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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(Cro,..Mn, .Feo 2C00.2Nio.2)03-5 (LCMFCN) and La(Tio..Mno . Feo >C00.2Nio.2)03-5
(LTMFCN) were studied in comparison to the catalyst based on low-entropy
perovskite LaMnO;_s. The Ni-supported high-entropy perovskite catalysts
showed improved ethanol steam reforming behavior compared with
Ni/LaMnO;_5, giving nearly complete ethanol conversion and H,/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 % H, yield, and H,/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.

Key findings
e The catalysts based on Ni and high-entropy perovskites demonstrate consistent perfor-
mance in ESR, exhibiting nearly complete conversion of ethanol.

e The structural stability of the catalysts and the absence of substantial carbon deposit for-
mation are revealed after short-term stability tests.

e DFT calculations demonstrate the absence of a strong dependence of the density of states
on a particular B-ion arrangement.

e 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:

C>HsOH + 3H20 —6H> + 2CO.. (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 Ha,
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 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

accumulation of carbon

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, LaMnO; and LaFeOs5 cata-
lysts have been prepared using the combustion method.
The reduced LaNiO; catalyst has been highly active and
selective for the autothermal reforming reaction, produc-
ing 3.2 H> molecules per ethanol molecule. The perovskite-
derived catalysts have been more active, stable, and selec-
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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-0s):

C2Hs0H + Me-Os = 2CO + 3H2 + Me, ()
and water decomposes on the surface oxygen vacancies
of the oxide support (Vo):

H>O + Vo = H> + 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 H- yield, another problem
in ESR research has been minimizing catalyst deactivation
by coke formation through active site optimiza-
tion [23,24]. Ni/(Ce02-Zr0O.) (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 CexZr:-xO. affects oxygen vacancy formation and
the corresponding catalytic behavior of the Ni/CexZr:-xO-
ESR catalyst [32]. A 5 wt. % Ru/Al.O;
5 wt.% Ru/MgO-Al.O3 catalysts have been synthesized to

and a

be used in ethanol steam reforming for the production of
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hydrogen resulting in 100 % ethanol conversion with high
H: selectivity and remarkable stability after 45 h of expo-
sure to the reaction mixture at 700 °C for Ru/Al.O3 cata-

lyst [64].

The same Ni/LaMnOs-s,
Ni/La(Cro.2Mno.2Feo.2C00.2Nio.2)O03-5, and
Ni/La(Tio.2Mno.2Feo.2C00.2Nio2)03-5 perovskite systems

were previously investigated in ethanol dry reforming,
where CO- 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 H»O 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 H:O-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(Cro.2Mno.2Feo.2C00.2Nio.2)03-5 and
La(Tio.2Mno.2Feo.2C00.2Nio.2)03-5 were investigated as cata-
lysts and catalyst precursors for ethanol steam reforming.
LaMnOs-5 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, H./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
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used: La(NO3)3-6H-0, C16H3604Ti, Cr(NO3)2:6H-0,
Mn(NOs3)2, Fe(NO3)3-9H20, Co(NO3)2:-6H20, Ni(NO;3)2-6H-0,
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). 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 260 = 0.05° and a
storage time of 3 s with the use of the Mythen2R 1D linear
Cu Ka

detector  (Dectris, Switzerland). radiation

(A = 1.5418 A) was used.

2.2.2. N2 adsorption-desorption isotherm

The N. adsorption-desorption experiments were carried
out to study the texture of the samples. The catalysts were
first prereduced in a stream of 5 % H- 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

2.1. Catalyst preparation

The high-entropy perovskite catalysts LaMnOs-s (LM),
La(CI‘o.2Mno.2Feo‘2C00.2Nio.2)03—5 (LCMFCN), and
La(Tio.2Mno.2Fe0.2C00.2Nio.2)03-5 (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). and subsequent drying and calcination at
700 °C in air. Six nitrates of the relevant cations were
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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% H- 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 H. 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 pmol 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 1x2 cm? 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 H> gas was
introduced into the cuvette, and the sample was calcined
in an H. atmosphere for 1 h at 600 °C. Subsequently, the
sample was subjected to vacuum conditions until the re-
sidual pressure reached a level of < 1074 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™ with a resolution of
4 cm™ 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. Hz-temperature-programmed reduction (H2-TPR)

The redox properties of the samples were examined by
temperature-programmed reduction by H. (H2-TPR). Tem-
perature-programmed reduction (TPR) by H. was carried
out in a flow installation using feed containing 10 vol. %
H: 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 O at 500 °C for 0.5 h. Product
water was separated by freezing at —80 °C. The H. 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 A) 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)

ARTICLE

[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
10% eV, while the lattice relaxation was stopped when the
forces acting on the ions dropped to 0.001 eV/A. To speed
up the calculations, only the gamma-k point was used. The
high-entropy perovskites are considered for the 3x3x2
supercells. It turned out that for larger supercells self-
consistency is not achieved. The (3x3x2) 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
LaisCry;Mn2Fe Co4Ni Osy, LaisCry;MnyFe2CoyNigOsy
LaisCry;Mn4Fe,C02Ni 054 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 (Sconig = -R(4(2/9In(2/9)+1/9In(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 (3x3x2) supercells parameters are the follow-

and

ing:

LaisCrgMn2Fe Co4NiyOsy:
a=11.450170 A,
b=11.544054 A,
c=7.610494 A;
LaisCrgMnyFe>Co4NiyOsy:
a=11.648470 A,
b=11.628038 A,
c=7.687335 A;
LaisCryMnyFe C02NiyOsy:
a=11.682289 A,

b= 11.633852 A,
c=7.720064 A.

2.4. Catalytic tests

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

4 of 22

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,
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

respectively, yielding a feed gas with EtOH:H.O =

(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(H:) (%), and products se-
lectivities Si (i = H2, CO, CHy, CO2) (%) were calculated
according to Equations (5)-(7).
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—— LaMnO; 5
LaCry:Mng2Fey2Coy2Nip203 5
LaTip:Mng2Fey2C0¢2Nip 2035

" NILM
NILCMFCN
—— Ni/LTMFCN

Intensity, [arb. units]

26, [
Figure 1 XRD patterns for supports and Ni-catalysts.

X(EtOH)= C(EtOH) x 100% (5)
= CO(EtOH)-C (EtOH) 0’ >
oy .
Y(Ha)= g romom < 100% (6)
Si= viCi x 100%
i~ CO(EtOH)-C(EtOH) : 7)

The carbon balance was calculated for all experiments
taking into account the concentrations of ethanol (initial
and unreacted), CO, CO, and CHy:

C(CO)+C(CO,)+C(CH,)
CY9(EtOH)-C(EtOH)

X 100%. (8

C balance=

The effective pseudo-first-order rate constant (kefr) was
estimated according to Equation 9:

o In(1-X(EtOH)) (9

eff .

’

where 7 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-

ARTICLE

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 [48,53,731.
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. N> 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 m?/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 Content Lattice V/Z, Crystallite
composition parameters, [A3] size, [nm]

[A]
LaMnO;_s LaMnO3 (hex) 100 % a = 5.502, 59.5 34.9
(LM) c =13.316(2)
Ni/LaMnO;_s LaMnO3 (hex) 100 % a = 5.503, 58.4 41
(Ni/LM) Cc =13.370(2)
La(Cro..Mn, ,Fe,,C00.,Nio 2)05-5 perovskite (hex) 100 % a = 5.520(1), 58.9 28
(LCMFCN) c =13.384(4)
Ni/La(Cr,..Mn, .Fe, ,C0,.5Nio 2) 03— NiO 4 % - - 22
5 perovskite (hex) 96 % a = 5.511(1), 58.7 32
(Ni/LCMFCN) c =13.327(1)
La(Tio..Mno 2Fe,C00.2Ni 2)O03-5 perovskite (hex) 100 % a = 5.529(1), 59.6 45
(LTMFCN) € =13.497(4)
Ni/La(Tio.zMnoAzFeoAzcooAzNio,z)03—5 NiO 7 % - - 27
(LTMFCN) perovskite (hex) 93 % a = 5.532(1), 59.5 39

C = 13.466(2)
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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 Pore
area, volume,
[m?/g] [cm3/g]

LaMnOs-s 15.8 0.132

Ni/LaMnOs-s 15.8 0.115

La(Cro..Mn,..Fe,.,C00.2Nio.2)03-5 14.3 0.116

Ni/La(Cro..Mn, 2Fe,,C00.2Nio 2)O5- 15.3 0.117

5

La(Tio..Mno 2Fe,.2C00.2Nio2)03-5 20.5 0.135

Ni/La(TioMn, 2F€..C002Nis2)05-5  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.

6 of 22

ARTICLE
a .
( ) Adsorption
020
LaMnO;_;
La(Crq;Mng sFeq 2Cog5Nip )03 5
0.154
= La(Tig ,Mny ;Feq 2Coq zNip )05 5
B
2,
57 0.10
R~
0.054
0.00 T T T T T T
0 50 100 150 200 250 300
Diameter, [nm]
(b) Ni/LaMnO, ;
Ni/La(Cr;,Mng ,Fe, ,Coq oNig )04 5
0.16 -
Ni/La(Tiy ,Mng ,Feq ,Cog 5Nig 5)O05 5
0.14 4 016
0.14
0.12 4 0.12 4
So104
010 5,008
] - 0.06 -
‘2_' 0.08 4 3 0.04 -
% 0.02 4
0.06 - 0.00 ]
-0.02 1 T 1
50 100
0.04 4 Diameter, [nm]
0.02 -
0.00 .

T T T T 1
0 50 100 150 200 250 300
Diameter, [nm]

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™! are indicative of CO
adsorption on OH groups, while the bands at 2160-
2165 cm™! are associated with CO adsorption on various
cations [79,80]. In addition, the low-intensity bands at
1920 cm™ 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™ 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 H. 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™ and
2160-2165 cm™, respectively, and bridge Ni>.CO and on-top
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forms of CO adsorption on metal particles at 1925-
1935 cm™! and 2085-2090 cm™, 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 LaMnOs-s and two times for
Ni/La(Cro.zMno,2F60,2C00.2Nio,2)03—6.
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Figure 4 IR spectra of CO adsorbed: (a) LM; (b) LCMFCN; (c¢) LTMFCN; (d) Ni/LM; (e) Ni/ LCMFCN; (f) Ni/ LTMFCN.
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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, = Amount of on-top CO, Total amount
[umol/g] [pmol/g] of centers,
(vCO = 1920- (vCO = 2085- [umol/g]
1935 cm™) 2090 cm™')
LaMnO;_s 1 - 1
La(Cro..Mn, 2Fe,,C00.2Nio 2)03-5 1 6 7
La(Tio.2MnoA2FeoA2COoA2Nio.2)0376 0.5 7-5 8
Ni/LaMnO;_s 2 8 10
Ni/La(Cr,..Mno 2Fe,2C00.2Ni.2)03-5 12 11 23
Ni/La(Tio.2MnoA2FeoA2COoA2NioA2)0375 5 6 11
LaMnO two main reduction regions are detected. Literature re-
1.8x10° o ) g1z () ports have indicated that two main peaks are observed in
—_— La(Cr ,Mng ;Fe, ,Cog,Nig 5)03 5 . A °
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Figure 5 H,-TPR profiles of supports (a) and catalysts (b).

Table 4 H, consumption for supports and Ni-supported catalysts
according to the H,-TPR data

Composition H, consumption,
[mol H,/g]
LaMnO;_s 4.88-1074
Ni/LaMnO;_s 6.19-1074
La(Cro,zMnoAzFeoAzcooAzNio,z)03—5 4»06'1074
Ni/La(Cro.zMno.zFeo.zcoo.zNio.z)03—6 4.63-107%
La(Tio..Mn, . Fe,,C00,Nio2)05-5 2.26-1074
Ni/La(Ti, Mn, . Fe,,C0,.,Nio )05 3.27-107%

3.3. H>-temperature-programmed reduction

The redox properties of the supports and Ni-supported
catalysts are studied using Ha-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 LaMnOs-s,
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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 H>-TPR run
is provided in Table 4.

The total H. consumption values obtained from inte-
gration of the H>-TPR profiles are summarized in Table 4,
the H> 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

DOI: 10.15826/chimtech.10087


https://doi.org/10.15826/chimtech.10087

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

H> 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, the
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-

whereas reduction features of

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, CO:z 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,
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(Cro.2Mno.2Feo.2C00.2Nio.2)03-5. The CHy
content and H./CO ratio increase with decreasing temper-

in comparison; here full conversion is

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 H>/CO ratio. The same observa-
tion applies to CO: 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 CO. and H, resulting in a higher
selectivity toward CO.. 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, LaMnOs-s and LCMFCN showed
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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 C'80. 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 ~107'4-107'3 cm?/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-
LaMnOs-s and La(Cro.2Mno.2Feo.2C00.2Nio.2)03-5
samples have similar oxygen self-diffusion coefficients
(2.2:107*% and 3.1-107'4 cm?/s at 700 °C, respectively, with
the effective activation energy of 95 and 110 kJ/mol, re-
[65],
La(Tio.2Mno.2Feo.2C00.2Nio.2)03-5 it is lower (1.2:107'4 cm?/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

mined.

spectively) however, for

charge of 3+ with Ti%* 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(Mo.2Mno.2Feo.2C00.2Nio.2)03-5
(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 ~107'> cm?/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
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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, H., CO, CO> and CH, (Figure 7 and Ta-
ble 5).
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Figure 6 Temperature dependence of (a) ethanol conversion, (b) hydrogen yield, selectivity of (c) CO, (d) CO., (e) CH,; and (f) H,/CO
ratio in ethanol steam reforming reaction over LaMnO;_s, La(Cro.Mn, sFe, 2C0,.2Nio 2)05-5, and La(Ti, .Mn, 2Fe, ,C0,.2Nio 5)O05-s.
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Table 5 Ethanol (EtOH) conversion, H, yield, selectivity of CO, CO, and CH,, and H,/CO ratio in ESR.
Composition T, X(EtOH), Y(H,), S(C0), S(C0.), S(CH)), H,/CO C balance,

[°C] [Y%] [%] [%] [%] [%] ratio [%]
LaMnO;_s 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/LaMnO;_s 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(Cro..Mng .Fe, 2C00.2Nio2)03-5 700 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(Cro..Mn, .Fe; ,C00..Ni5)03-5 700 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(Tio..Mn, ,Fe,,C006.:Nio2)05-5 700 08.8 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(Tio.Mno,, Feo>C00.:Nio2)03-5 700 99.4 47.9 45.6 383 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 its content decreases with the increase of tempera-

Ni/La(Cro.2Mno.2Fe0.2C00.2Nio0.2)03-5 (~ 96 %) occurs at
600 °C. The complete conversion of ethanol occurs at
700 °C for La(Cro.2Mno.2Fe0.2C00.2Nio.2)O3-5
Ni/La(Tio.2Mno.2Feo.2C00.2Nio.2)O03-5. The maximum yield of
hydrogen among high-entropy oxides with a perovskite

and

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 H./CO being higher
than 3. Thus, it can be concluded that the optimal compo-
sition among perovskites is
Ni/La(Cro.2Mno.2Feo.2C00.2Nio.2)03-5, 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 H: reduction. For titanium-
containing sample, the percentage of reduction in H>-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 CO- 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 CO. 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
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ture [26].

The effective pseudo-first-order rate constant of ESR
can be estimated as ~102s™! 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 LaNii;-xCuxOs-s5 (57.9-83.6 kJ/mol) [103],
LaMno.9Ru0.103-5 (34-113 kJ/mol) [104],
LaMno.45Nio.45RU0.103-5 (61-109 kJ/mol) 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, catalytic
mance [54,59,107,108]. Secondly, the presence of multiple
cations at the B-site (including Co and Ni, which are active

[105],

and perfor-

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

100 (a)
90 +

80
70
60
50

404 "=
—=—— Ni/LaMnO, ,

NilLa(Cr; ,Mng ,Feq;,Coq oNig ;)05 5

30 A
20 +

Ethanol conversion, [%]

10 4 —* Ni/La(Tiy ,;Mn ,Fe, ,Coq,Ni )05 ;

0

T T T T T
700 750 800

BEISO
T.[°C]

T T T T T
500 550 600

P [&)]
o o
1 1

Selectivity, [%]
S

20 1

—s—NilLaMnO,

10 —e— Ni/La(Cr, ,Mng ,Fe; ,C0g 5Nig 5)05 5
—a— Ni/La(Tiy ,Mn, sFeg ,C0g sNig 2)05 5
0 T T T T T T T T T T
500 550 600 650 700 750 800
T, [°C]
5.0+
| (e) —=—Ni/LaMnO,
451 ©CH. —*—NiLa(Cry,Mny;Feq;Coq2Nig)0; 5
4.0 M Ni/La(Tiy ,Mng ;Feq ,Coq ,Nig 5)05_;
—35-
R
3.0
> 25+
9 2.0
© ]
D45
1.0
0.5
0.0 T T T T T T T T T T T T T T
500 550 600 650 700 750 800
T, [°C]

ARTICLE

sintering, coke formation, or structural degradation.
Therefore, short-term stability tests were carried out for
the LaMnOs-s reference and the Cr-containing high-

entropy perovskite system (Figure 8).
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Figure 7 Temperature dependence of ethanol conversion (a), hydrogen yield (b), selectivity of CO (c), CO, (d), CH, (e) and H,/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 LaMnOs-s-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(Cro.2Mno.2Feo.2C00.2Nio.2)03-5 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
H. 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.
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Figure 9 Stability test of Ni/La(Cr,.Mn,.Fe,,C0,,Nip,)05-5 in

ESR for 20 h: (a) ethanol conversion and H, yield; (b) CO, CO.,,
and CH, selectivity.

The product selectivity shown in Figure gb also re-
mains stable during the 20 h test. CO is the main carbon-
containing product, with selectivity of about 55-58 %,
while CO- selectivity remains around 33-38 %. CH,4 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, CO., and CH, selectivities indicate
that the main reaction pathway does not change signifi-
cantly during operation.

The hlgh stability of Ni/La(cro‘zMno.2F€o.2COo.2Nio‘2)03—5
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
Nio nanoparticles [24,109,110]. The pathways of carbon
formation include methane decomposition (pyrolysis):

CH4 = C + 2H>, (10)
the Boudouard reaction:
2CO = C + COs, ()
CO and CO2 hydrogenation:
CO + Hs = C + H20, (12)
CO2 + 2H2 = C + 2H:20, (13)

ethylene and acetaldehyde polymerization, and decom-
position:

1
C:H4 — polymers — 2C + 2Ho, (14)

CH3CHO — CO + 2H2 + C. (15)

A variety of works have explored the role of the reac-
(10)-(15) in the
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.

(a)

tions formation of carbon fila-

Figure 10 HR TEM images for the La(Cr,,Mn,,Fe;C0,.,Nio )05 s

(a) and La(Tio..Mn,.Fe,C00.Nis.)05-5 (b) samples after test in
ethanol steam reforming.
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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(Cro.2Mno.2Feo.2C00.2Nio.2)03-5, 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
(LaisCryMn2Fe Co4NigOs4, LaisCryMnyFe>CoyNigOsy,
LaisCrgMnyFe Co2NigOs4) 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 1eV and La-
dominated conduction band. The contributions of B-metal

and

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(Cro.zMno.zFeo.2COo.2Nio.2)03—5. 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 “low-entropy” perovskite La;-xSrxMnOs
(x = 0.1-0.3) [114].

for
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Figure 11 Supercells La,sCr,Mn,Fe,Co,Ni,Os,, La,sCr,Mn,Fe,Co,Ni,Os,, and La,sCr,Mn,Fe,Co,Ni,05, considered by means of DFT to mod-
el a random scatter of metals in La(Cr,.Mn, .Fe, »C0,..Nis.)05-5 along with the corresponding partial density of states of metals and

oxygen (Er 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
LaisCrysMnzFe,Co4Ni 054, are (3.81, 3.84, 3.80) A being
fairly close to pseudocubic parameters for LaMO; 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 (La:Os,
MnO, Fes304, 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 H.-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(Cro.2Mno.2Feo.2C00.2Nio.2)03-5 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

0.80A 0.86A 0 88A
100A 1 12A § 48A

s 130A 161A 4 178
- .

0.94A
1227 1 12R5 624 5spn
2 s

0.96A 1 794 ¢ 43
.
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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 H.O 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 N- 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 13 TEM images and element mapping for the La(Ti,.Mn, .Fe,.C0,..Nis»)05-5s sample.
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Figure 14 TEM images and element mapping for the Ni/La(Ti,..Mn,.Fe,,C0,.,Ni,)0;5-5 sample.

(b)

Figure 15 HR TEM images for the La(Cr,.Mn,.Fe,,C0,,Nis»)05-5 (a) and the Ni/LaMnO,_s (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/LaMnO3-8 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

17 of 22 DOI: 10.15826/chimtech.10087


https://doi.org/10.15826/chimtech.10087

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

La(Cro.2Mno.2Feo.2C00.2Nio.2)03-5 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 % H:0, 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 LaMnOs-s,
La(Cro.2Mno.2Feo.2C00.2Nio.2)03-5 and
La(Tio.2Mno.2Feo.2C00.2Nio.2)03-5 synthesized
Pechini and citrate methods. After calcination at 700 °C

were via
initial and Ni-supported perovskites were characterized by
XRD, N: adsorption-desorption isotherm, H>-TPR and
TEM. The catalytic properties were studied in ethanol
steam reforming carried out in a continuous flow reactor
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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(Cro.2Mno.2Feo.2C00.2Nio.2)03-5s and is ~96 % already
at 600 °C. and the stability test for 20h showed full etha-
nol conversion with high H. 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.
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