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Enhanced chemical looping CO2 conversion
activity and thermal stability of perovskite
LaCo1−xAlxO3 by Al substitution†

Yoshihiro Goto, * Kiyoshi Yamazaki,* Masashi Kikugawa and Masakazu Aoki

The reverse water–gas shift chemical looping (RWGS-CL) process that utilizes redox reactions of metal

oxides is promising for converting CO2 to CO at low temperatures. Metal oxides with perovskite struc-

tures, particularly, perovskite LaCoO3 are promising frameworks for designing RWGS-CL materials as they

can often release oxygen atoms topotactically to form oxygen vacancies. In this study, solid solutions of

perovskite LaCo1−xAlxO3 (0 ≤ x ≤ 1), which exhibited high CO production capability and thermal stability

under the RWGS-CL process, were developed. Al-substituted LaCo0.5Al0.5O3 (x = 0.5) exhibited a 4.1

times higher CO production rate (2.97 × 10−4 CO mol g−1 min−1) than that of LaCoO3 (x = 0; 0.73 × 10−4

CO mol g−1 min−1). Diffuse reflectance infrared Fourier transform spectroscopy studies suggested that an

increase in CO2 adsorption sites produced by the coexistence of Al and Co was responsible for the

enhancement of CO production rate. Furthermore, LaCo0.5Al0.5O3 maintained its perovskite structure

during the RWGS-CL process at 500 °C without significant decomposition, whereas LaCoO3 decom-

posed into La2O3 and Co0. In situ X-ray diffraction study revealed that the high thermal stability was attrib-

uted to the suppression of phase transition into a brownmillerite structure with ordered oxygen vacancies.

These findings provide a critical design approach for the industrial application of perovskite oxides in the

RWGS-CL processes.

Introduction

The development of technologies to convert carbon dioxide
(CO2) into valuable compounds is essential for mitigating
anthropogenic global warming and meeting the growing
demand for energy and chemical products. The global CO2

emissions have increased annually, reaching an all-time high
in 2022 (36.8 Gt per year from energy combustion and indus-
trial process).1 Carbon capture and storage technologies2–4 are
being actively investigated to reduce the CO2 emissions;
however, currently, the annual amount of storage capacity
(243.97 Mt in 2022)5 is only 0.66% of the global CO2 emis-
sions, resulting in most of the emissions being released into
the atmosphere. Capturing this atmospheric CO2 using direct
air capture technologies6 and utilizing it can indirectly miti-
gate the global CO2 emissions.7

A possible first step in utilizing captured CO2 is to convert
it into carbon monoxide (CO), which serves as a crucial raw
material for synthetic fuels and various chemical products.8

This conversion is generally carried out by a catalytic reverse
water–gas shift reaction (RWGS reaction; CO2 + H2 → CO +
H2O), which requires high temperature due to thermodynamic
constraints.9 For example, temperatures greater than 750 °C
are required to achieve a CO2 conversion of 80%. To decrease
this operating temperature, the RWGS chemical looping
(RWGS-CL) process using metal oxides has been actively inves-
tigated in recent years.10 The RWGS-CL process consists of
sequential reactions of reduction (MOx + δH2 → MOx−δ +
δH2O) and re-oxidation (MOx−δ + δCO2 → MOx + δCO) of metal
oxides. In contrast to catalytic RWGS reaction, which uses a
mixture of H2 and CO2 in a certain ratio, the RWGS-CL process
is not limited by thermodynamic constraints because the
reduction and the oxidation processes are separate, exhibiting
the potential for high CO2 conversion even at low temperatures
(<500 °C).11 Moreover, continuous CO production is achieved
by using a fixed bed system in which H2 and CO2 are alter-
nately provided to two reactors filled with metal oxides
(Fig. 1a) or a circulating fluidized bed system (Fig. 1b) in
which the metal oxides are circulated between the oxidation
and the reduction reactors.12

†Electronic supplementary information (ESI) available: Experimental details,
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These systems do not require a water separation process for
the produced CO and do not generate methane as a common
by-product, resulting in the RWGS-CL process demonstrating
higher energy efficiency than the catalytic RWGS reaction.13

The performance of the RWGS-CL process is substantially
affected by the metal oxides that are responsible for the reduction
and re-oxidation reactions. Metal oxides, where some transition
metals (e.g., Mn, Fe, Co, and Ni)14–17 and some triels (In and
Ga)11,18 act as redox species, have been reported as materials for
the RWGS-CL process (RWGS-CL materials). To produce CO in the
oxidation process with CO2, RWGS-CL materials are required to
form a large number of oxygen vacancies, which work as active
sites for CO2 conversion, in the reduction process with H2.

19

Metal oxides with perovskite structures can often release oxygen
atoms topotactically to form oxygen vacancies; hence, they are
promising frameworks for designing RWGS-CL materials. In par-
ticular, perovskite LaCoO3, which demonstrates catalytic RWGS
reaction activity,20 is capable of stabilizing a large number of
oxygen vacancies.21 However, LaCoO3 is not suitable for the
RWGS-CL process because of its poor thermal stability in a redu-
cing atmosphere (decomposition starts at 500 °C).22 We recently
demonstrated that the thermal stability of perovskite LaNiO3 can
be enhanced by Al substitution of a Ni site.23 In this study, we
attempted Al substitution of a Co site in perovskite LaCoO3 and
investigated the effects of Al substitution on thermal stability in a
reducing atmosphere and RWGS-CL performance. Al substitution
enhanced the thermal stability and prevented phase decompo-
sition at a typical operating temperature of 500 °C during the
RWGS-CL process. Notably, although the number of oxygen
vacancies formed in LaCo1−xAlxO3 decreased with increasing Al
substitution, the CO production rate increased. LaCo0.5Al0.5O3 did
not exhibit any degradation after 32 cycles of the RWGS-CL stabi-
lity test, indicating that LaCo1−xAlxO3 has potential as a RWGS-CL
material.

Experimental

Polycrystalline LaCo1−xAlxO3 (x = 0, 0.25, 0.5, 0.75, and 1) solid
solution samples were prepared using the polymerized

complex method. La(NO3)3·6H2O (99.9%, FUJIFILM Wako
Chemicals), Co(NO3)2·6H2O (99.9%, FUJIFILM Wako
Chemicals), Al(NO3)3·9H2O (99.997%, Sigma-Aldrich), citric
acid (98%, FUJIFILM Wako Chemicals), and ethylene glycol
(99%, FUJIFILM Wako Chemicals) were dissolved in a
minimum amount of deionized water in a 1 : (1 − x) : x : 6 : 6
molar ratio. The prepared solutions were stirred on a hotplate
at 90 °C for 30 min to promote polymerization and at 150 °C
until the brown gels dried. The obtained gels were preheated
at 400 °C for 2 h and then calcined twice at 800 °C for 5 h in
air. La0.6Ca0.4Fe0.4Mn0.6O3 and Co/In2O3, as benchmark
RWGS-CL materials, were prepared following procedures
described in the literature11,14 (experimental details are pro-
vided in the ESI†).

X-ray diffraction (XRD) patterns of the samples were col-
lected using an Ultima IV X-ray diffractometer (Rigaku) with
Cu Kα radiation (λ = 1.54056 Å). The XRD patterns were
obtained in the range 2θ = 20°–80° in steps of 0.01° at room
temperature. In situ synchrotron X-ray diffraction (SXRD) pat-
terns of the samples were obtained using a Debye–Scherrer
camera with a two-dimensional detector (PILATUS 100 K)
installed in the BL5S2 beamline at the Aichi Synchrotron
Radiation Center. The quartz glass capillaries (0.3 mm o.d.)
filled with the samples were irradiated with X-rays at a wave-
length of λ = 0.689826 Å. The atmosphere in the capillaries
was either air or 100% H2. Both patterns were obtained at
either room temperature or 500 °C. The collected XRD and
in situ SXRD patterns were analyzed using the Le Bail method
implemented in JANA2006.24 Diffuse reflectance infrared
Fourier transform (DRIFT) spectra of samples were recorded at
500 °C under a flow of 5% CO2/N2 (200 mL min−1) using an
iS50 spectrometer (Thermo Fisher). These samples (40 mg)
were preheated at 500 °C for 30 min under a flow of 5% H2/N2

(200 mL min−1). Thermogravimetric analysis (TGA) was con-
ducted using a thermogravimeter analyzer (TGA-50, Shimadzu)
connected to mass flow controllers. The temperature depen-
dence of the TGA curves of the samples (20 mg) was recorded
up to 800 °C at a ramp rate of 10 °C min−1 under a flow of 5%
H2/N2 (100 mL min−1). The RWGS-CL performance of the
samples (20 mg) was evaluated from the isothermal TGA
curves recorded upon switching between a flow of 5% H2/N2

(100 mL min−1) and 5% CO2/N2 (100 mL min−1) every 30 min
at 200–500 °C. The CO production rate was estimated from the
weight loss during the initial 30 s under 5% H2/N2. The
amount of CO produced was estimated from the total weight
loss after 30 min under a 5% H2/N2 flow. CO production was
also confirmed by additional experiments using a fixed bed
reactor, in which the reaction gas can be analyzed by mass
spectrometry (infiTOF, KANOMAX JAPAN) or Fourier-transform
infrared (FT-IR) spectroscopy (Bex-100FT, Best-Sokki).

Results and discussion

All the XRD patterns of the synthesized samples (x = 0, 0.25,
0.5, 0.75, and 1) are characterized by a rhombohedral perovs-

Fig. 1 CO production flowchart based on reverse water–gas shift reac-
tion chemical looping (RWGS-CL) process using (a) periodically operated
fixed bed system and (b) circulating fluidized bed system.
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kite structure with a space group of R3̄c (Fig. 2a). No impurities
were observed in any sample. The estimated lattice volumes of
the end members were V = 335.53(1) and 327.06(2) Å3 for the x
= 0 and 1 samples, respectively. These values agree with those
reported for LaCoO3 (V = 335.6 Å3)25 and LaAlO3 (V =
326.9 Å3),26 respectively. The lattice volumes (Fig. 2b) of the
rhombohedral perovskite phases decrease with increasing Al
content (x), indicating the successful substitution of Al for Co
in LaCo1−xAlxO3. This is attributed to the smaller ionic radius
of Al3+ (0.535 Å) compared to that of Co3+ (0.61 Å).27 The 111
and 104 primary peaks at approximately 2θ = 33°, as shown in
the x = 0 sample (LaCoO3), overlapped into one peak with an
increase in the Al content (Fig. 2a). This overlap is attributed
to the reduction of octahedral tilting in the rhombohedral per-
ovskite structure.28

The oxygen release behavior of LaCo1−xAlxO3 is investigated
using TGA, recorded upon heating to 800 °C under a flow of
5% H2/N2 (Fig. 3). The TGA curve of LaAlO3 (x = 1) did not
exhibit any weight loss upon heating to 800 °C, whereas all the

TGA curves of Co-containing LaCo1−xAlxO3 (x = 0, 0.25, 0.5,
0.75) exhibited weight losses at 300–500 °C, indicating that
these weight losses were attributed to the oxygen release
associated with the reduction of Co3+. The amount of weight
loss up to 500 °C decreased with an increase in the Al content
because of the decrease in the Co content. These weight losses
correspond to the reduction of Co3+ to Co2.04–2.11+. All XRD pat-
terns of LaCo1−xAlxO3 quenched at 500 °C in the TGA measure-
ments are indexed by their original rhombohedral perovskite
structure (space group: R3̄c) without any separated phase
(Fig. S1†). These observations suggest that Co-containing
LaCo1−xAlxO3 (Co3+) transform into LaCo1−xAlxO3−δ (Co2+; δ =
(1−x)/2) following topotactic oxygen release from their crystal
lattices.

The TGA curve of LaCoO3 (x = 0) exhibited further weight
loss in the range 600–700 °C. The weight loss up to 700 °C
(9.3 wt%) was 3.0 times higher than that observed up to
500 °C (3.1 wt%), suggesting the sequential reduction of
LaCoO3 (Co

3+) into LaCoO2.5 (Co
2+), followed by decomposition

into Co (Co0) and La2O3. The Co and La2O3 phases are shown
in the XRD pattern of LaCoO3 quenched at 800 °C in the TGA
measurements (Fig. S2†), attributing the weight loss at
600–700 °C to phase decomposition. The phase decomposition
temperature (black arrows in Fig. 3) increases with increasing
Al content: 600, 660, and 670 °C for LaCoO3 (x = 0),
LaCo0.75Al0.25O3 (x = 0.25), and LaCo0.5Al0.5O3 (x = 0.5), respect-
ively. LaCo0.25Al0.75O3 (x = 0.75) and LaAlO3 (x = 1) did not
exhibit any significant weight loss in the range 500–800 °C.
The XRD patterns of the samples quenched at 800 °C reveal
that undergoes LaCo0.75Al0.25O3 (x = 0.25) partial decompo-
sition, while still maintaining the perovskite phase.
LaCo0.5Al0.5O3 (x = 0.5), LaCo0.25Al0.75O3 (x = 0.75), and LaAlO3

(x = 1) does not show any phase decomposition (Fig. S2†).
These results show that Al substitution enhances the structural
stability of perovskite LaCo1−xAlxO3 in a reducing atmosphere.

In situ SXRD measurements were conducted to investigate
the reasons for the enhanced structural stability. The SXRD
patterns of LaCoO3 (x = 0) and LaCo0.5Al0.5O3 (x = 0.5) are

Fig. 2 (a) X-ray diffraction (XRD) patterns of LaCo1−xAlxO3 (0 ≤ x ≤ 1). (b) Lattice volumes of LaCo1−xAlxO3 as a function of Al content (x).

Fig. 3 Thermogravimetric analysis curves of LaCo1−xAlxO3 (0 ≤ x ≤ 1)
during heating in the flow of 5% H2/N2. Black arrows indicate the onset
temperature of decomposition.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 13847–13853 | 13849

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
25

 0
4:

30
:4

7.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01743a


indexed to a rhombohedral perovskite structure (space group:
R3̄c) without any impurity phases at room temperature in air
(Fig. 4). The estimated lattice volumes of LaCoO3 and
LaCo0.5Al0.5O3 (V = 335.80(3) and 329.25(4) Å3, respectively,
Fig. S3†) agreed with those estimated from the XRD patterns
(Fig. 2). Heating these samples to 500 °C in air did not change
their crystal structures. Peak shifts toward lower angles were
observed for both samples, indicating an increase in the
lattice volumes owing to thermal expansions.29 The lattice
volumes of LaCoO3 and LaCo0.5Al0.5O3 at 500 °C were V =
347.80(6) and 336.62(5) Å3, respectively (Fig. S3†), corres-
ponding to thermal expansions of 3.6% and 2.2%, respectively,
relative to those at room temperature. The SXRD pattern of
LaCoO3 obtained 5 min after switching the atmosphere from
air to H2 at 500 °C is characterized by an orthorhombic brown-
millerite structure with a space group of Pnma and a small
amount of La2O3 (Fig. 4a). The brownmillerite structure was
identical to the reported structure of LaCoO2.5 (La2Co2O5),
which was produced by the reduction of LaCoO3.

30 The brown-
millerite phase observed in the SXRD pattern was identified as
LaCoO2.5. This determination was based on the estimated
composition of LaCoO3, which was found to be reduced at
500 °C in the TGA analysis (LaCoO2.52), resulting in a compo-
sition similar to that of LaCoO2.5. The peak intensities of the
brownmillerite phase decreased 30 min after atmospheric
switching, whereas those of La2O3 increased simultaneously.

An additional Co metal phase was observed. These obser-
vations show that brownmillerite LaCoO2.5, which is formed by
the reduction of perovskite LaCoO3, gradually decomposes
into Co and La2O3 under a reducing atmosphere at 500 °C
(Fig. 5). In contrast, the SXRD pattern of LaCo0.5Al0.5O3 shows
that the perovskite phase maintained its original rhombohe-
dral perovskite structure 30 min after switching the atmo-
sphere from air to H2 at 500 °C (Fig. 4b). No phase decompo-
sition was observed. Moreover, LaCoO3 and LaCo0.5Al0.5O3

exhibited an increase in the lattice volumes after switching the
atmosphere from air to H2 at 500 °C (Fig. S3†). This finding
could be attributed to an increase in the ionic radius of Co
from 0.61 Å (Co3+) to 0.745 Å (Co2+) owing to the reduction of
LaCoO3 and LaCo0.5Al0.5O3. Therefore, in situ SXRD measure-
ments suggest that the suppression of phase transition from
the perovskite to the brownmillerite structure in a reducing
atmosphere is responsible for the enhancement of the struc-
tural stability.

The effect of crystallographic differences on structural stabi-
lity is often explained by the coordination number (CN) of
redox species.23,32 In perovskite LaNi1−xAlxO3, suppression of
the formation of Ni2+ with small CN (four-coordinated NiO4)
in a reducing atmosphere prevents further reduction to Ni0+,
leading to phase decomposition.23 All Co atoms in the crystal
lattice of LaCoO3 and LaCo0.5Al0.5O3 form CoO6 octahedra (CN
= 6) in an oxidizing atmosphere (Fig. 5). The brownmillerite
LaCoO2.5, observed for LaCoO3 in a reducing atmosphere, has
a vacancy-ordered structure comprising original CoO6 octahe-
dra and CoO4 tetrahedra (CN = 4), where two O atoms are
removed from the CoO6 octahedra. Evidently, two oxygen
atoms were removed from two neighboring octahedra in the
perovskite structure; the formation of one tetrahedron that can
form a vacancy-ordered structure is energetically more stable
than the formation of two pentahedral (CN = 5).33 In contrast,
LaCo0.5Al0.5O3 maintained its original rhombohedral perovs-
kite structure in a reducing atmosphere, indicating that CoO5

Fig. 4 In situ synchrotron XRD patterns of (a) LaCoO3 and (b)
LaCo0.5Al0.5O3 collected at room temperature in air, 500 °C in air, and
500 °C in 100% H2 (5 and 30 min).

Fig. 5 Schematic of the structural changes in (a) LaCoO3 and (b)
LaCo0.5Al0.5O3 at 500 °C. White, blue, green, and red spheres represent
La, Co, Al, and O, respectively. The crystal structures were depicted by
VESTA program.31
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pentahedra rather than CoO4 tetrahedra were predominantly
formed by the reduction of LaCo0.5Al0.5O3. This finding could
be attributed to the random substitution of irreducible Al in
LaCo0.5Al0.5O3, which reduces the number of neighboring
CoO6 octahedra, preventing oxygen vacancy ordering resulting
in the formation of CoO4 tetrahedra. Suppression of the for-
mation of CoO4 tetrahedra with less CN enhanced the struc-
tural stability of LaCo0.5Al0.5O3 in a reducing atmosphere.

The RWGS-CL performance of LaCo1−xAlxO3 is evaluated
from the weight change upon alternately switching the atmo-
sphere between 5% H2/N2 and CO2/N2 every 30 min at an iso-
thermal temperature of 500 °C (Fig. 6a). Co-containing
LaCo1−xAlxO3 (x = 0, 0.25, 0.5, and 0.75) exhibited weight
losses in the initial 5% H2/N2 atmosphere (0–30 min) attribu-
ted to the oxygen release associated with Co3+ reduction. The
amount of weight loss decreased with increasing Al content,
indicating a decrease in the number of oxygen vacancies
formed. The weights of the samples increased again when the
atmosphere was switched to 5% CO2/N2 (30–60 min). The
increase in weight was derived from oxygen intake associated
with the oxidation of Co2+, which resulted in the formation of
CO through the reduction of CO2. CO production was also con-
firmed by mass spectrometry (Fig. S4†) and FT-IR spectroscopy
(Fig. S5†). Although these methods can quantify the CO pro-
duction amount, they are not suitable for quantifying the CO
production rate because of the effect of gas diffusion. Thus,
CO production is often estimated from weight changes.11,18

When the atmosphere was subsequently switched again to 5%

H2/N2 (60–90 min), the weight of LaCo1−xAlxO3 (x = 0.25, 0.5,
and 0.75) decreased to the same weight as that in the initial
5% H2/N2 atmosphere (0–30 min), whereas the weight of
LaCoO3 (x = 0) decreased more than that in the initial 5%
H2/N2 atmosphere (0–30 min). The RWGS-CL profiles nor-
malized by the fraction of reduced Co3+ ([Co2+]/([Co2+] +
[Co3+])) show that the fraction of LaCo1−xAlxO3 (x = 0.25, 0.5,
and 0.75) becomes constant at approximately 100% in 5%
H2/N2, whereas that of LaCoO3 exceeds 100% (Fig. S6†). This
finding suggests that Co3+ in LaCo1−xAlxO3 (x = 0.25, 0.5, and
0.75) is stabilized by Co2+ in a reducing atmosphere, whereas
Co3+ in LaCoO3 is not stabilized by Co2+ and is further
reduced. The XRD patterns of samples after the RWGS-CL
reaction (Fig. S7†) reveal that only LaCoO3 contained La2O3

in addition to its original perovskite phase, indicating that
the reduction of Co2+ is accompanied by a phase separation,
which is consistent with the fact that LaCoO3 gradually
decomposes into Co and La2O3 in a reducing atmosphere, as
revealed by the in situ SXRD experiment (Fig. 5). Therefore,
the RWGS-CL reaction of LaCo1−xAlxO3 (x = 0.25, 0.5, and
0.75) containing Co and Al corresponds to the following
topotactic redox reactions:

LaCo1�xAlxO3 þ δH2 ! LaCo1�xAlxO3�δ þ δH2O ð1Þ

LaCo1�xAlxO3�δ þ δCO2 ! LaCo1�xAlxO3 þ δCO ð2Þ
The CO production rate per unit mass (CO mol g−1 min−1),

which is estimated from the weight change rate in 5% CO2/N2

at 500 °C, is maximum at x = 0.5–0.75 for LaCo1−xAlxO3

(Fig. 6b). For example, the CO production rate of
LaCo0.5Al0.5O3 (x = 0.5; 2.97 × 10−4 CO mol g−1 min−1) was 4.1
times higher than that of LaCoO3 (x = 0; 0.73 × 10−4 CO mol
g−1 min−1). The higher CO production rate per unit mass
despite the lower Co content is derived from the fact that the
CO production rate per Co atom (CO mol−1 min−1) increased
with increasing Al content (Fig. 6b: 0 ≤ x ≤ 0.75). The DRIFT
spectra of LaCoO3 (x = 0) and LaCo0.75Al0.25O3 (x = 0.25) in 5%
CO2/N2 at 500 °C (Fig. S8†) exhibited only one absorption peak
at approximately 2350 cm−1, corresponding to the CO2 gas
phase,34 whereas that of LaCo0.5Al0.5O3 (x = 0.5) exhibited
additional broad peaks at 1252 and 1529 cm−1 derived from
carbonate (CO3

2−).35 However, the adsorption modes of car-
bonate could not be identified because of the broadness of the
peaks. The oxygen atoms required for carbonate formation can
come from LaCo1−xAlxO3−δ itself or supplied to LaCo1−xAlxO3−δ

during the RWGS-CL reaction in eqn (2). LaCo0.25Al0.75O3 (x =
0.75) had larger peaks at 1186 and 1685 cm−1, originating
from carbonates; however, LaAlO3 (x = 1) did not exhibit any
peaks associated with carbonates. The results of the DRIFT
experiments suggest that the coexistence of a suitable amount
of Al and Co (0.5 ≤ x ≤ 0.75) in LaCo1−xAlxO3 increases the CO2

adsorption sites. The increased number of CO2 adsorption
sites promotes CO2 dissociation at an oxygen vacancy as an
active site, which in turn enhances the CO production rate.

The CO production amount per unit mass (CO mol g−1) at
500 °C is maximum at x = 0.5 (LaCo0.5Al0.5O3; 4.67 × 10−4 CO

Fig. 6 (a) Isothermal RWGS-CL curves of LaCo1−xAlxO3 (0 ≤ x ≤ 1)
under flow of 5% H2/N2 and CO2/N2 at 500 °C. (b) CO production rate
and (c) CO production amount of LaCo1−xAlxO3 estimated from weight
gains in 5% CO2/N2 at 500 °C.
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mol g−1) for LaCo1−xAlxO3 (Fig. 6c). The amount of CO pro-
duced per Co atom (CO mol−1) increased with an increase in
the Al content (0 ≤ x ≤ 0.75) owing to the increase in the CO
production rate. A trade-off between the increase in the CO
production amount per Co atom and decrease in Co content
would result in the maximum CO production amount per unit
mass at x = 0.5. Additionally, the temperature dependence of
the CO production amount per unit mass in the RWGS-CL
reaction was investigated (Fig. S10†). LaCo1−xAlxO3 (x = 0, 0.25,
0.5, 0.75, and 1) showed almost no CO production at 200 °C,
whereas Co-containing LaCo1−xAlxO3 (x = 0, 0.25, 0.5, and 0.75)
produced CO at ≥300 °C. Interestingly, Al-substituted
LaCo1−xAlxO3 (x = 0.25, 0.5, and 0.75) produced more CO than
LaCoO3 (x = 0) at ≥400 °C, indicating the effect of the coexis-
tence of Al and Co. Moreover, the amount of CO producing
LaCo0.5Al0.5O3 exhibits no degradation over 32 cycles of the
RWGS-CL stability test at 500 °C (Fig. S9†), demonstrating that
LaCo0.5Al0.5O3 is usable as a practical RWGS-CL material.

The RWGS-CL performance of LaCo0.5Al0.5O3 was then com-
pared with those of perovskite La0.6Ca0.4Fe0.4Mn0.6O3

(LCFMO)14 and Co/In2O3,
11 which have been reported to

exhibit high CO2 conversion activity and stability. The order of
the CO production rate at 500 °C is LCFMO > LaCo0.5Al0.5O3 >
Co/In2O3, which possibly reflects the order of the number of
CO2 adsorption sites or the activity of oxygen vacancies
(Fig. S11a†). The CO production amount of Co/In2O3 (1.90 ×
10−3 CO mol g−1) is 4.0 and 3.3 times higher than that of
LaCo0.5Al0.5O3 (0.47 × 10−3 CO mol g−1) and LCFMO (0.58 ×
10−3 CO mol g−1), respectively (Fig. S11b†). This finding is
attributed to the fact that the theoretical maximum CO pro-
duction amount estimated from the content of redox species
in Co/In2O3 (In

3+ ↔ In0: 17.8 mmol g−1) was 8.2 and 3.6 times
higher than that of LaCo0.5Al0.5O3 (Co3+ ↔ Co2+: 2.18 mmol
g−1) and LCFMO (Fe3+ ↔ Fe2+ and Fe4+ ↔ Fe3+: 4.93 mmol
g−1), respectively. Notably, the oxygen release rate, an indicator
of regeneration rate of samples in H2 atmosphere, of
LaCo0.5Al0.5O3 (6.02 × 10−4 O mol g−1 min−1) is 6.4 and 4.7
times higher than that of LCFMO (0.94 × 10−4 O mol g−1

min−1) and Co/In2O3 (1.27 × 10−4 O mol g−1 min−1), respect-
ively (Fig. S11c†). The oxygen release reaction in Co/In2O3 is
associated with the formation of Co–In alloys from Co and
In2O3,

11 whereas that in LaCo0.5Al0.5O3 is accompanied by a
topotactic reaction (eqn (1): from LaCo0.5Al0.5O3 to
LaCo0.5Al0.5O2.75), which does not change the basic crystal
structure. The relatively low energy required for oxygen release
by the topotactic reaction may explain the higher oxygen
release rate of LaCo0.5Al0.5O3 than that of Co/In2O3. Moreover,
the higher oxygen release rate of LaCo0.5Al0.5O3 over that of
LCFMO could be attributed to the fact that Co3+ is more
readily reduced than Fe3+ and Mn4+.36 The RWGS-CL reaction
system is expected to conduct reduction and oxidation reac-
tions in parallel (Fig. 1); hence, RWGS-CL materials are
required to exhibit high oxygen release and CO production
rates. Therefore, LaCo0.5Al0.5O3, with a high oxygen release rate
in addition to a high CO production rate, is a suitable material
for the RWGS-CL process.

Conclusions

Solid solutions of LaCo1−xAlxO3 (0 ≤ x ≤ 1) with rhombohedral
perovskites structure were synthesized using the polymerized
complex method. The effect of Al substitution on their thermal
stability in a reducing atmosphere and RWGS-CL performance
was investigated. Al substitution suppressed the phase tran-
sition into a brownmillerite structure with ordered oxygen
vacancies and enhanced the thermal stability in a reducing
atmosphere. Hence, LaCo0.5Al0.5O3 (x = 0.5) maintained the
perovskite structure throughout a 32-cycle RWGS-CL stability
test. Moreover, the CO production rate increased with Al sub-
stitution. The CO production rate of LaCo0.5Al0.5O3 (2.97 × 10−4

CO mol g−1 min−1) was 4.1 times higher than that of LaCoO3

(0.73 × 10−4 CO mol g−1 min−1). This activity enhancement
may be derived from the CO2 adsorption sites generated by the
coexistence of Al and Co atoms. This study demonstrated that
the substitution of Al, which was not involved in the redox
reaction of RWGS-CL, exhibited the ability to enhance thermal
stability in a reducing atmosphere and RWGS-CL performance.
We believe that further compositional optimization of
LaCo1−xAlxO3 can lead to its practical application in the
RWGS-CL process, thereby facilitating the utilization of CO2.
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