 
steam reforming: Energy efficiency analysis of traditional 
and membrane processes. Int J Hydrogen Energy. 

2008;33(20):5571–82. doi:10.1016/j.ijhydene.2008.06.029 
14. Vasudeva K, Mitra N, Umasankar P, Dhingra SC. Steam re-

forming of ethanol for hydrogen production: Thermodynamic 

analysis. Int J Hydrogen Energy. 1996;21(1):13–8. 
doi:10.1016/0360-3199(95)00030-H 

15. Fishtik I, Alexander A, Datta R, Geana D. A thermodynamic 
analysis of hydrogen production by steam reforming of etha-

nol via response reactions. Int J Hydrogen Energy. 

2000;25(1):31–45. doi:10.1016/S0360-3199(99)00004-X 
16. Dray L, Schäfer AW, Grobler C, Falter C, Allroggen F, Stet-

tler MEJ, Barrett SRH. Cost and emissions pathways towards 
net-zero climate impacts in aviation. Nat Clim Chang. 
2022;12:956–62. doi:10.1038/s41558-022-01485-4 

17. IRENA (2022), Geopolitics of the energy transformation: The 
hydrogen factor. International Renewable Energy Agency, 
Abu Dhabi.[Internet]. 2022[cited 2026]. Available from: 

https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2022/Jan/IRENA_G
eopolitics_Hydrogen_2022.pdf, Accessed on 10 Jun 2026 

18. Haryanto A, Fernando S, Murali N, Adhikari S. Current status 
of hydrogen production techniques by steam reforming of 
ethanol:   A review. Energy Fuels. 2005;19(5):2098–106. 

doi:10.1021/ef0500538 
19. Rosen MA. Advances in hydrogen production by thermochem-

ical water decomposition: A review. Energy. 

2010;35(2):1068–76. doi:10.1016/j.energy.2009.06.018 
20. Pandey B, Prajapati YK, Sheth PN. Recent progress in ther-

mochemical techniques to produce hydrogen gas from bio-

mass: A state of the art review. Int J Hydrogen Energy. 
2019;44(47):25384–415. doi:10.1016/j.ijhydene.2019.08.031 

21. Sarkar A, Wang Q, Schiele A, Chellali MR, Bhattacharya SS, 

Wang D, Brezesinski T, Hahn H, Velasco L, Breitung B. High-
entropy oxides: Fundamental aspects and electrochemical 

properties. Adv Mater. 2019;31(26):1806236. 
doi:10.1002/adma.201806236 

22. Rodríguez C, Moreno S, Molina R. Revealing oxygen's influ-

ence on ethanol steam reforming: A transient-state operando 
DRIFT-MS study with Ni-Co catalysts. Appl Mater Today. 
2025;43:102674. doi:10.1016/j.apmt.2025.102674 

23. Mattos V, Jacobs G, Davis BH, Noronha FB. Production of 
hydrogen from ethanol: Review of reaction mechanism and 
catalyst deactivation. Chem Rev. 2012;112(7):4094–123. 

doi:10.1021/cr2000114 
24. Shi K, An X, Wu X, Xie X. Modification strategies for enhanc-

ing anti-coking of Ni-, Co-based catalysts during ethanol 

steam reforming: A review. Int J Hydrogen Energy. 
2022;47(93):39404–28. doi:10.1016/j.ijhydene.2022.09.097 

25. Qin T, Yuan S. Research progress of catalysts for catalytic 

steam reforming of high temperature tar: A review. Fuel. 
2023;331(1):125790. doi:10.1016/j.fuel.2022.125790 

26. Bac S, Keskin S, Avci AK. Recent advances in materials for 

high purity H2 production by ethanol and glycerol steam re-
forming. Int J Hydrogen Energy. 2020;45(60):34888–34917. 
doi:10.1016/j.ijhydene.2019.11.237 

27. Rodríguez C, Martínez T C, Centeno MA, Moreno S, Molina R. 
Catalytic performance of NiCo-CePr oxide on FeCrAlloy mi-

cromonoliths in hydrogen production by oxidative steam re-
forming of ethanol. Energy Convers Manage. 
2025;341:120089. doi:10.1016/j.enconman.2025.120089 

28. Ahmadova DV, Khalafova IA, Baghiyev VL. Steam reforming 
of ethanol over binary nickel-cerium oxide catalysts into hy-
drogen. Process Petrochem Oil Refin. 2025;26(1):178–84. 

doi:10.62972/1726-4685.2025.1.178 
29. Ali FM, Rosha P, Yusuf Md, Hmadeh Md, Ibrahim H. Elucidat-

ing the reaction kinetics of hydrogen generation via ethanol 

steam reforming using a nickel-based catalyst. Clean Energy. 
2025;9(1):42–51. doi:10.1093/ce/zkae098 

30. Labhsetwar N, Biniwale RB, Kumar R, Rayalu S, Devotta S. 

Application of supported perovskite-type catalysts for vehicu-
lar emission control. Catal Surv Asia. 2006;10(1):55–64. 
doi:10.1007/s10563-006-9005-x 

31. Chen H, Yu H, Peng F, Yang G, Wang H, Yang J, Tang Y. Auto-
thermal reforming of ethanol for hydrogen production over 
perovskite LaNiO3. Chem Eng J. 2010;160(1):333–9. 

doi:10.1016/j.cej.2010.03.054 
32. Kim SY, Wang M, Nguyen-Phu H, Jeong DH, Shin EW. Investi-

gating the influence of Ni–CexZr1−xO2 interaction on oxygen 

vacancy and catalytic behavior of Ni/CexZr1−xO2 catalysts for 

https://doi.org/10.15826/chimtech.10087
https://www.scopus.com/authid/detail.uri?authorId=35498305000
https://www.scopus.com/authid/detail.uri?authorId=7006677003
https://www.scopus.com/authid/detail.uri?authorId=36450050400
https://english.nsu.ru/
https://en.catalysis.ru/
http://www.solid.nsc.ru/en/
https://doi.org/10.1016/j.ngib.2016.02.001
https://doi.org/10.3390/su14084792
https://doi.org/10.1016/j.futures.2015.03.003
https://doi.org/10.1039/D4SU00630E
https://doi.org/10.1016/j.ijhydene.2007.04.038
https://doi.org/10.1016/j.biteb.2024.101980
https://doi.org/10.1016/j.apcata.2007.05.010
https://doi.org/10.1016/0360-3199(91)90166-G
https://doi.org/10.1016/0360-3199(91)90166-G
https://doi.org/10.1016/S0926-3373(02)00327-2
https://doi.org/10.1016/j.ijhydene.2014.08.072
https://doi.org/10.1016/j.fuel.2022.126526
https://doi.org/10.1016/j.rser.2014.12.023
https://doi.org/10.1016/j.ijhydene.2008.06.029
https://doi.org/10.1016/0360-3199(95)00030-H
https://doi.org/10.1016/S0360-3199(99)00004-X
https://doi.org/10.1038/s41558-022-01485-4
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Jan/IRENA_Geopolitics_Hydrogen_2022.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Jan/IRENA_Geopolitics_Hydrogen_2022.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Jan/IRENA_Geopolitics_Hydrogen_2022.pdf
https://doi.org/10.1021/ef0500538
https://doi.org/10.1016/j.energy.2009.06.018
https://doi.org/10.1016/j.ijhydene.2019.08.031
https://doi.org/10.1002/adma.201806236
https://doi.org/10.1016/j.apmt.2025.102674
https://doi.org/10.1021/cr2000114
https://doi.org/10.1016/j.ijhydene.2022.09.097
https://doi.org/10.1016/j.fuel.2022.125790
https://doi.org/10.1016/j.ijhydene.2019.11.237
https://doi.org/10.1016/j.enconman.2025.120089
https://doi.org/10.62972/1726-4685.2025.1.178
https://doi.org/10.1093/ce/zkae098
https://doi.org/10.1007/s10563-006-9005-x
https://doi.org/10.1016/j.cej.2010.03.054


Chimica Techno Acta 2026, vol. 13(4), No. 10087 ARTICLE 

 20 of 22 DOI: 10.15826/chimtech.10087  

ethanol steam reforming. J Catal. 2022;416:240–52. 

doi:10.1016/j.jcat.2022.11.009 
33. Wang M, Kim SY, Men Y, Shin EW. Influence of metal-support 

interactions on reaction pathways over Ni/CeZrOx–Al2O3 cata-
lysts for ethanol steam reforming. Int J Hydrogen Energy. 
2022;47(79):33765–80. doi:10.1016/j.ijhydene.2022.07.274 

34. Wang M, Kim SY, Jamsaz A, Pham-Ngoc N, Men Y, Jeong DH, 
Shin EW. Metal–support interactions over Ni/CeO2–ZrO2 cata-
lysts for ethanol steam reforming and their effects on the 

coke gasification. Catal Today. 2024;425:114341. 
doi:10.1016/j.cattod.2023.114341 

35. Tang L, Yang Y, Guo H, Wang Y, Wang M, Liu Z, Yan, G, Fu X, 

Luo Y, Jiang C, Zhao Y, Shao Z, Sun Y. High configuration en-
tropy activated lattice oxygen for O2 formation on perovskite 
electrocatalyst. Adv Funct Mater. 2022;32(28):2112157. 

doi:10.1002/adfm.202112157 
36. Sarkar A, Velasco L, Wang D, Wang Q, Talasila G, de Biasi L, 

Kübel C, Brezesinski T, Bhattacharya, S.S., Hahn H, Breitung 

B. High entropy oxides for reversible energy storage. Nat 
Commun. 2018;9:3400. doi:10.1038/s41467-018-05774-5 

37. Cho JH, Kim M, Jung JC. A review on surface oxygen species 

in perovskite oxide catalysts for oxidation reactions: Toward 
rational catalyst design. J Environ Chem Eng. 
2025;13(6):119349. doi:10.1016/j.jece.2025.119349 

38. Lin K-H, Wang C-B, Chien S-H. Catalytic performance of 
steam reforming of ethanol at low temperature over LaNiO3 

perovskite. Int J Hydrogen Energy. 2013;38(8):3226–32. 
doi:10.1016/j.ijhydene.2013.01.005 

39. Shao J, Zeng G, Li Y. Effect of Zn substitution to a LaNiO3−δ 

perovskite structured catalyst in ethanol steam reforming. 
Int J Hydrogen Energy. 2017;42(27):17362–75. 
doi:10.1016/j.ijhydene.2017.04.066 

40. Khani Y, Valizadeh S, Ko CH, Park Y-K. Enhanced hydrogen 
production from sewage sludge via steam gasification using 
Ni catalysts supported on red mud-derived perovskite oxides. 

Chem Eng J. 2025;511:162181. doi:10.1016/j.cej.2025.162181 
41. Correa-Muriel D, Osorio-Vargas P, Rodríguez-Aguado E, Ce-

cilia JA, Rodríguez-Castellón E, Casella ML, Lick ID. Highly 

stable Ni catalysts exsolved from LaNiBO3-based perovskites 
(B = Ti, Al and Fe) for H2 production by catalytic steam re-
forming ethanol: Effect of B site nature. Appl Catal A Gen. 

2025;706:120495. doi:10.1016/j.apcata.2025.120495 
42. Dąbrowa J, Olszewska A, Falkenstein A, Schwab C, 

Szymczak M, Zajusz M, Moździerz M, Mikuła A, Zielińska K, 

Berent K, Czeppe T, Martin M, Świerczek K. An innovative 
approach to design SOFC air electrode materials: High entro-
py La1−xSrx(Co,Cr,Fe,Mn,Ni)O3−δ (x = 0, 0.1, 0.2, 0.3) perov-

skites synthesized by the sol–gel method. J Mater Chem A. 
2020;8(46):24455–68. doi:10.1039/D0TA06356H 

43. Betti LA, Bosetti A, Malavasi L. High-entropy perovskite ox-
ides for thermochemical solar fuel production. Energy Tech-
nol. 2025;13(3):2401199. doi:10.1002/ente.202401199 

44. Zhao T, Shen Q, Andersson M, Yuan J, Li S. Entropy value 
regulation of lanthanide perovskite catalysts: Unlocking the 
performance code of methanol reforming for hydrogen pro-

duction. Chem Eng J. 2025;525:169888. 
doi:10.1016/j.cej.2025.169888 

45. Chu K, Qin J, Zhu H, De Ras M, Wan, C, Xiong L, Zhang L, 

Zhang N, Martens JA, Hofkens J, Lai F, Liu T. High-entropy 
perovskite oxides: A versatile class of materials for nitrogen 
reduction reactions. Sci China Mater. 2022;65(10):2711–20. 

doi:10.1007/s40843-022-2021-y 
46. Nguyen TX, Liao Y-C, Lin C-C, Su Y-H, Ting J-M. Advanced 

high entropy perovskite oxide electrocatalyst for oxygen evo-

lution reaction. Adv Functi Mater. 2021;31(27):2101632. 
doi:10.1002/adfm.202101632 

47. Yang X, Guo R, Cai R, Ouyang Y, Yang P, Xiao J. Engineering 

high-entropy materials for electrocatalytic water splitting. 
Int J Hydrogen Energy. 2022;47(28):13561–78. 
doi:10.1016/j.ijhydene.2022.02.123 

48. Xiaorongjiao, Liu Y, Jiang X, Xing C, Qi X, Wang X, Cabot A. 
Engineered B-site high-entropy perovskite oxide catalyst for 

oxygen evolution reaction. Chem Eng J. 2025;525:169987. 

doi:10.1016/j.cej.2025.169987 
49. Svane KL. Prospects of using high entropy oxides as catalysts 

for the oxygen evolution reaction. Curr Opin Electrochem. 
2025;51:101670. doi:10.1016/j.coelec.2025.101670 

50. Yang Y, Bao H, Ni H, Ou X, Wang S, Lin B, Feng P, Ling Y. A 

novel facile strategy to suppress Sr segregation for high-
entropy stabilized La0·8Sr0·2MnO3−δ cathode. J Power Sources. 
2021;482:228959. doi:10.1016/j.jpowsour.2020.228959 

51. Yang Q, Wang G, Wu, H, Beshiwork BA, Tian D, Zhu S, 
Yang Y, Lu X, Ding Y, Ling Y, Chen Y, Lin B. A high-entropy 
perovskite cathode for solid oxide fuel cells. J Alloys Compds. 

2021;872:159633. doi:10.1016/j.jallcom.2021.159633 
52. Liu Y, Zhang W, Wang B, Sun L, Li F, Xue Z, Zhou G, Liu B, 

Nian H Theoretical and experimental investigations on high 

temperature mechanical and thermal properties of BaZrO3. 
Ceram Int. 2018;44(14):16475–16482. 
doi:10.1016/j.ceramint.2018.06.064 

53. Xiong W, Zhang H, Hu Z, Reece MJ, Yan H. Low thermal con-
ductivity in A-site high entropy perovskite relaxor ferroelec-
tric. Appl Phys Lett. 2022;121(11):112901. 

doi:10.1063/5.0102088 
54. Ma J, Liu T, Ye W, He Q, Chen K. High-entropy perovskite 

oxides for energy materials: A review. J Energy Storage. 

2024;90A:111890. doi:10.1016/j.est.2024.111890 
55. Wang Z, Cao M, Zhang Q, Hao H, Yao Z, Wang Z, Song Z, 

Zhang Y, Hu W, Liu H. Dielectric relaxation in Zr-doped 
SrTiO3 ceramics sintered in N2 with giant permittivity and 
low dielectric loss. J Am Ceram Soc. 2015;98(2):476–82. 

doi:10.1111/jace.13288 
56. Li Y, Wang K, Wang X, Wang Z, Xu J, Zhao M, Wang X, Song S, 

Zhang H. Rare earth-incorporated high entropy oxides for 

energy and environmental catalysis. Chinese J Catal. 
2024;61:54–70. doi:10.1016/S1872-2067(24)60012-4 

57. Wrighton MS, Ellis AB, Wolczanski PT, Morse DL, Abraham-

son HB, Ginley DS. Strontium titanate photoelectrodes. Effi-
cient photoassisted electrolysis of water at zero applied po-
tential. J Am Chem Soc. 1976;98(10):2774–9. 

doi:10.1021/ja00426a017 
58. Kreuer KD. Proton-conducting oxides. Annu Rev Mater Res. 

2003;33:333–59. 

doi:10.1146/annurev.matsci.33.022802.091825 
59. Medvedev DA. Doping design strategies of proton-conducting 

perovskite oxides: A brief compositional map. Int J Hydrogen 

Energy. 2025;161:150689. 
doi:10.1016/j.ijhydene.2025.150689 

60. Sadykov V, Mezentseva N, Fedorova Yu, Lukashevich A, Peli-

penko V, Kuzmin V, Simonov M, Ishchenko A, Vostrikov Z, 
Bobrova L, Sadovskaya E, Muzykantov V, Zadesenets A, 

Smorygo O, Roger A-C, Parkhomenko K. Structured catalysts 
for steam/autothermal reforming of biofuels on heat-
conducting substrates: Design and performance. Catal Today. 

2015;251:19–27. doi:10.1016/j.cattod.2014.10.045 
61. Sadykov VA, Simonov MN, Bespalko YuN, Bobrova LN, Ere-

meev NF, Arapova MV, Smal’ EA, Mezentseva NV, Pavlova SN. 

Design and characterization of nanocomposite catalysts for 
biofuel conversion into syngas and hydrogen in structured 
reactors and membranes. Kinet Catal. 2019;60(5):582–605. 

doi:10.1134/S0023158419050082 
62. Palma V, Castaldo F, Ciambelli P, Iaquaniello G. CeO2-

supported Pt/Ni catalyst for the renewable and clean H2 pro-

duction via ethanol steam reforming. Appl Catal B Environ. 
2009;145:73–84. doi:10.1016/j.apcatb.2013.01.053 

63. Busca G, Montanari T, Resini C, Ramis G, Costantino U. Hy-

drogen from alcohols: IR and flow reactor studies. Catal To-
day. 2009;143(1–2):2–8. doi:10.1016/j.cattod.2008.09.010 

64. Bampos G, Karaiskos S, Ramantani T, Tsatsos S, Kyriakou G. 

Steam reforming of butanol-ethanol mixture for H2 produc-
tion over Ru catalysts. Appl Catal A Gen. 2023;664:119347. 
doi:10.1016/j.apcata.2023.119347 

65. Eremeev NF, Hanna SA, Sadovskaya EM, Leonova AA, Bu-
lavchenko OA, Ishchenko AV, Prosvirin IP, Sadykov VA, 

https://doi.org/10.15826/chimtech.10087
https://doi.org/10.1016/j.jcat.2022.11.009
https://doi.org/10.1016/j.ijhydene.2022.07.274
https://doi.org/10.1016/j.cattod.2023.114341
https://doi.org/10.1002/adfm.202112157
https://doi.org/10.1038/s41467-018-05774-5
https://doi.org/10.1016/j.jece.2025.119349
https://doi.org/10.1016/j.ijhydene.2013.01.005
https://doi.org/10.1016/j.ijhydene.2017.04.066
https://doi.org/10.1016/j.cej.2025.162181
https://doi.org/10.1016/j.apcata.2025.120495
https://doi.org/10.1039/D0TA06356H
https://doi.org/10.1002/ente.202401199
https://doi.org/10.1016/j.cej.2025.169888
https://doi.org/10.1007/s40843-022-2021-y
https://doi.org/10.1002/adfm.202101632
https://doi.org/10.1016/j.ijhydene.2022.02.123
https://doi.org/10.1016/j.cej.2025.169987
https://doi.org/10.1016/j.coelec.2025.101670
https://doi.org/10.1016/j.jpowsour.2020.228959
https://doi.org/10.1016/j.jallcom.2021.159633
https://doi.org/10.1016/j.ceramint.2018.06.064
https://doi.org/10.1063/5.0102088
https://doi.org/10.1016/j.est.2024.111890
https://doi.org/10.1111/jace.13288
https://doi.org/10.1016/S1872-2067(24)60012-4
https://doi.org/10.1021/ja00426a017
https://doi.org/10.1146/annurev.matsci.33.022802.091825
https://doi.org/10.1016/j.ijhydene.2025.150689
https://doi.org/10.1016/j.cattod.2014.10.045
https://doi.org/10.1134/S0023158419050082
https://doi.org/10.1016/j.apcatb.2013.01.053
https://doi.org/10.1016/j.cattod.2008.09.010
https://doi.org/10.1016/j.apcata.2023.119347


Chimica Techno Acta 2026, vol. 13(4), No. 10087 ARTICLE 

 21 of 22 DOI: 10.15826/chimtech.10087  

Bespalko YuN. Catalysts for ethanol dry reforming based on 

high-entropy perovskites. J Catal. 2025;445:116028. 
doi:10.1016/j.jcat.2025.116028 

66. Sinitsa V, Urlukov A, Filatov E, Plyusnin P, Kuratieva N, Rai-
kov D, Ishchenko A, Potemkin D, Korenev S. Bimetallic Rh/Ir–
Cu metastable nanoalloys as promising catalysts for propane 

prereforming. Inorg Chem. 2025;64(50):24818–33. 
doi:10.1021/acs.inorgchem.5c04567 

67. Paukshtis EA, Yurchenko EN. Study of the acid–base proper-

ties of heterogeneous catalysts by infrared spectroscopy. 
Russ Chem Rev. 1983;52(3):242–58. 
doi:10.1070/RC1983v052n03ABEH002812 

68. Kresse G, Hafner J. Ab initio molecular dynamics for liquid 
metals. Phys Rev B. 1993;47(1):558(R)–61(R). 
doi:10.1103/PhysRevB.47.558 

69. Kresse G, Furthmüller J. Efficient iterative schemes for ab 
initio total-energy calculations using a plane-wave basis set. 
Phys Rev B. 1996;54(16):11169–86. 

doi:10.1103/PhysRevB.54.11169 
70. Blöchl PE. Projector augmented-wave method. Phys Rev B. 

1994;50(24):17953–79. doi:10.1103/PhysRevB.50.17953 

71. Kresse G, Joubert D. From ultrasoft pseudopotentials to the 
projector augmented-wave method. Phys Rev B. 
1999;59(3):1758–75. doi:10.1103/PhysRevB.59.1758 

72. Perdew JP, Burke K, Ernzerhof M. Generalized gradient ap-
proximation made simple. Phys Rev Lett. 1996;77(18):3865–

8. doi:10.1103/PhysRevLett.77.3865 
73. Shahid S, Su Y, Owusu JSA, Talib MdW, Zheng H, Deng W, 

Zhao B, Zuwała J. Transition metal (MnCoCuFeCe) based 

high-entropy oxides catalysts derived from LDH for promot-
ing low-temperature C3H6-SCR reactivity. Fuel. 
2026;411:138045. doi:10.1016/j.fuel.2025.138045 

74. Shannon RD. Revised effective ionic radii and systematic 
studies of interatomic distances in halides and chalcogenides. 
Acta Cryst. 1976;A32:751–67. 

doi:10.1107/S0567739476001551 
75. Yurdakal S, Garlisi C, Özcan L, Bellardita M, and Palmisano G. 

(Photo)catalyst characterization techniques: Adsorption iso-

therms and BET, SEM, FTIR, UV–Vis, photoluminescence, and 
electrochemical characterizations. In: Heterogeneous Photo-
catalysis. Relationships with Heterogeneous Catalysis and 

Perspectives. Elsevier; 2019. pp. 87–152. doi:10.1016/B978-0-
444-64015-4.00004-3 

76. Likhariya T, Dave PN, Vara JA. Catalytic performance of La-

FexCo1−xO3 perovskites in the thermal decomposition of am-
monium perchlorate: Kinetic and mechanistic study. Nano-
Struct Nano-Objects. 2025;44:101542. 

doi:10.1016/j.nanoso.2025.101542 
77. Likhariya T, Dave PN, Kumar M. Lanthanum-based perovskite 

oxide catalyst for AP thermal decomposition study. Ph Trans-
it. 2026;1–20. doi:10.1080/01411594.2026.2629301 

78. Likhariya T, Dave PN. Tri-transition metal-substituted lan-

thanum-based perovskite formulation for catalytic applica-
tion in AP. Appl Organomet Chem. 2025;39(9):e70369. 
doi:10.1002/aoc.70369 

79. Hadjiivanov KI, Vayssilov GN. Characterization of oxide sur-
faces and zeolites by carbon monoxide as an IR probe mole-
cule. In: Advances in Catalysis. Volume 47. Elsevier; 2002. 

pp. 308–511. doi:10.1016/S0360-0564(02)47008-3 
80. Sadykov V, Pavlova S, Smal E, Arapova M, Simonov M, Me-

zentseva N, Rogov V, Glazneva T, Lukashevich A, Roger A-C, 

Parkhomenko K, van Veen A, Smorygo O. Structured catalysts 
for biofuels transformation into syngas with active compo-
nents based on perovskite and spinel oxides supported on 

Mg-doped alumina. Catal Today. 2017;293–294:176–85. 
doi:10.1016/j.cattod.2017.05.055 

81. Primet M, Dalmon JA, Martin GA. Adsorption of CO on well-

defined Ni/SiO2 catalysts in the 195–373 K range studied by 
infrared spectroscopy and magnetic methods. J Catal. 
1977;46(1):25–36. doi:10.1016/0021-9517(77)90132-4 

82. Jensen MB, Morandi S, Prinetto F, Olafsen Sjastad A, Ols-
bye U, Ghiotti G. FT-IR characterization of supported Ni-

catalysts: Influence of different supports on the metal phase 

properties. Catal Today. 2012;197(1):38–49. 
doi:10.1016/j.cattod.2012.06.016 

83. Garbarino G, Campodonico S, Perez AR, Carnascia MM, Ria-
ni IP, Finocchio E, Busca G. Spectroscopic characterization of 
Ni/Al2O3 catalytic materials for the steam reforming of re-

newables. Appl Catal A Gen. 2013;452:163–173. 
doi:10.1016/j.apcata.2012.10.039 

84. Mihaylov M, Lagunov O, Ivanova E, Hadjiivanov K. Determi-

nation of polycarbonyl species on nickel-containing catalysts 
by adsorption of CO isotopic mixtures. Top Catal. 2011;54(5–
7):308–17. doi:10.1007/s11244-011-9661-6 

85. Zhang C, Guo Y, Guo Y, Lu G, Boréave A, Retailleau L, Bay-
let A, Giroir-Fendler A. LaMnO3 perovskite oxides prepared 
by different methods for catalytic oxidation of toluene. Appl 

Catal B Environ. 2014;148–149:490–8. 
doi:10.1016/j.apcatb.2013.11.030 

86. Felli A, Toso A. Braga A, Colussi S, Boaro M, Llorca J, 

Truscott B, Artner-Wallner C, Trovarelli A. Perovskite-
derived MnOx/LaMnO3 nanocomposites to boost CO oxidation 
activity. Catal Sci Technol. 2025;15(6):1882–93. 

doi:10.1039/D4CY01418A 
87. Isupova LA, Yakovleva IS, Rogov VA, Alikina GM, Sadykov VA. 

Oxygen states in oxides with a perovskite structure and their 

catalytic activity in complete oxidation reactions: System 
La1−xCaxFeO3−y (x = 0–1). Kinet Catal. 2004;45(3):446–53. 

doi:10.1023/B:KICA.0000032182.48410.e2 
88. Isupova LA, Yakovleva IS, Alikina GM, Rogov VA, Sadykov VA. 

Reactivity of La1−xSrxFeO3−y (x = 0–1) perovskites in oxidation 

reactions. Kinet Catal. 2005;46(5):729–35. 
doi:10.1007/s10975-005-0129-1 

89. Smal E, Bespalko Yu, Arapova M, Fedorova V, Valeev K, Ere-

meev N, Sadovskaya E, Krieger T, Glazneva T, Sadykov V, Si-
monov M. Dry reforming of methane over 5%Ni/Ce1−xTixO2 
catalysts obtained via synthesis in supercritical isopropanol. 

Int J Mol Sci. 2023;24(11):9680. doi:10.3390/ijms24119680 
90. Gong Z, Yin X, Hong L. Modification of B-site doping of per-

ovskite LaxSr1−xFe1−y−zCoyCrzO3−δ oxide by Mg2+ ion. Solid State 

Ionics. 2009;180(28–31):1471–7. 
doi:10.1016/j.ssi.2009.09.009 

91. Ansari AA, Adil SF, Alam M, Ahmad N, Assal ME, Labis JP, 

Alwarthan A. Catalytic performance of the Ce-doped LaCoO3 
perovskite nanoparticles. Sci Rep. 2020;10:15012. 
doi:10.1038/s41598-020-71869-z 

92. Yue L, Wang J, Liu P. Promoting effect of copper doping on 
LaMO3 (M = Mn, Fe, Co, Ni) perovskite-supported gold cata-
lysts for selective gas-phase ethanol oxidation. Catalysts. 

2025;15(2):176. doi:10.3390/catal15020176 
93. Sadykov VA, Pavlova SN, Kharlamova TS, Muzykantov VS, 

Uvarov NF, Okhlupin YuS, Ishchenko AV, Bobin AS, Me-
zentseva NV, Alikina GM, Lukashevich AI, Krieger TA, 
Larina TV, Bulgakov NN, Tapilin VM, Belyaev VD, Sa-

dovskaya EM, Boronin AI, Sobyanin VA, Bobrenok OF, Smir-
nova AL, Smorygo OL, Kilner JA. Perovskites and their nano-
composites with fluorite-like oxides as materials for solid ox-

ide fuel cells cathodes and oxygen-conducting membranes: 
Mobility and reactivity of the surface/bulk oxygen as a key 
factor of their performance. In: Perovskites: Structure, Prop-

erties and Uses. Nova Science Publishers; 2010. pp. 67–168. 
94. Calabrese C, La Parola V, Pantaleo G, Liotta LF. Nickel cata-

lysts supported on SiO2-CeO2 mixed oxides for methane dry 

reforming. Catalysts. 2026;16(3):231. 
doi:10.3390/catal16030231 

95. Arapova MV, Pavlova SN, Rogov VA, Krieger TA, Ishchen-

ko AV, Roger A-C. Ni(Co)-containing catalysts based on per-
ovskite-like ferrites for steam reforming of ethanol. Catal 
Sustain Energy. 2015;2(1):10–20. doi:10.2478/cse-2014-0002 

96. Hao Y, Ma W, Qu Y, Xu T. Temperature sensitive properties 
of the La(TixMn1−x)O3 system. J Electroceram. 
2005;15(3):251–5. doi:10.1007/s10832-005-3464-8 

97. Lou S, Meng X, Liu N, Shi L. A-site deficient titanate perov-
skite surface with exsolved nickel nanoparticles for ethanol 

https://doi.org/10.15826/chimtech.10087
https://doi.org/10.1016/j.jcat.2025.116028
https://doi.org/10.1021/acs.inorgchem.5c04567
https://doi.org/10.1070/RC1983v052n03ABEH002812
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/j.fuel.2025.138045
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1016/B978-0-444-64015-4.00004-3
https://doi.org/10.1016/B978-0-444-64015-4.00004-3
https://doi.org/10.1016/j.nanoso.2025.101542
https://doi.org/10.1080/01411594.2026.2629301
https://doi.org/10.1002/aoc.70369
https://doi.org/10.1016/S0360-0564(02)47008-3
https://doi.org/10.1016/j.cattod.2017.05.055
https://doi.org/10.1016/0021-9517(77)90132-4
https://doi.org/10.1016/j.cattod.2012.06.016
https://doi.org/10.1016/j.apcata.2012.10.039
https://doi.org/10.1007/s11244-011-9661-6
https://doi.org/10.1016/j.apcatb.2013.11.030
https://doi.org/10.1039/D4CY01418A
https://doi.org/10.1023/B:KICA.0000032182.48410.e2
https://doi.org/10.1007/s10975-005-0129-1
https://doi.org/10.3390/ijms24119680
https://doi.org/10.1016/j.ssi.2009.09.009
https://doi.org/10.1038/s41598-020-71869-z
https://doi.org/10.3390/catal15020176
https://doi.org/10.3390/catal16030231
https://doi.org/10.2478/cse-2014-0002
https://doi.org/10.1007/s10832-005-3464-8


Chimica Techno Acta 2026, vol. 13(4), No. 10087 ARTICLE 

 22 of 22 DOI: 10.15826/chimtech.10087  

steam reforming. Chem Eng Sci. 2023;274:118690. 

doi:10.1016/j.ces.2023.118690 
98. Papargyriou D, Miller DN, Irvine JTS. Exsolution of Fe–Ni 

alloy nanoparticles from (La,Sr)(Cr,Fe,Ni)O3 perovskites as 
potential oxygen transport membrane catalysts for methane 
reforming. J Mater Chem A. 2019;7(26):15812–22. 

doi:10.1039/c9ta03711j 
99. Sun Y-F, Wang M-N, Luo J-L. Nickel doped lanthanum chro-

mite perovskite: A novel regenerable anode material for solid 

oxide fuel cells. ECS Trans. 2015;68(1):1455–63. 
doi:10.1149/06801.1455ecst 

100. Albedwawi SH, AlJaberi A, Haidemenopoulos GN, Poly-

chronopoulou K. High entropy oxides-exploring a paradigm 
of promising catalysts: A review. Mater Des. 
2021;202:109534. doi:10.1016/j.matdes.2021.109534 

101. Gao Y, Liu Y, Yu H, Zou D. High-entropy oxides for catalysis: 
Status and perspectives. Appl Catal A Gen. 2022;631:118478. 
doi:10.1016/j.apcata.2022.118478 

102. Likhariya T, Dave PN, Sirach R. Thermal, kinetic, and artifi-
cial neural network investigations of ammonium perchlo-
rate/CeMnxFe1−xO3 high energetic formulations. Mater Chem 

Phys. 2026;349(2):131695. 
doi:10.1016/j.matchemphys.2025.131695 

103. Ruan C, Dou B, Chen N, Zhang H. Hydrogen production from 

ethanol steam reforming by stable LaNixCu1−xO3−λ perovskite-
type catalysts. Catalysts. 2025;15(1):9. 

doi:10.3390/catal15010009 
104. Arapova M, Naurzkulova S, Krieger T, Rogov V, Sadykov V. 

Efficient catalysts of ethanol steam reforming based on per-

ovskite-fluorite nanocomposites with supported Ni: Effect of 
the synthesis methods on the activity and stability. Catalysts. 
2022;12(10):1151. doi:10.3390/catal12101151 

105. Naurzkulova SM, Arapova MV, Ishchenko AV, Krieger TA, 
Saraev AA, Kaichev VV, Rogov VA, Krasnov AV, Massalimo-
va BK, Sadykov VA. Ni–Ru-containing mixed oxide-based 

composites as precursors for ethanol steam reforming cata-
lysts: Effect of the synthesis methods on the structural and 
catalytic properties. Open Chem. 2021;19(1):696–708. 

doi:10.1515/chem-2021-0062 
106. Smal EA, Simonov MN, Mezentseva NV, Krieger TA, 

Larina TV, Saraev AA, Glazneva TS, Ishchenko AV, Rogov VA, 

Eremeev NF, Sadovskaya EM, Sadykov VA. Spinel-type 
MnxCr3−xO4-based catalysts for ethanol steam reforming. Appl 
Catal B Environ. 2021;283:119656. 

doi:10.1016/j.apcatb.2020.119656 

107. Lyu Z, Wang Y, Sun Y, Dai Y. Nanostructured high-entropy 

oxides for catalysis: Linking entropy to function. Nanoscale. 
2026;18(15):7825–48. doi:10.1039/D5NR05294G 

108. Sun Y, Dai Y. High-entropy materials for catalysis: A new 
frontier. Sci Adv. 2021;7(20):eabg1600. 
doi:10.1126/sciadv.abg1600 

109. Alberton AL, Souza MMVM, Schmal M. Carbon formation and 
its influence on ethanol steam reforming over Ni/Al2O3 cata-
lysts. Catal Today. 2007;123(1–4):257–64. 

doi:10.1016/j.cattod.2007.01.062 
110. de Souza MMVM, Clavé L, Dubois V, Perez CAC, Schmal M. 

Activation of supported nickel catalysts for carbon dioxide re-

forming of methane. Appl Catal A Gen. 2004;272(1–2):133–9. 
doi:10.1016/j.apcata.2004.05.026 

111. Kumar A, Prasad R, Sharma YC. Ethanol steam reforming 

with Co0 (111) for hydrogen and carbon nanofilament genera-
tion. Resour-Effic Technol. 2017;3(4):422–8. 
doi:10.1016/j.reffit.2017.03.006 

112. Choong CKS, Zhong Z, Huang L, Wang Z, Ang TP, Borgna A, 
Lin J, Hong L, Chen L. Effect of calcium addition on catalytic 
ethanol steam reforming of Ni/Al2O3: I. Catalytic stability, 

electronic properties and coking mechanism. Appl Catal A 
Gen. 2011;407(1–2):145–54. doi:10.1016/j.apcata.2011.08.037 

113. Likhariya T, Dave PN, Kakkar R, Lohar A. Density functional 

theory (DFT) study of LaMn0.4Fe0.6O3 perovskite oxide. Chem-
istrySelect. 2025;(30):e00161. doi:10.1002/slct.202500161 

114. Demeter M, Neumann M, Galakhov VR, Ovechkina NA, 
Kurmaev EZ, Labachevskaya NI. Electronic structure of doped 
La–Mn–O perovskites. Acta Phys Pol A. 2000;98(5):587–91. 

doi:10.12693/APhysPolA.98.587 
115. Selbach SM, Tolchard JR, Fossdal A, Grande T. Non-linear 

thermal evolution of the crystal structure and phase transi-

tions of LaFeO3 investigated by high temperature X-ray dif-
fraction. J Solid State Chem. 2012;196:249–54. 
doi:10.1016/j.jssc.2012.06.023 

116. García-Muñoz JL, Rodríguez-Carvajal J, Lacorre P, Tor-
rance JB. Neutron-diffraction study of RNiO3 (R = La, Pr, Nd, 
Sm): Electronically induced structural changes across the 

metal-insulator transition. Phys Rev B. 1992;46(8):4414–25. 
doi:10.1103/PhysRevB.46.4414 

117. Iguchi E, Hwan Jung W. Electrical transports of LaFe1−xTixO3 

(x ≤ 0.10). J Phys Soc Jpn. 1994;63(8):3078–86. 
doi:10.1143/JPSJ.63.3078

 

https://doi.org/10.15826/chimtech.10087
https://doi.org/10.1016/j.ces.2023.118690
https://doi.org/10.1039/c9ta03711j
https://doi.org/10.1149/06801.1455ecst
https://doi.org/10.1016/j.matdes.2021.109534
https://doi.org/10.1016/j.apcata.2022.118478
https://doi.org/10.1016/j.matchemphys.2025.131695
https://doi.org/10.3390/catal15010009
https://doi.org/10.3390/catal12101151
https://doi.org/10.1515/chem-2021-0062
https://doi.org/10.1016/j.apcatb.2020.119656
https://doi.org/10.1039/D5NR05294G
https://doi.org/10.1126/sciadv.abg1600
https://doi.org/10.1016/j.cattod.2007.01.062
https://doi.org/10.1016/j.apcata.2004.05.026
https://doi.org/10.1016/j.reffit.2017.03.006
https://doi.org/10.1016/j.apcata.2011.08.037
https://doi.org/10.1002/slct.202500161
https://doi.org/10.12693/APhysPolA.98.587
https://doi.org/10.1016/j.jssc.2012.06.023
https://doi.org/10.1103/PhysRevB.46.4414
https://doi.org/10.1143/JPSJ.63.3078

	1. Introduction
	2. Materials and methods
	2.1. Catalyst preparation
	2.2. Characterization
	2.2.1. X-ray diffraction (XRD)
	2.2.2. N2 adsorption-desorption isotherm
	2.2.3. CO chemisorption
	2.2.4. Fourier transform infrared spectroscopy (FTIRS) of adsorbed CO
	2.2.5. H2-temperature-programmed reduction (H2-TPR)
	2.2.6. Transmission electron microscopy (TEM)

	2.3. Computational details (DFT)
	2.4. Catalytic tests

	3. Results and discussion
	3.1. Study of structural properties and texture
	3.2. FTIRS studies of adsorbed CO
	3.3. H2-temperature-programmed reduction
	3.4. Ethanol steam reforming test over supports and Ni-supported catalysts
	3.5. DFT calculations
	3.6. TEM characterization of the supports and Ni supported catalysts

	4. Limitations
	5. Conclusions
	Supplementary materials
	Data availability statement
	Acknowledgments
	Author contributions
	Conflict of interest
	Additional information
	References

