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� Activation energy of CO2 splitting is higher than H2O splitting.

� CO2 adsorption causes the catalyst’s active site blockage.

� LSCF is keen on H2O splitting rather than H2O splitting.

� Oxygen storage capacity of the LSCF is estimated at 4072 mmol/gcat.
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La0$3Sr0$7Co0$7Fe0$3O3 (LSCF3773) was chosen as an oxygen carrier material for synthesis

gas production and synthesized using ethylene-diamine-tetra-acetic acid (EDTA) citrate-

complexing method. LSCF exhibited a pure cubic structure where 110 and 100 plane dif-

fractions were active for CO2 splitting, while 111 was more favored by H2O splitting. Overall

oxygen storage capacity (OSC) of LSCF was 4072 mmol/gcat. During the reduction process,

regular cations (Co4þ, Fe4þ), polaron cations (Co3þ, Fe3þ) and localized cations (Co2þ, Fe2þ)

were achieved when the LSCF was reduced at 500, 700 and 900 �C, respectively. The

strength of the active sites depended on reduction temperatures. An increase in oxidation

temperature enhanced H2 production at temperature ranging from 500 �C to 700 �C while

effected CO production at 900 �C. H2O and CO2 was competitively split during the oxidation

step, especially at 700 �C. The activation energy of each reaction was ordered as; CO2

splitting > H2O splitting > CO2 adsorption, supporting the above evidence where H2 and CO

production were found to increase when the operating temperature was increased.
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School of Energy and Environment, King Mongkut’s University of Technology Thonburi,

gkok.org (U.W. Hartley).

ons LLC. Published by Elsevier Ltd. All rights reserved.

n T et al., Mechanisms of synthesis gas production via thermochemical cycles over La0$3-
ydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.12.148

mailto:unalome.w.cpe@tggs-bangkok.org
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2019.12.148
https://doi.org/10.1016/j.ijhydene.2019.12.148


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
Introduction
CO2, as the world most well-known greenhouse gas, can be

utilized to many kinds of valuable energy and chemicals. The

most interesting CO2 utilization processes amongst many are

ones that used abundant, available and toxic-free co-feed-

stock, yet reactive with CO2, thus, in most cases, the energy

requirement of such processes is considered main challenge.

One of the non-toxic and available co-feedstocks for CO2 uti-

lization is water (H2O). CO2 can be reacted with H2O directly,

although the external energy requisition for the process is

extremely high (>2500 �C). Moreover, the process requires a

sophisticated and expensive separation unit. The two-step

thermochemical cycles process has been applied for H2O

and CO2 splitting reaction to minimize such problems, and

has been studied intensively during the past decades. The

two-step process consists of an endothermic reduction and an

exothermic oxidation step of an oxygen carrier materials.

During the reduction step, the oxygen carrier is reduced by

either thermal or chemical process (using reducing gaseous

agents i.e. CH4). Afterwards, the reduced material is oxidized

by CO2 and H2O, giving high purity syngas as a product, while

the oxygen carrier is recycled back into its original form.

Step 1: During the reduction step, the active oxygen va-

cancies are created in the material’s lattice. The gaseous ox-

ygen is released as a by-product.

MxOy ðsÞ / MxOy�d ðsÞ þ d

2
O2 ðgÞ (1)

Step 2: During the oxidation step, CO2 and H2O are

decomposed on the material’s surface, giving syngas as a

product, while regenerating the material.

MxOy�d ðsÞ þ dCO2ðgÞ / MxOy ðsÞ þ dCOðgÞ (2)

MxOy�d ðsÞ þ dH2OðgÞ / MxOy ðsÞ þ dH2ðgÞ (3)

The optimal operating temperatures for the two steps

depend on many factors (such as type of the selected oxygen

carrier, oxygen partial pressure in the system and the chosen

reducing agents) and are independent from each other and.

The productivity of syngas thus can be maximized by

choosing the most suitable operating temperature on each

step. However, this results in the loss of the process’s overall

efficiency due to the temperature swing while operating the 2

steps. Unsurprisingly, the highest theoretical efficiency of the

process was reported at only 13e22% [1]. Therefore, maximi-

zation of the overall efficiency byminimizing the difference of

temperatures between the reduction and oxidation step while

maintaining the industrially acceptable yield during each step

is one of the key challenges. The selected materials are also

playing significant role for the process efficiency and pro-

ductivity. The material screening for such reaction has been

researched widely worldwide. Volatile and stoichiometric

redox materials such as ZnO/Zn, CdO/Cd, and SnO/Sn were

the first set of materials studied [2e4]. These materials give

high yield of synthesis gas but require a complicated fluidize

bed reactor and quenching system as it involves material’s

phase change. Non-volatile metal oxide materials, such as

Fe3O4 [5], Fe3O4/m-ZrO2 [6], CoFe2O4 [7], MFe2O4 [8], Fe2O3/8YSZ
Please cite this article as: Khamhangdatepon T et al., Mechanisms o
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[9], NiFe2O4, NiFe2O4/m-ZrO2, NiFe2O4/c-YSZ [10], offer low

operating temperature range and have been recently applied

in the reaction. The most attractive candidates among the

non-volatile compounds are perovskites (ABO3) which are

well researched in many applications depending on its

various features such as membrane oxygen separation

[11e13], solid oxide fuel cells (SOFC) [14e16] and catalysis

[16,17]. Substitution of A and/or B atoms in the perovskites can

lead to designed specific chemical properties [18] such as

thermal stability and oxygen vacancy concentration

[13,18e23]. The effect of substitution of cobalt (Co) and iron

(Fe), in some perovskites, on redox capacity and stability have

also been studied especially in applications in the thermo-

chemical cycles, semiconductor and energy storage [24]. Co

and Fe possess various oxidation states, therefore, have

different degree of reductions and oxidations where the

depletion and uptake of oxygen lattice can occur partially.

Small content of La substitution on A-site was reported to

establish a cubic structure, providing a higher reducibility

compared to other structures [24]. The redox ability could as

well be enhanced by a substitution of bivalent A-site cation

atom, such as Sr, to create tetravalent Co [25,26], into the

based perovskite, shown in Eq. (4).

La3þ
1�xSr

2þ
x Co3þ1�xCo

4þ
x O3⇔La3þ

1�xSr
2þ
x Co3þ1�xþ2dCo

4þ
x�2dO3 þ d

2
O2 (4)

The redox ability of LaxA1-xFeyB1-yO3 (A¼ Sr, Ce, B¼Co,Mn;

0 � x, y � 1) was compared to each other [27]. 58 mmol/

gperovskite of the oxygen lattice in LaFeO3 was released at

1210 �C while 527 mmol/gperovskite of that in LaCoO3was found

to release at lower temperature, 800 �C. It was concluded that

the reduction of Co3O4 to CoO has lower activation energy

compared to that of Fe3O4 to FeO. The effect of A-site cation

substitution was also investigated [27]. For the B-site substi-

tution, it was reported that when La3þ was partially

substituted by Sr2þ, the O2 was released at lower temperature,

reducing from 1230 (pure La3þ) to 970 �C (La3þ substituted by

Sr2þ). Its maximum oxygen evolution was 2 times larger than

Ce4þ substitution. In addition, O2 evolution activity was found

to increase when the Co content increased. Thus, LaxSr1-

xFeyCo1-yO3 (LSCF) became one of the most promising oxy-

gen carriers due to its high oxygen concentration, distinctive

reducibility. It was reported that the suitable stoichiometry of

La:Sr:Fe:Co was 3:7:7:3 as it showed the highest degree of ox-

ygen deficiency (Dd ¼ 0.4) amongst LaFeO3-d based perovskites

[27e33]. La0.3Sr0.7Fe0.7Co0.3O3 (LSCF3773) was reported to have

a cubic structure, in which it allows oxygen mobility, leading

to high oxygen exchange rate at high stability. Not many

published literatures have specifically studied techno-

economic of perovskites or LSCF3773 on synthesis gas pro-

duction via thermochemical splitting of H2O and CO2, how-

ever, it was believed to be only feasible when coupled with

affordable/renewable energy such as solar thermal technol-

ogy. This work studied catalytic performance of LSCF3773

towards thermochemical cycles of H2O/CO2 co-splitting in a

packed-bed reactor. The gas-solid reduction/oxidation

mechanisms and optimal temperatures were predicted using

transient experiments i.e. H2-temperature programmed

reduction (H2-TPR), temperature programmed oxidation
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(TPO), temperature programmed on single reactant (either

H2O or CO2) splitting and CO2 temperature programmed

desorption (CO2-TPD). Optimal reduction/oxidation tempera-

ture conditions were carried out by co-feeding H2O/CO2 under

isothermal experiments.
Methodology

Catalyst preparation and characterization

A modified Pechini type reaction called ethylene-diamine-

tetra-acetic acid (EDTA) citrate complexing method [34], was

selected for LSCF3773. Themolar ratio of total metal cations to

EDTA to citric acid was 2:2:3. EDTA-NH3$H2O solution was

prepared by adding EDTA (0.05 M) into 100 mL of NH3$H2O

(1 M) solution. Nitrate salts of the relevant metals which are

La(NO3)3$6H2O (�99.00%, Himedia), Sr(NO3)2 (�98.00%, Hime-

dia), Co(NO3)2$6H2O (�99.00%, Carlo Erba Reagents) and

Fe(NO3)3$9H2O (�99.00%, Ajax Finechem), were dissolved into

EDTA-NH3$H2O solution correspondingly to the desired stoi-

chiometry. The solution was kept at 80 �C while stirred

continuously until well-mixed. 0.07mol of citric acid was then

applied into the solution where its. pH was adjusted to 6

approximately by using NH4OH. The solution was evaporated

until dark purple gel was obtained. The gel was then dried in

an oven at 180 �C for 48 h. The dried gel was ground to powder

before being calcined. During the calcination process, the

temperature was raised at 10 �C/min to 500 �C and hold for 5 h.

Once reaching 5 h, the temperature was raised again at the

same heating rate to then 1100 �C. The material’s crystallinity

was characterized using X-ray diffraction (XRD, Bruker AXS,

Diffractometer D8) equipment using CuK-a radiation, with

l ¼ 1.5418 �A, as a radiation source at 40 kV and 30 mA with a

scanning speed of 0.02 ⁰ sec�1, in the range of 10⁰<2q < 80⁰.

Experimental procedure

Reactor set-up
Thermochemical cycles of H2O/CO2 splitting were carried out

in a lab-scaled packed-bed reactor system, shown in Fig. 1.

LSCF3773 with particle sizes of 180e212 mm was packed into a

quartz tubular reactor (i.d. ¼ 13 mm). The sieved catalyst was

placed in the middle of a 20 cm heating-zone of electric

furnace (Inconel, Suan-luang Engineering). K-type thermo-

couple was inserted to where the bed was placed. Gaseous

reactants involved in any single experiment i.e. 40% O2/Ar

(99.9%, BIG), CO2 (99.9%, BIG), Ar (99.95%, BIG) and 10%H2 in Ar

(BIG), were introduced into the system using mass flow con-

trollers (New Flow-TLFC-00-A-1-W-2). Steam was generated

by combining a peristaltic pump (BT100M) with an evaporator

(Suan-luang Engineering). The evaporator’s temperature was

set at 130 �C. The gaseous outlet streamwas passed through a

condenser unit before analyzed by an on-line mass spec-

trometer (OMNI Star, Pfeiffer vacuum).

Temperature program reduction (H2-TPR)
Transient H2-TPR was carried out to observe reduction

behavior of the LSCF3773. 50 mL min�1 of 10% H2/Ar was

introduced through 1 g of LSCF bed. Total flow rate was
Please cite this article as: Khamhangdatepon T et al., Mechanisms o
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maintained at 100 mL min�1 using Ar as a make-up gas.

Temperature of the system was increased at the rate of

5 �C$min�1 from room temperature to 950 �C, then hold for

30 min. The amount of H2 consumption, in which it’s related

to the amount of oxygen released was measure on-line.

Temperature program oxidation (TPO)
Before performing the TPO experiment, 1 g of the sample was

reduced using 100 mL min�1 of 10% H2/Ar at 500, 700 and

900 �C for 30 min. The system was then cooled down to room

temperature and stabilized using pure Ar at the total flow rate

of 300mLmin�1. During the TPO, 5mLmin�1 of 40%O2/Ar was

introduced into the system. The total flow rate was

100 mL min�1 using the make-up Ar. The temperature was

increased from room temperature to 950 �C at 5 �C$min�1,

then hold for 30 min. The O2 consumption was measured/

calculated using the on-line mass spectrometer.

Transient experiments on single reactant (either H2O or CO2)
splitting
Gas-solid mechanism of both H2O splitting and CO2 splitting

were investigated separately using transient experimental

method. 1 g of LSCF was reduced by 10% H2/Ar, at either 500,

700 or 900 �C before stabilized at room temperature using

300 mL min�1 of Ar. For the H2O splitting, 0.07 mL min�1 of

water from the syringe pump was introduced into the steam

generator where 100 mLmin�1 of Ar was used as a carrier gas.

For the CO2 splitting, 87 mLmin�1 of CO2 was applied while Ar

was used as the make-up gas to the total flow rate of

100 mL min�1. For both reactions, the temperature was

increased from room temperature to 950 �C at 5 �C$min�1 of

heating rate, then hold for 30 min. The gaseous products were

analyzed using the on-line mass spectrometer.

Temperature program eCO2 adsorption/desorption (CO2-TPD)
Temperature programmed CO2 adsorption/desorption were

carried out to investigate gas-solid interaction between CO2

and the surface of LSCF. 1 g of LSCF was reduced in10% H2/Ar

at 500, 700 or 900 �C for 30 min before each test. As usual, the

catalyst was stabilized in 300 mL min�1 of Ar for 30 min

100 mL min�1 of 87%CO2/Ar was introduced into the system

while the temperature was cooled down from either 500, 700,

or 900 �C to room temperature. The CO2 desorption was af-

terwards performed by flowing pure Ar through the system

while increasing the temperature from room temperature to

950 �C at 5 �C$min�1 of heating rate. The amount of CO2

desorption was measured and plotted against time and

temperature.

Optimum operating temperature
To achieve the optimal operating temperature, feed molar

ratio of H2O to CO2 was fixed at 1 to 1 for all experiments.

During the reduction step, the reactor was heated up to 500,

700 and 900 �C at 10 �C$min�1. Pure Ar was afterwards purged

through the system to eliminate any possible physical ad-

sorptions and stabilize the sample for 30min at 300mLmin�1.

During the oxidation step, 0.07 mL min�1 of water was fed

through evaporator using Ar as a carrier gas. The trace heat

was applied throughout the inlet piping line at 130 �C, to

preventwater condensation. 87mLmin�1 of CO2 was co-fed to
f synthesis gas production via thermochemical cycles over La0$3-
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Fig. 1 e Rig’s diagram.
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the system. Total flow rate was fixed at 200 mL min�1 using

pure Ar as a make-up gas. The oxidation temperature was

kept at the same temperature as the reduction temperature at

500, 700 or 900 �C. The reaction time was 60 min for all ex-

periments. Gaseous products were detected on-line using the

mass spectrometer. H2 and CO production yield were

calculated.
Fig. 2 e Diffractogram of the prepared LSCF3773 after

calcination at 1100 �C.
Result and discussion

Catalyst characterization

From the XRD result, it showed that LSCF3773 was success-

fully synthesized via EDTA citrate-complexing method. The

material’s diffraction peaks were seen at 23.28, 33.08 40.84,

47.46, 59.02, 69.32 and 78.86�, shown in Fig. 2. Average crys-

talline size was calculated at 31.90 nm using Scherrer equa-

tion [35]. The prepared material had perovskite phase and an

ideal cubic structure.

Reducibility and mechanism

Fig. 3 shows H2-TPR of LSCF3773. Three main peaks of

reduction were seen in 3 different temperature ranges; (1)

below 530 �C, (2) from 530 to 750 �C and, (3) above 750 �C.
Oxygen storage capacity (OSC) of LSCF3773 was calculated

using Eqs. (4) and (5). The overall OSC received from 3 regions

of temperature was 4072 mmol/g.cat.

LSCF�
LSCFðsÞþO�

o þH2ðgÞþDH⇔H2O ðgÞþ �LSCFLSCFðsÞ þ €Vo (5)

where LSCF�LSCF stands for regular LSCF before reduction, O�
o is
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an oxygen ion in lattice of LSCF, �LSCFLSCF is a localized electron

Co3þ/Co2þ, Fe3þ/Fe2þ and €Vo is oxygen vacancy.

OSC¼

Z tf

0

nH2

mLSCF
(6)

From eq. (5), OSC stands for oxygen storage capacity, nH2
is

the amount of H2 consumption in mole and mLSCF is the total

weight of LSCF. At temperature lower than 530 �C, the amount

of the oxygen release was 1871 mmol/g, requiring relatively

lowest external energy compared to other regions, to adopt

oxygen vacancies. There were 2 reduction bands were found

at temperature 346 �C and 462 �C which were corresponded to

partial transformation of Co4þ to Co3þ and Fe4þ to Fe3þ,

respectively [36e38]. Thus, the non-stoichiometric LSCF3773
f synthesis gas production via thermochemical cycles over La0$3-
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Fig. 3 e H2-TPR profile represents H2 consumption rate and calculated oxygen release over LSCF3773.
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was partially reduced and the reactive material was trans-

formed from La3þ
0:3Sr

2þ
0:7Co

4þ
0:49Co

3þ
0:21Fe

4þ
0:21Fe

3þ
0:09O3

to La3þ
0:3Sr

2þ
0:7Co

3þ
0:49Co

3þ
0:21Fe

4þ
0:21Fe

3þ
0:09O3�d1and

then La3þ
0:3Sr

2þ
0:7Co

3þ
0:7Fe

3þ
0:21Fe

3þ
0:09O3�d2. This partially reduced LSCF

was proven to be active for associated reactions with rela-

tively low activation energy such as CO2 adsorption and H2O

splitting, reported in later section.

During the second stage, a reduction band was found at

680 �C with 1440 mmol/g of oxygen release. Co3þ in

La3þ0:3Sr
2þ
0:7Co

3þ
0:7Fe

3þ
0:3O3�d2 was converted to a localized electron

Co2þ and becoming La3þ0:3Sr
2þ
0:7Co

2þ
0:7Fe

3þ
0:3O3�d3 in which it was

found to be active for moderate activation energy reactions

such as H2O splitting and a part of CO2 splitting.

At temperature higher than 750 �C, the valence of transi-

tion metal of iron altered from Fe3þ to a localized electron

Fe2þwhere La3þ0:3Sr
2þ
0:7Co

2þ
0:7Fe

3þ
0:3O3�d3was changed to

La3þ0:3Sr
2þ
0:7Co

2þ
0:7Fe

2þ
0:3O3�d4, leaving it in themost excited stage and

active for the high activation energy reactions such as CO2

splitting. This can be concluded that the OSC received from

different reduction stage has different degree of activity and

selectivity towards the H2O and/or CO2 splitting.

O2 adsorption/oxidation

Temperature programmed oxidation was conducted after the

LSCF was reduced at 500, 700 and 900 �C, shown as Fig. 4a, b

and 4c, where the O2 consumption was calculated at 581, at

2512 and at 2846 mmol/gcat, respectively. From the results, O2

consumption was seen to increase when the reduction tem-

perature was increased. This means that the higher reduction

temperature rendered the better O2 consumption, contrib-

uting to the better OSC. When compared the O2 consumption

from Fig. 4c (reduced at 900 �C) with overall OSC from TPR

result from the previous section, it can be seen that the O2

consumption of 2846 mmol/gcat which equaled to O atom

consumption of 5692 mmol/gcat was higher than OSC obtained
Please cite this article as: Khamhangdatepon T et al., Mechanisms o
Sr0$7Co0$7Fe0$3O3, International Journal of Hydrogen Energy, https://d
from TPR result, at 4072 mmol/gcat. Therefore, approximately

1620 mmol/gcat of O atoms were presumably adsorbed on the

surface of LSCF. OSC estimated from TPO was found to be

slightly higher than that obtained from TPR, especially at

temperature lower than 550 �C, due to involvement of O2

adsorption in the TPO.

Mechanism survey and optimum temperature

Fig. 5 showed productivities of H2 and COwhen the reduction/

oxidation temperatures were paired at 500/500 �C, 700/700 �C
and 900/900 �C. The feed ratio of H2O to CO2was fixed constant

at 1 to 1. From the result, the total productivity was risenwhen

the operating temperature increased from 500/500 to 700/

700 �C (from 340 to 2364 mmol/g). However, when the tem-

perature was increased from 700/700 to 900/900 �C, the total

productivity remained nearly unchanged (from 2364 to

2415 mmol/g. This implies that the full surface coverage was

achieved at this temperature range and upon. Fig. 6 repre-

sented temperature programmed reaction of CO2 splitting

over LSCF, which was reduced at a) Tred 500 �C, b) Tred 700 �C
and c) Tred 900 �C. From the results, it can be seen that CO

production was untraceable during the oxidation step when

the catalyst was reduced at 500 �C. The result also agreed with

result achieved from Fig. 5 where CO production significantly

occurred in the presence of the catalyst which was reduced at

700 �C. The amount of CO production was only slightly

increased when the reduction temperature increased from

700 to 900 �C. Fig. 7 showed temperature programmed reaction

of H2O splitting over LSCF, which was reduced at a) Tred

500 �C, b) Tred 700 �C and c) Tred 900 �C, respectively. The
result from Fig. 7 represented the similar trend as result from

Fig. 5, where H2 production was increased when the catalyst

was reduced at higher temperatures. However, only small

amount of H2 production was risen when the reduction

temperature increased from 700 to 900 �C. Fig. 8 showed CO2
f synthesis gas production via thermochemical cycles over La0$3-
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Fig. 4 e Transient O2-TPO illustrator, showing the amount

of O2 oxidation/chemisorption over reduced LSCF at a)

500 �C, b) 700 �C and c) 900 �C.

Fig. 5 e Total gas production via isothermal H2O/CO2 co-

splitting over LSCF3773.
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desorption. The desorbed CO2 over the LSCF reduced at 700 �C
was much higher than that reduced at 500 �C. However, the

amount of CO2 desorption remained more or less similar

when using LSCF reduced at 700 and 900 �C.
The CO2 adsorption was also evidenced in Fig. 5. Both H2O

and CO2 splitting were suppressed by the blockage of CO2

adsorption on the active sites for all temperature range. Thus,

the H2 and CO production during the isothermal experiments

(Fig. 5) were less than what they could be without the influ-

ence of CO2 adsorption (Figs. 6e8). It can be seen from Fig. 5

that the H2O splitting was flavored over the CO2 splitting at
Please cite this article as: Khamhangdatepon T et al., Mechanisms o
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700/700 �C, but inhibited by the CO2 splitting at 900/900 �C.
These results implied that the Ea order of all the reactions

could be; CO2 splitting > H2O splitting > CO2 adsorption. It can

be concluded that;

(1) When operated at 500/500 �C, H2O splitting and CO2

adsorption were involved (Figs. 5, 7 and 8). CO2 splitting

could not occur at this temperature as there was no CO

production found (Fig. 6). The H2 production at this

temperature was presented at its lowest amount

compared to other operating temperatures due to the

fact that the LSCF which was reduced at such low

temperature (500�C) has low OSC and therefore low-

strength active sites (regular cation Co3þ, Fe3þ).
(2) At 700/700 �C; H2O splitting, CO2 splitting and CO2

adsorptionwereoccurredover theactive siteswhichwere

the localized electrons of cobalt (II) ion Co2þ. The LSCF

which was reduced at this temperature range has higher

OSC compared to the previous stage (evidenced in higher

total productivity) and has higher-strength active sites.

(3) The majority of CO2 splitting occurred at 900/900 �C,
giving the highest amount of CO among all temperature

ranges (Figs. 5 and 6). While H2O splitting as well

occurred at this temperature (Fig. 7), however, it was

suppressed by the CO2 splitting (Fig. 5). CO2 adsorption

was also found at this temperature range (Fig. 8). It is

possible that the H2O splitting and CO2 splitting were

competitively split on the same active site, Fe2þ.
Gas-solid surface reactions

H2O splitting was occurred via below mechanism:

Adsorption:

H2OðgÞ þ V €oðsÞ þO�
o ðsÞ⇔2 _OHo ðsÞ (7)

where O�
o ðsÞ is an active site and _OHo ðsÞ is a hydroxyl ion group

on an oxygen anion site, and V €oðsÞstands for doubly charge of
f synthesis gas production via thermochemical cycles over La0$3-
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Fig. 6 e CO production/desorption via temperature

programmed CO2 splitting over LSCF reduced at a) Tred

500 �C, b) Tred 700 �C and c) Tred 900 �C.

Fig. 7 e H2 production/desorption via temperature

programmed H2O splitting over LSCF reduced at a) Tred

500 �C, b) Tred 700 �C and c) Tred 900 �C.
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oxygen vacancy site. H2O from the enrich bulk streamdiffused

to the surface of available active site and then dissociated to

form a hydroxyl ion group on an oxygen anion site.

Surface reaction:

2 _OHo ðsÞ þ 2LSC000FLSCFðsÞ⇔ 2O�
O ðsÞ þ 2LSCF�

LSCFðsÞ þH2 ðgÞ (8)

2 _OHo ðsÞ þ 2LSCF000
LSCFðsÞ⇔ 2O�

O ðsÞ þ 2LSCF0000
LSCFðsÞ þH2 ðgÞ (9)
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2 _OHo ðsÞ þ2LSC00FLSCFðsÞ⇔ 2O�
O ðsÞ þ 2LSC000FLSCFðsÞ þH2 ðgÞ (10)

where LSCF�
LSCF denotes the regular LSCF, LSC000FLSCFðsÞ is a

polaron cation if Co3þ, LSCF000
LSCFðsÞ is a polaron cation of Fe3þ,

LSC00FLSCFðsÞ is a localized electron of Co2þ, and LSCF00
LSCFðsÞ is a

localized electron of Fe2þ. During the H2O splitting. A hydroxyl

ion group is able to incorporate with the excited localized

(Coþ2, Feþ2) electrons of LSCF to form gaseous hydrogen and

revert to extra proton for B-site cation to be a regular (Coþ3,

Feþ3) cation and return the available active site on the surface.

The H2O splitting pathways were showed on Fig. 9.
f synthesis gas production via thermochemical cycles over La0$3-
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Fig. 8 e CO2 desorption via temperature programmed over

LSCF3773reduced at a) Tred 500 �C, b) Tred 700 �C and c) Tred

900 �C.

Fig. 9 e Schematics of H2O splitting possible pathways.

Fig. 10 e Schematics of CO2 splitting possible pathways.
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Carbon dioxide splitting mechanism was also predicted as

shown below:

Adsorption of CO2 species:

CO2ðgÞ þ V €oðsÞ þ O�
o ðsÞ⇔ðCO3Þ €oðsÞ (11)

Thus, the surface reactions were proposed:

ðCO3Þ €oðsÞ þ2LSC00FLSCFðsÞ⇔ 2O�
O ðsÞ þ 2LSC000FLSCFðsÞ þ CO ðgÞ (12)

ðCO3Þ €oðsÞ þ2LSCF00
LSCFðsÞ⇔ 2O�

O ðsÞ þ 2LSCF000
LSCFðsÞ þ CO ðgÞ (13)
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where ðCO3Þ €oðsÞis an adsorbed carbonyl ion group, whichwould

be reacted further during the surface reaction step, shown in

Fig. 10. In addition, 110, 100 plane diffractions were found to

be active for CO2 splitting, while 111 plane diffraction was

more favored by H2O splitting [39]. Besides, the carbonyl ion

was believed to be competing with hydroxyl ion during the

surface adsorption process on localized Co2þ, Fe2þ of the

LSCF3773.

Carbon dioxide adsorption:

CO2ðgÞ þ 2LSC000FLSCFðsÞ þ V €oðsÞ þO�
o ðsÞ⇔2LSCF�

LSCFðsÞ þ ðCO3Þ €oðsÞ

(14)

CO2ðgÞ þ 2LSCF000
LSCFðsÞ þ V €oðsÞ þO�

o ðsÞ⇔2LSCF�
LSCFðsÞ þ ðCO3Þ €oðsÞ

(15)

Eqs. (14) and (15) expressed the mechanism pathway of

surface CO2, also illustrated in Fig. 10. CO2 molecules diffused

from the bulk steam to the available active site on the surface

of LSCF and incorporate with the lowest stage of polaron

cation (Co3þ, Fe3þ) with O2� ion. The carbonyl ion (CO3
2�) was

generated and adsorbed on the surface, blocking the surface

to react with H2O and CO2. The proposedmechanismwaswell

agreed with other works [40,41] reporting that high amount of

alkaline earth metals (such as Ba or Sr), as an A site substi-

tution in perovskite (ABO3), tended to incorporate with

carbonyl ions, creating a layer of such compound and covering

the surface of the perovskite. In conclusion, the CO2 adsorp-

tion could poison the catalyst and lower the productivity of

syngas.
Conclusion

LSCF3773 was successfully synthesized by EDTA-citrate

complex method. The prepared material had pure cubic
f synthesis gas production via thermochemical cycles over La0$3-
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structure with average crystalline size of 31.90 nm. The

reduction behavior was observed by a transient H2-TPR

experiment carried from room temperature to 950 �C. Oxy-

gen storage capacity of the LSCF3773 was estimated at 4072

mmol/gcat. Oxygen vacancy concentration can be enhanced

by increasing the reduction temperature, causing B-site

cation’s oxidation stage change. The substitution of A-site

and B-site cation also contribute to the change of oxidation

stage, as shown in H2-TPR where the regular cations (Co4þ,
Fe4þ), polaron cations (Co3þ, Fe3þ) and localized cations

(Co2þ, Fe2þ) were discussed. CO2 adsorption occurred

throughout the studied temperature range. The activation

energy of the relevant reactions ordered from high to low

was CO2 splitting > H2O splitting > CO2 adsorption. H2O

splitting could split since Tred at 500 �C and gave a good

performance since Tred at 700 �C and no significantly

different when Tred was at 900 �C, in vice versa CO2 splitting

gave the best performance when Tred was at 900 �C and

hardly to split when Tred at 500 �C.
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