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apacity and DFT analysis of cation
modified perovskites for enhanced
thermochemical CO2 dissociation

Jian Cong, abc Eric Beche a and Stéphane Abanades *a

Solar thermochemical redox splitting of CO2 using perovskite oxygen carriers in two-step cycles is a promising

method for sustainable fuel production. In this study, a series of 23 potential perovskite candidates for CO

production are designed, synthesized, and tested under the same experimental conditions. The material

stability and the lattice structure are validated using Goldschmidt's tolerance factor and powder X-ray

diffraction. For the reduction step, the high proportion of divalent cations (Sr2+/Ba2+/Ca2+) in the A site

promotes oxygen transfer, and the maximum oxygen yield reaches 386 mmol g−1 (d = 0.164) for

Gd0.6Ca0.4MnO3. DFT calculation results indicate that the multi-cationic doping in La0.5Sr0.2Ba0.15Ca0.15MnO3

shows a smaller energy barrier for oxygen transfer compared with the single A-site doping in La0.5Sr0.5MnO3,

with an oxygen vacancy formation energy of 2.91 eV per (O atom), and it offers the most favorable CO yields

of 225 and 227 mmol g−1 in two consecutive cycles. The designed La0.25Gd0.25Sr0.25Ca0.25MnO3 further

decreases the oxygen vacancy formation energy to 2.57 eV per (O atom). Based on the reaction rate analysis,

the presence of B-site doping cations, such as in La0.6Sr0.4Mn0.75Zr0.25O3 and La0.5Sr0.5Mn0.8Ce0.2O3,

increases the maximum oxidation rate, and the A-site multi doping of perovskites allows maintaining high CO

production rates during the oxidation process. This work leverages tunable perovskite redox properties for

enhanced CO production performance through DFT and thermochemical performance analysis, providing

feasible guidance to promote CO2 splitting by an active cation doping strategy.
Sustainability spotlight

New sustainable and alternative energy carriers are required to limit CO2 emissions and climate change resulting from the intensive use of fossil fuels and their
combustion. This study addresses the sustainable production of solar fuels from two-step CO2 splitting cycles using solid oxide intermediates. This thermo-
chemical pathway offers a thermodynamically favourable route for solar energy harvesting and decarbonized fuel production, as it converts the entire solar
spectrum to supply the required high-temperature process heat, without using expensive catalysts or intermediate electricity production. Solar recycling/
conversion of captured CO2 to synthetic fuels is also an alternative to underground CO2 sequestration. Accordingly, this can contribute to achieving the
global net zero carbon emissions and sustainable development goals (particularly SDGs 7, 12 & 13).
1 Introduction

The direct conversion of solar energy into fuels by thermochem-
ical methods achieves the utilization of the full solar spectrum,
with no greenhouse gas generation and high energy storability in
the form of solar chemical fuels.1 Among themost attractive solar
fuel production methods, the two-step redox cycles for splitting
CO2 or H2O have been widely studied recently with relatively
moderate reaction temperatures and high theoretical solar-to-fuel
production efficiency up to 68%.2,3 Temperatures typically in the
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range of 1400–1500 °C for the reduction step and experimental
solar-to-fuel efficiencies in the range of 4–10% were achieved.4–7

First, the metal oxides (MOx) are reduced to the oxygen decient
state (MOx−d) using concentrated solar energy as the process heat
source. Then, the reduced oxides absorb the oxygen from CO2 or
H2O at a relatively lower oxidation temperature. The redox reac-
tions are presented below:8,9

MOx/MOx�d þ d

2
O2 (1)

MOx−d + dH2O/CO2 / MOx + dCO/H2 (2)

Ceria (CeO2) and perovskite-based oxides (ABO3 type) are
promising oxygen carriers for thermochemical redox reac-
tions.10,11 The rapid fuel production kinetics and multi-cycle
stability of ceria make it an attractive option in the past
© 2025 The Author(s). Published by the Royal Society of Chemistry
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several years.12 However, the low capacity for oxygen non-
stoichiometry of reduced ceria limits the maximum fuel
production yield.13 To improve the fuel production potential of
redox materials, ABO3 type perovskites have been widely
studied recently because of their strong oxygen transfer
capacity and the large number of available formulations.14,15

Typically, LaMnO3-based perovskites present excellent fuel
production performance with an effective cation doping.16–24

Nair et al. found that La0.5Sr0.5MnO3 perovskite synthesized by
the Pechini method yielded an optimum CO production and
Sr2+ was the best A-site cation dopant.25 Subsequent studies
investigated the CO production of Ba/Sr/Co/Fe/Ni/Ce
substituted LaMnO3 perovskites, and the results proved that
LaxSr1−xMnO3 provided excellent fuel production capacity,
while La0.6Sr0.4(CeyMn1−y)O3 showed enhanced CO2 splitting
performance.26,27 Through thermodynamic analysis, Carrillo
et al. reported that La0.6Sr0.4CrO3−d has a lower CO2 splitting
Gibbs free energy compared with La0.6Sr0.4MnO3−d, and the
synthesized La0.6Sr0.4Cr0.85Mn0.15O3 showed a fast CO
production rate of 1.5 mL min−1 g−1.20 Experimentally, the
promising perovskites such as CeTi2O6, La0.6Sr0.4Mn0.6Al0.4O3

and BaMn0.75Ce0.25O3 with B site substitution of Mn by Al or Ce
showed a rapid oxidation kinetic rate and displayed large
reaction entropies.28–32 Although previous studies have
proposed numerous high-performance perovskites, the
different experimental operation conditions make it difficult to
compare the fuel production results.33 In this context, we
performed the thermogravimetry analyses of 23 potential
perovskites for comparison of their redox activity in the context
of two-step CO2 splitting. This is one of the rst studies that
analyze the fuel production performance of a large number of
potential perovskites with different doping strategies under
the same experimental conditions. The materials were
synthesized by the Pechini sol–gel method and characterized
by X-ray diffraction.

The perovskite's oxygen transfer capacity determines the
maximum fuel yield and the reaction kinetic rate limits the
Fig. 1 Schematic diagram of tunable CO production of perovskites by d

© 2025 The Author(s). Published by the Royal Society of Chemistry
solar-to-fuel conversion efficiency. Normally, perovskites with
excellent oxygen transfer capacity show a high reduction extent
(oxygen release), but at the expense of a thermodynamic
limitation during oxidation, thus requiring a large tempera-
ture swing between redox steps or large oxidant excess to
overcome the thermodynamic barrier. The oxidation step can
further be hindered by a low kinetic rate due to limitations of
the solid–gas surface reaction, thereby limiting the rate of fuel
production.28 The oxidation is an exothermic reaction. Ther-
modynamically, a low reaction temperature is benecial for
H2O or CO2 splitting. However, the kinetic rate decreases at
low reaction temperatures. Thus, both thermodynamic and
kinetic limitations occur in the oxidation process. The fuel
production kinetics in the oxidation process is important
because rapid fuel production is needed to decrease the
required energy input and increase the fuel production effi-
ciency. To improve the fuel production performance, perov-
skites with single-cation doping, double-cation doping
(cations doped in both A and B sites), and multi-cation doping
(more than two cations doped in the A or B site) were synthe-
sized in this work. Actually, some A-site high doping perov-
skites have been studied with excellent CO production
performance.34,35 Therefore, several potential multi-cation
doped perovskites were considered to compare the CO yields
with single/double cation doped perovskites. We chose the
lanthanide elements La, Gd, and Sm as the A-site base
elements, and Mn as the B-site base element. As shown in
Fig. 1, the divalent cations Sr2+, Ba2+ and Ca2+ are doped in the
A site to promote oxygen transfer, and the high valence cations
Zr4+, Cr3+, Fe3+, Al3+ and Ce3+ are doped in the B site to adjust
the reaction kinetic rate during oxidation. The selected
perovskites were synthesized primarily because these formu-
lations were not considered before. For the A site cation
doping, the divalent cations (Sr2+, Ba2+, and Ca2+) and the
lanthanide elements (Gd3+ and Sm3+) were used to substitute
La3+ for better oxygen transfer capacity. Substituting divalent
Ca2+, Sr2+, and Ba2+ cations for La3+, Pr3+, Sm3+ or Gd3+ (A site)
oping cations.

RSC Sustainability, 2025, 3, 1550–1563 | 1551
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View Article Online
aims to create several effects leading to structural changes/
deviations, cation deciency, oxygen non-stoichiometry,
improved catalytic oxidation activity, and controlled transi-
tion between Mn3+ and Mn4+. The substitution of divalent
cations causes the valence of the Mn ion to increase above 3,
which favors the cation reduction from a high valence state to
Mn3+. Similarly, B-site substitution has also benecial effects.
Experimentally, previous studies suggested that B-site cation
doping (Al3+, Zr4+, Ce3+, Fe3+, and Cr3+) of LaMnO3 perovskites
led to rapid oxidation kinetic rates. Basically, cationic doping
of perovskites in the A or B site was shown to be benecial for
the generation of oxygen vacancies within the perovskites. For
multi-doped perovskites, the increment of the element
number can increase the molar congurational entropy of the

perovskites (Sconfig ¼ �R$P
N

i¼1
xi ln xi, where R is the universal

gas constant and xi is the molar fraction of the element i).36 The
high entropy value makes the oxidation process easier to occur
because of the low value of reaction Gibbs free energy. The
material stability is predicted using the calculated Gold-
schmidt's tolerance factor and further validated using X-ray
diffraction analysis results. Through the thermogravimetric
analyses, the CO yields of perovskites are determined and the
rst principles DFT study of oxygen vacancy formation energy
demonstrates the benecial effects of multi-cation doping on
oxygen transfer. Apart from the CO yields, the evolved gas
production rates of synthesized perovskites are also obtained
in this work. The study analyzes the experimental production
performance of the 23 potential perovskites in terms of fuel
yields and gas production rates, which supports the search for
novel high-performance perovskites for thermochemical CO2

splitting.
2 Materials and methods
2.1 Materials synthesis

The doped perovskites were synthesized by the Pechini sol–gel
method.37 The main raw salt precursors were supplied by the
Alfa Aesar company, which include Gd(NO3)3$6H2O (99.9%),
La(NO3)3$6H2O (99.9%), Sm(NO3)3$6H2O (99.9%), Sr(NO3)2
(99%), Ca(NO3)2$4H2O (98%), Mn(NO3)$4H2O (97.5%),
Fe(NO)3$9H2O (98%), Al(NO3)3$9H2O (99%), Ce(NO3)3$6H2O
(99%), ZrN2O7$6H2O (99.5%), Cr(NO3)3$6H2O (99%), citric acid
C6H8O7 (99.5%) and ethylene glycol C2H6O2 (99%). First, the
nitrates were added into the beaker based on the designed
molar proportion. Then, citric acid was mixed with the nitrates
in a molar ratio of 2 : 1, dissolving in deionized water. Aer the
nitrate solution was stirred and heated to 70 °C, glycol was
added to the solution. Then, the solution heating continued to
85 °C with stirring at this temperature to form the gel. The
formed gel was placed into a drying oven at 120 °C for 3 h. A two-
step calcination process was performed to avoid the loss of
Mn.38 First, the powders were calcined at 800 °C for 90 min
followed by cooling to room temperature. Then, the powders
were heated to 1400 °C for 6 h (3 h ramp up and 3 h dwell) and
cooled to form a stable powder structure.
1552 | RSC Sustainability, 2025, 3, 1550–1563
2.2 Experimental methods

To determine the crystal structures and the lattice parameters of
the synthesized perovskite powders, the powder X-ray diffrac-
tion (PXRD) patterns were obtained at room temperature with
an X'Pert Pro PANalytical diffractometer with Cu Ka radiation (l
= 0.15418 nm). The diffraction angles (2q) were measured in the
range of 10–90° with a step size of 0.017°. The crystal and lattice
parameters were analyzed by cell renement using Jade 6.0
soware.

The gas production yields and redox performance of the
synthesized perovskites in the two-step thermochemical redox
reactions were obtained by thermogravimetry analysis (TGA)
using a thermal analyzer SETARAM Setsys Evolution. The
processed powders with a weight of about 100 mg were placed
in a platinum crucible. The reduction temperature was set at
1400 °C with a heating rate of 20 K min−1. Aer holding the
samples at 1400 °C for 45 min, the reduced perovskites were
cooled to the oxidation temperature of 1050 °C, holding for
1 h. In the reduction step, high purity argon (99.999% purity,
2 ppm O2) was used with a ow rate of 20 N mL min−1 (normal
conditions). During the oxidation step, CO2 (with 99.995%
purity) was injected at a ow rate of 10 N mL min−1 with a CO2

molar fraction of 50% in argon. Two consecutive cycles were
carried out to provide an overview of the material's redox
performance and capacity for CO2 splitting, and a comparison
among the considered formulations in terms of fuel yields and
gas production rates. Themain aim of this work was to unravel
the effect of cation modied perovskites on performance in
the fuel production process, which helps for the further
selection of effective cations for CO2 splitting. Therefore,
various cations incorporated into perovskites were tested
under the same experimental conditions. For subsequent
cycles aer the second cycle, it is generally admitted that the
fuel production capacity does not evolve signicantly
compared to the initial two cycles because the morphological
and structural changes generally occur in the rst cycle. Thus,
the performance of the second cycle is representative of the
material's redox activity.

The sample mass variations (loss during reduction due to O2

release and gain during oxidation due to O atom replenishment
from CO2 gas to produce CO) were measured continuously to
determine the O2 and CO production yields (i.e., the amounts
produced per unit mass of perovskite).39

The oxygen yield (mol g−1) can be obtained using eqn (3):37

YO2
¼ Dm

2MOmini

(3)

where Dm is the perovskite's mass change during the reduction
process (g), MO is the molar mass of the atomic oxygen
(16 g mol−1), andmini is the initial mass of the perovskites (g).

To determine the reduction extent, the oxygen non-
stoichiometry (d) is calculated using eqn (4):

d ¼ Dm

mini

$
MP

MO

(4)

where MP is the molar mass of the perovskites. The CO yields
during oxidation are calculated using the following equation:
© 2025 The Author(s). Published by the Royal Society of Chemistry
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YCO ¼ Dm

MOmini

(5)

In the redox reactions, the O2 and CO production rates
(mol g−1 s−1) can be calculated using the following equations:

rO2
¼ rm

2$MO$mini

(6)

rCO ¼ rm

MO$mini

(7)

where rm (g s−1) is the rate of sample mass variation obtained
from the rst order derivative of the mass change.
3 Results and discussion
3.1 Materials characterization

The stability of ABO3 type perovskite structures can be predicted
using Goldschmidt's tolerance factor, which reects the
Table 1 Tolerance factors and XRD refinement parameters of perovskit

Goldschmidt
tolerance facto

Single A-site cation doping
GdMnO3 0.897
Gd0.75La0.25MnO3-Before 0.92
Gd0.75La0.25MnO3-Aer
Gd0.9Ca0.1MnO3-B 0.905
Gd0.9Ca0.1MnO3-A
Gd0.75Ca0.25MnO3-B 0.918
Gd0.75Ca0.25MnO3-A
Gd0.6Ca0.4MnO3-B 0.93
Gd0.6Ca0.4MnO3-A
Gd0.75Sr0.25MnO3-B 0.927
Gd0.75Sr0.25MnO3-A

Multiple cation doping
Gd0.75Ca0.25Mn0.75Fe0.25O3 0.92
Gd0.6Ca0.4Mn0.75Cr0.25O3-B 0.838
Gd0.6Ca0.4Mn0.75Cr0.25O3-A
La0.6Sr0.4Mn0.5Fe0.25Al0.25O3-B 0.948
La0.6Sr0.4Mn0.5Fe0.25Al0.25O3-A
La0.6Sr0.4Mn0.75Ce0.25O3-B 1.009
La0.6Sr0.4Mn0.75Ce0.25O3-A
La0.6Sr0.4Mn0.75Zr0.25O3-B 0.982
La0.6Sr0.4Mn0.75Zr0.25O3-A
La0.3Gd0.3Sr0.4MnO3-B 0.954
La0.3Gd0.3Sr0.4MnO3-A
La0.25Gd0.25Sr0.25Ca0.25MnO3-B 0.955
La0.25Gd0.25Sr0.25Ca0.25MnO3-A
Sm0.5Sr0.5Mn0.8Ce0.2O3-B 0.94
Sm0.5Sr0.5Mn0.8Ce0.2O3-A
La0.5Sr0.5Mn0.8Ce0.2O3-B 0.96
La0.5Sr0.5Mn0.8Ce0.2O3-A
La0.5Sr0.2Ba0.15Ca0.15MnO3-B 1
La0.5Sr0.2Ba0.15Ca0.15MnO3-A
La0.5Sr0.2Ba0.15Ca0.15Mn0.7Ce0.15Zr0.15O3-B 0.964
La0.5Sr0.2Ba0.15Ca0.15Mn0.7Ce0.15Zr0.15O3-A
Y1/6La1/6Sm1/6Sr1/6Ba1/6Ca1/6Mn0.7Ce0.15Al0.15O3-B 0.956
Y1/6La1/6Sm1/6Sr1/6Ba1/6Ca1/6Mn0.7Ce0.15Al0.15O3-A

© 2025 The Author(s). Published by the Royal Society of Chemistry
relationship between the average A–O and B–O distances. For the
ideal cubic perovskite structure, the tolerance value (t) is 1. The
perovskite phase will be distorted to a tetrahedral or hexagonal
phase when t > 1, and orthorhombic or rhombohedral phases will
form when t < 0.9.40 The original equation is presented below :41,42

t ¼ rA þ rOffiffiffi
2

p ðrB þ rOÞ
(8)

where rA, rB and rO are the ionic radii of cations A, B and O,
respectively. The ionic radii of cations are obtained from
Shannon.43 For the ABO3 type perovskites, the 12-fold coordi-
nated A site is lled with low valence metal cations and the 6-
fold coordinated B site is occupied by the high valence metal
cations. When the A or B site is doped with more than one
cation, we adopt the equivalent ionic radius method to get the
average cation radii of the A and B site elements.44,45

rX ¼
X

liri ðX ¼ A;BÞ (9)
es

r

Lattice parameters
Crystallite
size (nm)a (Å) b (Å) c (Å)

5.324 5.792 7.468 86.3
5.376 5.738 7.535 66.1
5.384 5.813 7.526 65.1
5.383 5.830 7.519 63.1
5.375 5.832 7.522 63.6
5.498 5.890 7.536 39.3
5.510 5.913 7.569 31.1
5.458 5.860 7.481 38.4
5.485 5.874 7.558 26.5
5.431 5.828 7.430 44.2
5.442 5.843 7.449 41.6

5.449 5.846 7.482 34.5
5.418 5.818 7.430 48
5.444 5.845 7.467 42.3
3.875 3.875 3.875 47.9
3.881 3.881 3.881 64.5
3.869 3.869 3.869 40.8
3.871 3.871 3.871 35.6
3.901 3.901 3.901 36.5
3.904 3.904 3.904 25.5
3.908 3.908 3.908 52.2
3.893 3.893 3.893 65.1
3.908 3.908 3.908 37.9
3.880 3.880 3.880 50.6
5.417 7.641 5.446 36.6
5.419 7.714 5.441 52.9
5.461 5.461 5.461 38.87
5.468 5.468 5.468 41.4
3.869 3.869 3.869 26.8
3.875 3.875 3.875 35.4
3.876 3.876 3.876 33.8
3.884 3.884 3.884 27.88
5.505 5.505 5.505 45.8
5.477 5.477 5.477 66.6
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where li is the molar proportion of the element i and ri repre-
sents the ionic radius of i. For example, the tolerance factor of
La0.6Sr0.4Mn0.5Fe0.25Al0.25O3 is calculated using eqn (10).

t ¼ 0:6rLa þ 0:4rSr þ rOffiffiffi
2

p ð0:5rMn þ 0:25rFe þ 0:25rAl þ rOÞ
(10)

The tolerance factor calculation results of the target perov-
skites are shown in Table 1, ranging from 0.838 to 1.009. The
results from a previous study show that perovskites can remain
in stable phases in the t range of 0.813 < t < 1.107.46 Therefore,
all of the designed materials are predicted to form stable
perovskite structures, which are consistent with the X-ray
diffraction results in Table 1. The GdMnO3 and SmMnO3

based perovskites present an orthorhombic structure, and the
LaMnO3 based perovskites present a cubic structure. Gold-
schmidt's tolerance factor is useful in preliminary design and
can help to assess the perovskite's stability, supporting the
effective synthesis and experimental performance studies of the
designed materials.

The crystallite sizes and lattice parameters are presented in
Table 1. Crystallite sizes of synthesized perovskites are calcu-
lated using the Scherrer equation:47

D ¼ K$l

b$cos q
(11)

where D is the mean crystallite size (nm), b is the full width at
half maximum (FWHM) intensity, l is the X-ray wavelength, q is
the Bragg angle, and K is a dimensionless shape factor, which is
assumed to be 0.89.

Fig. 2 shows the change of the crystallite sizes before (black
symbols) and aer (red symbols) the cycling experiments. For
most of the single and double cation doped perovskites, the
crystallite sizes decrease aer the reaction, indicating that the
materials are not signicantly sintered aer the experiment. In
contrast, the multi-cation doped perovskites show an obvious
increment in the crystallite size.
Fig. 2 Crystallite sizes and Goldschmidt tolerance factors of
perovskites.

1554 | RSC Sustainability, 2025, 3, 1550–1563
The X-ray diffraction patterns of fresh and cycled materials
are presented in Fig. 3. The synthesized perovskites are tted
with the related ICSD (inorganic crystal structure database)
patterns. For the single cation doped materials, the replace-
ment of Gd3+ (1.107 Å) with the larger ionic radius elements
Ca2+ (1.34 Å), La3+ (1.36 Å), and Sr2+ (1.44 Å) causes the shi of
the main Bragg peak (112) to lower angles, indicating that the
cations are successfully incorporated into the parent perovskite.
Fig. 3(b) shows that the high Ce4+ and Zr4+ doping proportions
have generated side peaks of SrZrO3 and CeO2. The same situ-
ation occurs in Gd0.75Ca0.25Mn0.75Fe0.25O3, which is extremely
sintered aer the reaction. It is noted that cation doping in the
B site may decrease the purity of target perovskites and generate
byproducts. All of the multiple A site doped perovskites remain
in the form of pure phases aer the experiments, revealing that
cation doping in the A site does not affect the material's phase
purity.
3.2 Thermochemical reaction performance

A summary of the obtained thermochemical reaction yields of
synthesized perovskites is presented in Table 2. The overall fuel
production performance with O2/CO yields and conversion
ratios are reported. The results help to assess the material's
reduction capacity and the CO production performance in two
successive cycles, and the CO/O2 conversion ratio is determined
based on the experimental results.

3.2.1 Reduction capacity. The synthesized perovskites need
to produce sufficient oxygen vacancies to increasemaximumCO
yields during oxidation. As shown in Fig. 4, TGA of materials
was used to determine the mass variation of (a) single doping,
(b) double doping, and (c) multiple cation doping of perovskites
during two successive reduction–reoxidation cycles. The mass
loss in the rst reduction step represents the oxygen transfer
capacity. Overall, the perovskites Gd0.6Ca0.4MnO3, Sm0.5Sr0.5-
MnO3 and La0.25Gd0.25Sr0.25Ca0.25MnO3 exhibit the largest mass
loss, reaching 1.2%, whereas Gd0.75La0.25MnO3 shows the
lowest reduction extent, with a mass loss of only 0.23%. These
results reveal that doping of divalent cations in the A site (Sr2+,
Ca2+, and Ba2+) is benecial for the generation of oxygen
vacancies within the perovskites. Besides, the trivalent cations
in the A site also inuence the oxygen transfer, with the
reduction capacity from strong to weak being in the following
order: Gd3+ > Sm3+ > Pr3+ > La3+. Compared with the single
doping of perovskites in Fig. 4(a), the mass losses during
reduction of Cr3+/Fe3+ doped Gd0.75Ca0.25Mn0.75Cr0.25O3/
Gd0.75Ca0.25Mn0.75Fe0.25O3 and Ce3+ doped Sm0.5Sr0.5Mn0.8-
Ce0.2O3/La0.5Sr0.5Mn0.75Ce0.25O3 decrease with the existence of
B site doping cations. For multi-cation doped perovskites, the
mass loss of La0.5Sr0.2Ba0.15Ca0.15MnO3 is 0.5% larger than that
of La0.5Sr0.2Ba0.15Ca0.15Mn0.7Ce0.15Zr0.15O3. The above results
indicate the unfavorable effect of B site doping cations on
oxygen production. Overall, the presence of Gd3+ and the high
doping proportion of divalent cations are benecial for gener-
ating more oxygen in the reduction step.

Fig. 5 shows the oxygen yields of perovskites in two succes-
sive redox cycles by plotting both the oxygen yield and d values
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray powder diffraction patterns of perovskites: (a) single cation doping, (b) double cation doping, (c) multiple cation doping before and
after the thermochemical cycles between 1050 °C and 1400 °C.
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for each material to highlight the reduction capacity. Fig. 5(a
and b) represent the oxygen production yields of perovskites in
the rst reduction step, and Fig. 5(c and d) show the oxygen
© 2025 The Author(s). Published by the Royal Society of Chemistry
production yields in the second reduction step. For the rst
reduction step, the maximum oxygen yield reaches 386 mmol
g−1 (d = 0.164) from Gd0.6Ca0.4MnO3, but the oxygen yield
RSC Sustainability, 2025, 3, 1550–1563 | 1555
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Table 2 Thermochemical reaction yields of 23 perovskites in two consecutive cycles

First cycle Second cycle

O2 (mmol g−1) CO (mmol g−1) n(CO)/n(O2) O2 (mmol g−1) CO (mmol g−1) n(CO)/n(O2)

Gd0.75La0.25MnO3 78 24 0.31 22 25 1.13
Gd0.75Ca0.25MnO3 191 144 0.75 104 152 1.46
Gd0.75Sr0.25MnO3 285 158 0.554 97 166 1.71
Gd0.75Ca0.25Mn0.75Fe0.25O3 307 119 0.387 92 136 1.48
Gd0.75Ca0.25Mn0.75Cr0.25O3 318 108 0.339 99 109 1.1
Gd0.9Ca0.1MnO3 100 59 0.59 48 63 1.3
Gd0.6Ca0.4MnO3 386 145 0.375 113 156 1.38
La0.6Sr0.4Mn0.5Fe0.25Al0.25O3 257 230 0.894 121 211 1.74
La0.25Gd0.25Sr0.25Ca0.25MnO3 368 184 0.5 105 190 1.81
Sm0.75Ca0.25MnO3 140 112 0.8 73 128 1.75
La0.6Sr0.4Mn0.75Zr0.25O3 112 92 0.821 52 98 1.88
La0.6Sr0.4Mn0.75Ce0.25O3 126 178 1.412 95 178 1.87
Pr0.5Sr0.5MnO3 268 153 0.57 90 160 1.77
Sm0.5Sr0.5MnO3 373 168 0.45 101 175 1.73
La0.5Sr0.5MnO3 232 190 0.82 104 195 1.87
Sm0.6Ca0.4Mn0.8Al0.2O3 206 213 1.03 180 212 1.17
Sm0.75Sr0.25MnO3 117 177 1.51 95 180 1.89
La0.3Gd0.3Sr0.4MnO3 225 182 0.8 103 183 1.77
La0.5Sr0.2Ba0.15Ca0.15MnO3 271 225 0.83 113 227 2
La0.5Sr0.5Mn0.8Ce0.2O3 205 205 1 110 204 1.85
Sm0.5Sr0.5Mn0.8Ce0.2O3 292 164 0.56 97 169 1.74
La0.5Sr0.2Ba0.15Ca0.15Mn0.7Ce0.15Zr0.15O3 118 162 1.37 88 161 1.82
Y1/6La1/6Sm1/6Sr1/6Ba1/6Ca1/6Mn0.7Ce0.15Al0.15O3 319 127 0.39 91 143 1.57
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decreases to 113 mmol g−1 in the second cycle. The main reason
is that the reaction kinetic rate limits the oxygen vacancy
generation in the second cycle. The maximum oxygen non-
stoichiometry value of Gd0.6Ca0.4MnO3 is over 10 times larger
than the value of CeO2 (d = 0.016).48 An almost linear relation-
ship can be obtained between the oxygen yield (mmol g−1) and
d in Fig. 5. However, the amount of oxygen produced per unit
mass of oxide also relies on the molecular weight of the mate-
rial, which explains why the values are not directly proportional.
Sm0.6Ca0.4Mn0.8Al0.2O3 shows the largest oxygen yield at 180
mmol g−1 in the second reduction step, with a d value of 0.07.
The high ratio of Ca2+ incorporation leads to the best reduction
performance in the successive cycles compared with other
materials. The cation doping in the B site decreases the oxygen
transfer capacity in the rst cycle. However, doping of B site
cations (Al3+, Fe3+, and Ce3+) presents high oxygen yields in the
second redox cycle. Owing to the rell of more oxygen vacancies
in the rst oxidation step, B-site doped perovskites have
improved oxygen production capacity in the successive second
reduction step.

For the A site multi-doping Mn-based perovskites, the
reduction extent can be calculated by the variation in the Mn
ion valence. As shown in Fig. 6, the decrease in Mn ion valence
for Gd0.6Ca0.4MnO3 is larger than that for other perovskites,
reaching a value of 0.33. With the same initial Mn ion valence,
the reduction capacity of high doping La0.25Gd0.25Sr0.25Ca0.25-
MnO3 is better than that of La0.5Sr0.2Ba0.15Ca0.15MnO3. For low
cation doping proportions, the Sr2+ incorporation shows better
reduction performance than the Ca2+ substituted GdMnO3. It is
observed that the Mn ion valence of single cation doped
1556 | RSC Sustainability, 2025, 3, 1550–1563
perovskites tends to reach a similar nal value (below 3.1 in any
case), whereas the A site high doping of perovskites cannot
reach such a low Mn ion valence state.

With the same A-site doping proportion of divalent cations,
La0.5Sr0.5MnO3, La0.5Sr0.2Ba0.15Ca0.15MnO3 and La0.25Gd0.25-
Sr0.25Ca0.25MnO3 show different oxygen production capacities.
The removal of oxygen from perovskites in the reduction
process needs to overcome the energy barrier, which is noted as
the oxygen vacancy formation energy DEV (eV per (O atom)). In
this work, the DEV values were predicted using the Cambridge
serial total energy package (CASTEP) of Material Studio soware
through the density functional theory (DFT) calculation, which
is based on the periodic boundary conditions and plane-wave
expansion of the wave function.49,50 The calculation equation
is presented below:51

DEV ¼ EvacðABO3�dÞ þ 1

2
EO2

� EðABO3Þ (12)

where Evac and E are the DFT total energies of the cubic perov-
skite cells with and without an oxygen vacancy (eV), and EO2 is
the energy of oxygen molecules (eV). The calculations are based
on density functional theory with functions of generalized
gradient approximation (GGA) and Perdew–Burke–Ernzerhof
(PBE), using the ultraso pseudopotentials.52,53 The supercells
of 2 × 2 × 2 are established with 40 atoms, and 2 × 2 × 2 k
point meshes are generated using the Monkhorst–Pack scheme.
The setting parameters of analyses include: a cutoff energy of
650 eV, self-consistent eld (SCF) of 1.0 × 10−8 eV per atom,
maximum force of 0.01 eV per atom, maximum displacement of
5 × 10−4 Å and energy convergence criteria of 2.0 × 10−5 eV per
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TGA mass changes of (a) single doping, (b) double doping, and
(c) multi-doping of perovskites during two successive thermochemical
cycles between 1050 °C and 1400 °C.

Fig. 5 Oxygen production yields of perovskites in two successive
cycles: (a and b) first cycle for perovskites with low and high reduction
extents, and (c and d) second cycle for perovskites with low and high
reduction extents.
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atom. The calculation result of oxygen vacancy formation
energy is rst veried using existing LaMnO3 data (3.927 eV per
O atom), obtained by Emery et al.14 The obtained value in our
simulation is 3.897 eV per (O atom), with an energy difference of
0.03 eV per (O atom). Then, the divalent cation substitution of
La3+ in the A site of the LaMnO3 supercell in the model and the
oxygen defected structure of supercells are presented in Fig. 7. It
is oen considered that the oxygen vacancy formation energy
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 1550–1563 | 1557
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Fig. 6 Mn ion valence variation of A-site doped Mn-based perovskites for the reduction step of the first cycle.

Fig. 7 Oxygen vacancy formation energy of the perovskites and varia-
tions with doping cations: (a) LaMnO3, (b) oxygen deficient LaMnO3, (c)
La0.5Sr0.5MnO3, (d) oxygen deficient La0.5Sr0.5MnO3, (e) La0.5Sr0.2Ba0.15-
Ca0.15MnO3, (f) oxygen deficient La0.5Sr0.2Ba0.15Ca0.15MnO3, (g) La0.25-
Gd0.25Sr0.25Ca0.25MnO3, and (h) oxygen deficient
La0.25Gd0.25Sr0.25Ca0.25MnO3. Blue atoms represent La, light purple
atoms represent Mn, red atoms represent O, green atoms represent Sr,
pink atoms represent Ba, deep purple atoms represent Ca, and yellow
atoms represent Gd.

Fig. 8 CO production yields of 23 single, double, and multiple cation
doped perovskites (black symbols represent the results of the first
cycle and red symbols represent the results of the second cycle).
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should be above 2.5 eV per (O atom) to overcome the energy
barrier for the oxidation step. From the calculation results of
the established CASTEP program, doping of the divalent cation
Sr2+ causes an obvious decrease of the required energy for
oxygen vacancy formation. Indeed, the oxygen vacancy
1558 | RSC Sustainability, 2025, 3, 1550–1563
formation energy decreases from 3.897 eV per (O atom) to
3.07 eV per (O atom). With the presence of multi-doping cations
(Sr2+, Ba2+, and Ca2+) in the A site, the reduction energy band
further decreases to 2.91 eV per (O atom) for oxygen transfer.
Although the global proportion of divalent cation doping is the
same, the existence of multi-doping cations can reduce the
energy barrier for oxygen transfer. In addition, the incorpora-
tion of Gd3+ leads to a further decrease in the oxygen vacancy
formation energy to 2.57 eV per (O atom). The A-site high cation
doping thus results in a signicant decrease in the energy
barriers for oxygen transfer, which supports the experimentally
measured oxygen yield results.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2.2 CO production performance. The CO yields of the
synthesized 23 perovskites are presented in Fig. 8. The black
symbols represent the CO production results of the rst cycle
Fig. 9 CO/O2 conversion ratios of (a) single doping, (b) double doping,
and (c) multi doping of perovskites during two consecutive thermo-
chemical cycles.

Fig. 10 Dynamic evolution of gas production rates of (a and b) single
doping, (c and d) double doping, and (e and f) multi doping of
perovskites in two consecutive cycles.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 1550–1563 | 1559
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and the red symbols represent the CO yields of the second cycle.
La0.5Sr0.2Ba0.15Ca0.15MnO3 exhibits the best CO production
performance in two consecutive thermochemical cycles, with
the CO yields of 225 and 227 mmol g−1 respectively. Under the
same thermochemical cycling conditions of this study, ceria is
able to produce up to about 100 mmolCO g−1 aer a reduction
step at 1400 °C and oxidation with 50% CO2/Ar at 1050 °C.37,54

The highest CO yield is obtained by La0.6Sr0.4Mn0.5Fe0.25Al0.25O3

(230 mmol g−1), but the CO yield decreases slightly to 211 mmol
g−1 in the second cycle. All of the synthesized perovskites show
overall good stability, as evidenced by the CO production
performance remaining stable in multiple cycles. Regarding the
single cation doped perovskites, the presence of the Sr2+ cation
results in higher CO yields than with the Ca2+ doped perov-
skites, and the most favorable single cation doped perovskite
for CO2 splitting is La0.5Sr0.5MnO3. To improve the CO
production performance, a strategy is to incorporate B site
cations into the single cation doped perovskites. The doping of
Al3+ and Ce3+ in the B site enhances CO production perfor-
mance, whereas the doping of Fe3+, Zr3+ and Cr3+ in the B site
does not improve the CO yields. The Ce3+ incorporation into
La0.5Sr0.5MnO3 shows an obvious increase in the CO yield. On
the basis of the individual A/B site cation doping effects, the
multiple cation doped perovskites are designed with the aim to
increase CO yields. Accordingly, two high-performance La0.6-
Sr0.4Mn0.5Fe0.25Al0.25O3 and La0.5Sr0.2Ba0.15Ca0.15MnO3 perov-
skites are identied in this work. In contrast, the other
considered high doping cations in both A and B sites do not
show competitive CO yields.
Table 3 Peak reaction rates of perovskites in two consecutive cycles

Peak O2 pro
(mmol g−1 s

1st cycle

Gd0.75La0.25MnO3 0.1
Gd0.75Ca0.25MnO3 0.17
Gd0.75Sr0.25MnO3 0.32
Gd0.9Ca0.1MnO3 0.13
Gd0.6Ca0.4MnO3 0.37
Gd0.75Ca0.25Mn0.75Fe0.25O3 0.33
Gd0.75Ca0.25Mn0.75Cr0.25O3 0.33
La0.5Sr0.5MnO3 0.203
La0.6Sr0.4Mn0.75Zr0.25O3 0.11
La0.6Sr0.4Mn0.75Ce0.25O3 0.1
La0.5Sr0.5Mn0.8Ce0.2O3 0.18
Pr0.5Sr0.5MnO3 0.217
Sm0.75Ca0.25MnO3 0.111
Sm0.75Ca0.25Mn0.8Al0.2O3 0.278
Sm0.5Sr0.5MnO3 0.29
Sm0.5Sr0.5Mn0.8Ce0.2O3 0.24
Sm0.75Sr0.25MnO3 0.148
La0.3Gd0.3Sr0.4MnO3 0.21
La0.6Sr0.4Mn0.5Fe0.25Al0.25O3 0.2
La0.25Gd0.25Sr0.25Ca0.25MnO3 0.31
La0.5Sr0.2Ba0.15Ca0.15MnO3 0.23
La0.5Sr0.2Ba0.15Ca0.15Mn0.7Ce0.15Al0.15O3 0.11
Y1/6La1/6Sm1/6Sr1/6Ba1/6Ca1/6Mn0.7Ce0.15Al0.15O3 0.23

1560 | RSC Sustainability, 2025, 3, 1550–1563
3.2.3 CO/O2 molar ratio. The CO/O2 ratios achieved from
redox cycling of synthesized perovskites are presented in Fig. 9. It
compares the CO/O2 ratio for each group of materials, which
allows identication of the materials showing the highest
conversion ratios among the considered formulations because
this ratio is an important indicator of the reaction extent. The
complete redox reactions lead to a conversion ratio of 2. It is
observed that the CO/O2 conversion ratio of all the materials
exhibits an obvious increase in the second cycle. This is because
the oxygen vacancies generated in the rst cycle are not relled
completely, which benets the CO2 splitting in the second cycle.
Regarding the single cation doped perovskites, Sm0.75Sr0.25MnO3

shows the best CO/O2 conversion performance, with the
maximum conversion ratios of 1.51 and 1.89, respectively, while
Gd0.75La0.25MnO3 shows the lowest conversion ratio. The single
cation doped perovskites with the incorporation of Sr2+ exhibit
better CO/O2 conversion than those with Ca2+ and La3+. For the
double cation doped perovskites, Sm0.6Ca0.4Mn0.8Al0.2O3 has the
highest CO/O2 conversion ratio in the rst cycle, although the
ratio of the second cycle is low. In addition, the Fe3+ and Ce3+

doped perovskites show a good CO/O2 conversion ratio in the
second cycle. Gd0.75Ca0.25Mn0.75Cr0.25O3 has the lowest conver-
sion ratio compared with other double cation doped perovskites.
It is noted that the CO/O2 conversion ratios of all the high cation
doped perovskites are over 1.5 in the second cycle.
3.3 Gas production rate analysis

The reaction kinetics for both cycle steps of the synthesized
perovskites is essential for improving the process efficiency. The
duction rates
−1)

Peak CO production rates
(mmol g−1 s−1)

2nd cycle 1st cycle 2nd cycle

0.02 0.01 0.03
0.1 0.08 0.08
0.08 0.07 0.07
0.05 0.04 0.05
0.08 0.06 0.07
0.07 0.06 0.07
0.06 0.04 0.04
0.103 0.096 0.1
0.05 0.11 0.15
0.09 0.11 0.11
0.12 0.1 0.1
0.07 0.06 0.068
0.095 0.061 0.113
0.406 0.231 0.096
0.08 0.068 0.074
0.09 0.07 0.07
0.14 0.097 0.136
0.1 0.08 0.08
0.14 0.14 0.13
0.08 0.07 0.07
0.1 0.1 0.1
0.09 0.1 0.11
0.09 0.05 0.07

© 2025 The Author(s). Published by the Royal Society of Chemistry
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results of the gas production rate calculation are presented in
Fig. 10, and the peak reaction rates are shown in Table 3. All the
materials are divided into three groups based on the doping
strategies. Overall, Gd0.6Ca0.4MnO3 shows the most rapid
oxygen production rate in the rst cycle, reaching a maximum
value of 0.375 mmol g−1 s−1, and La0.6Sr0.4Mn0.5Fe0.25Al0.25O3

has the highest oxygen production rate of 0.14 mmol g−1 s−1 in
the second reduction step. It is found that the oxygen produc-
tion rates are improved with the existence of active B-site doping
cations such as Ce3+, Fe3+, and Al3+. Compared with the single
cation doped perovskites, the double doping and high doping of
perovskites present better CO production rate performance in
two consecutive cycles. The presence of Zr4+ allows for rapid CO
production, but the CO rates decrease more rapidly in the
oxidation step. The rate evolution tendency indicates that the
promising perovskites should have both a high maximum CO
production rate along with sustained high CO rates during the
oxidation process. The A-site high doping of La0.5Sr0.2Ba0.15-
Ca0.15MnO3 perovskite shows sustainable high CO production
rates in two successive redox cycles, indicating high CO yields,
but the maximum CO production rate is lower than the B-site
doped La0.6Sr0.4Mn0.75Zr0.25O3 and La0.6Sr0.4Mn0.75Ce0.25O3

perovskites. The Ce3+ incorporated perovskites, such as La0.6-
Sr0.4Mn0.75Ce0.25O3 and La0.5Sr0.5Mn0.8Ce0.2O3, present high
maximum CO production rates and sustainable high CO rates.
In addition, the Fe3+ and Al3+ doped La0.6Sr0.4Mn0.5Fe0.25Al0.25-
O3 shows excellent CO production kinetics in two cycles. The
results suggest that the selection of active B site cations is
important to increase the maximum CO production rate, and
some perovskites with A site high doping show sustainable high
CO production rates in multiple cycles.

4 Conclusion

In summary, the fuel production performance of 23 potential
perovskites was investigated in this work through both ther-
modynamic (DFT) and experimental TGA analyses. The incor-
poration of various cations into the perovskites was considered
to improve gas production yields. The single cation doped,
double cation doped, and multiple cation doped perovskites
were synthesized by the Pechini sol–gel method and charac-
terized by X-ray diffraction. All of the A-site doped perovskites
remained in the form of a pure phase aer the reactions, while
the formulations with B-site cation incorporation, such as in
La0.5Sr0.5Mn0.8Ce0.2O3, may generate side products. The high
proportion of divalent cations enhanced the oxygen transfer
and the Gd3+ containing perovskite Gd0.6Ca0.4MnO3 had an
excellent oxygen yield of 386 mmol g−1. According to the DFT
calculation results, the A-site high doping of La0.5Sr0.2Ba0.15-
Ca0.15MnO3 and La0.25Gd0.25Sr0.25Ca0.25MnO3 showed a lower
energy barrier for oxygen transfer than La0.5Sr0.5MnO3, with the
oxygen vacancy formation energy decreasing from 3.07 eV per
(O atom) (for La0.5Sr0.5MnO3) to 2.91 eV per (O atom) and
2.57 eV per (O atom), respectively. The most favorable perov-
skite for CO production is La0.5Sr0.2Ba0.15Ca0.15MnO3, with CO
yields of 225 and 227 mmol g−1 in two consecutive cycles, indi-
cating that the high cation doping perovskites have the capacity
© 2025 The Author(s). Published by the Royal Society of Chemistry
to achieve signicant fuel production. It is noted that the CO/O2

conversion ratios of all the high doping perovskites are over 1.5
in the second cycle. The kinetic analysis reveals that the selec-
tion of active B site cations is important to increase the
maximum CO production rate, and A site high doping perov-
skites sustained high CO production rates during the CO2

dissociation process. This work focused on the A and/or B site
cation doping effects on the fuel production capacity of
different perovskites. Future work should focus on the stability
during multiple cycles and fuel yield optimization of these
perovskites.
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