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Abstract

High-purity hydrogen production via wate  s)liv.ing over BaFeOs_s (BF)-based perovskites was
studied, where reduction/oxidation tem,<ratures were paired at 500/500, 700/700 and
900/900 °C. Bag.gsLag osFe0s.s (BLF) yielu~d the highest H,production, ca.1,310 umol/g at 900 °C.
Adding either La or Gd into BF r.st.hlished a cubic phase structure, allowing a higher
concentration of oxygen deficiencic-. Ziatering was observed over all catalysts, which became
more obvious when the oxida'io.. temperature and number of cycles were increased. The
apparent activation energy an.' p: 2-exponential factor for BLF oxidation in the presence of H,0
were estimated to be 47.4 kj,nvle and 0.18 s, respectively.

Keywords: Water split.'ng, hydrogen production, thermochemical cycles, oxygen carriers,
perovskites.

1. Introduction

Conventional hydrogen production via hydrocarbon steam reforming releases large
amounts of carbon dioxide[1,2]. Hydrogen production from a two-step thermochemical water-
splitting process affords an alternative and cleaner method. This process consists of two steps:
reduction and oxidation of a metal oxide, which serves as an oxygen carrier within the process.
The endothermic reduction step normally occurs at high temperatures, ranging from 800 to
1,700 °C[3,4], releasing oxygen atoms, and creating oxygen vacancies. The exothermic oxidation
step occurs at relatively lower temperatures, ranging from 400 to 1,100 °C [3,4], generating
hydrogen, and refilling oxygen vacancies in the material lattice. When cycling between the



reduction and oxidation step, temperature switching contributes to the thermal stress in the
reactor system, and to a decrease in the overall efficiency of the process.

It has been reported that CeO, and CeO, - ZrO, were successfully used for the splitting of
CO; and co-splitting of H,0/CO,by thermochemical cycling, when the operating temperatures
of the reduction and oxidation steps were kept the same, ca. 700/700 °C and 900/900 °C [5,6].
The results showed that, in the presence of CeO,, productivities ranging from 555 to 1,026
umol/g were achieved depending on the operating temperature and morphology of the CeO,.
On the other hand, the productivities for CeO, - ZrO, were found to be 168 to 1,013 umol/g
depending on the operating temperature.

In this work, the reduction and oxidation steps were operz*=a 2t 500/500, 700/700 and
900/900 °C, with the aim of reducing the thermal stress in the sy ~te.n and increasing the overall
efficiency of the process. The oxygen storage release/upt ke was considered as the oxygen
storage capacity (OSC), which depends on the reduction *emperature, the environment gas,
i.e., reducing gas or inert gas, and the partial pre_=ure of the atmospheric oxygen[3]. In
addition, a low concentration of reducing gas can be retrie 'ed from the waste gaseous streams
of some industries, e.g. waste CH4 from biomas= pricesses or waste H, from gas separation
plants, and chlor-alkali plants can be utilize” *n e reduction steps.

A perovskite is a type of mixed metal ¢.ide compound that has been widely applied for
reactions due to its high OSC and reduci.ility. Barium ferrite oxide (BaFeOs.s or BF) was chosen
in this work as the base perovskite a7.cause it possesses good chemical and thermal stability
under severe conditions [7]. BF nas heen widely synthesized using the sol-gel method and
applied in many applications, - ich as solid oxide fuel cells (SOFCs), photocatalytic processes,
methane oxidation, or memb. ne separation[8-11]. The Pechini complex (PC) method is
another catalyst prepa.a.9n method that has been commonly used for perovskite
synthesis[12]. Howesc- COF has been reported to be suitable for only a limited range of
operating temperaturesl? 3,14].

In this work, ethylene glycol (EG) was used to assist thePechini complex (PC) method, as
EGhas been reported to help decrease the calcination temperature of some perovskites,
leading to the formation of a complete perovskite phase with operationat lower temperature
[15]. Partial substitution of A and/or B sites into BF-based perovskites was reported to enhance
the stability by forming a cubic phase as the major crystalline phase, and to improve the
oxygen mobility at a lower operating temperature[7,11,16].The cubic structure was reported to
be established by the addition of smaller A-site or larger B-site cations into materials[16],
resulting in anincrease in the lattice free volume [16]. Due to the different atomic sizes of the A
and/or B substitutes, the size of the unit cell volume is, therefore, changed, leading to a
different distance of the critical radius bottleneck for oxygen migration [16].In this work, La



(smaller Asite compared to Ba) and Gd (larger Bsite compared to Fe) were chosen as the A- and
B-site substitutes, respectively. The ionic radii of Ba®*, Fe**, La** and Gd**have been reported to
range from 1.350-1.610, 0.490-0.780, 1.032-1.360 and, 0.938-1.107 A° [17]. La and Gd were
added into the BF-based perovskites for comparison purposes. The physical and chemical
characteristics and catalytic performance of each catalyst towards the thermochemical cycles of
H,O splitting were observed. The kinetic parameters of this reaction for the best catalysts
among all the prepared catalysts were determined.

2. Methodology
2.1 Catalyst preparation and characterization

An ethylene diamine tetra acetic acid (EDTA)-citrate comple xin. sol-gel method was utilized
for catalyst preparation [18]. Relevant precursors, suz™ >z Ba(NOs);, Fe(NOs),-9H,0,
La(NO3)3-9H,0, and Gd(NOs);-9H,0, were dissolved and “tirr:d in deionized water before
adding EDTA at a molar ratio of total nitrates, EDTA, and ci.-ic acid of 1:1:1.5. The pH of solution
was adjusted to 7 by dropwise addition of NH;,OH. Th~ sol.'tion became a transparent gel after
evaporation of the water, which then was placed in a» ¢ ‘en at 180 °C, followed by calcination
in air. During calcination, the temperature was i'i1c’ 2cased at the rate of 3 °C min from room
temperature to 325 °C. After holding at 325 °C fo\ ¢ i, the temperature was then increased to
400 °C for 3 h, 600 °C for 10 h, and 1,000 °". 1 - 1< h at the same heating rate.

The resulting perovskite was characte.ized using X-ray diffraction (XRD, Bruker D8
ADVANCE)with CuKa (A=1.5418 A°)radiau."n at a scanning speed of 0.02°/s for 26 ranging from
20° to 80°. The morphology of the “re.n and spent materials was examined using a field
emission scanning electron micrcscene (FE-SEM, SU-8230 Hitachi, Japan), operated at 10 kV.
Hydrogen temperature progromi.ced reduction (H,-TPR) was carried out afterwards to
determine the optimal reduc.'on *emperature of each catalyst by introducing 10% H,/Ar (BIG
Company) and pure Ar throceh the sample bed at the rates of 5 and 195 mL/min using mass
flow controllers. Prior to run.ing H,-TPR, the sample was packed into a quartz tubular reactor,
pretreated in 40% O,/A. (biG Company) at 950 °C for 1 h and then cooled to room temperature
while being purged with ruare Ar (99.99%, BIG Company) throughout the process. During the H,-
TPR, the temperature was increased at the rate of 5 °C/min from 25 °C to 950 °C. The gaseous
product was analyzed using a quadrupole mass spectrometer (MS, GSD 320 O1, Balzers).

2.2 Experimental set-up

All the powder catalysts were pelletized and sieved to the selected particle size, ranging
from 75 to 180 microns. Then, 0.5 g of the sieved catalyst was packed into the same quartz tube
reactor used for H,-TPR.During the reduction and oxidation steps, the catalyst was reduced in
10%H,/Ar at 100 mL/min and oxidized in 30%H,0/Ar at 200 mL/min at the paired temperatures
of 500/500, 700/700, and 900/900 °C for 30 min for each step. The gaseous product stream was
analyzed in realtime by MS.



3. Results and discussion
3.1 Catalysts characterization

Fig. 1 illustrates that the BF perovskite has a mixed phase structure consisting of hexagonal
(PDF card no. 01-089-4618), rhombohedral (PDF card no. 01-078-5233) and cubic structures
(PDF card no. 00-050-1844), based on ICDD (International Centre for Diffraction Data). This
agrees with other works that reported that BF perovskites are commonly found to exhibit
hexagonal and rhombohedral structures [19]. In contrast, the diffractograms forBag gsLag.osFeOs.
s (BLF) and BaFeg 975Gdo.02503.5 (BFG) showed that cubic structures were achieved. The results
are in agreement with previous works[11,20]. The latter studies reported that the substitution
of A and B sites into BF-based perovskites establishes a derirable cubic structure, which
provides a high oxygen deficiency concentration. The crystallite si.~s of BF, BLF and BFG were
calculated to be 58.7, 42.6, and 54.1 nm, respectively, using the Sch rrer equation[21].The sizes
of the unit cells were calculated from the peak positions (26, a.~a atomic planes of cubic phase,
using least squares refinement, based on Bragg’s equatior vi> U'AITCELL software[22].

The peak positions and planes for the BF solids (Fi<. 1) vere found at 22.161 (1 0 0), 31.550
(110),38.116(111),45.234(200),50.921(210),55..78(211),65.853(220),70.435 (22
1), 74.894 (3 1 0), and 79.210 (3 1 1). Those value. for BLF were identified at 22.264 (1 0 0),
31.693(110),39.057(111),45.418(200).5.16(210),56.444 (2 11), 66.364 (2 2 0),
70.782(300), 75.241 (31 0), and 79.619 (5 1 1), ~nd those for BFG at 22.182 (1 0 0), 31.591 (1
10),38.934(111),45.234(200),50.962 ‘2 L 0),56.219 (21 1), 65.955(2 20), 70.925 (2 2 1),
74.894 (3 1 0), and 79.291 (3 1 1).The 'attice constants of BF, BLF and BFG were determined to
be 4.0102, 3.9890 and 4.0010 A°, whi'~ tr.~ir cell volumes were estimated to be 64.493, 63.475
and 64.048 A°, respectively. The BF unit cell and crystallite size were found to be the highest
among all the catalysts, followed »y C'F, and, surprisingly, BFG, where the latter was expected
to be larger than that of BF beosaus 2 the atomic radius of Gd*"is larger than that of Fe¥*. It is
suggested that the smaller Bi'3 unit cell was achieved because of the orthorhombic BaCOs,
which is formed as an imnu, **v minor phase, found in both BLF and BFG solid compositions.
These results agree with ore ious works[19,20], where it has been reported that the impurity
phase in perovskite oxiu s are responsible for shifting the peak positions of the major phase to
slightly higher values[2C!, which results in a decrease in the lattice constant and cell volume for
the materials. In this work, the peak positions forBaCO3(PDF card no.00-005-0378)were
detected at 24.299, 27.725, 33.719, 41.989 and 46.789([23].
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Fig. 1.XRD patterns for fresh BF, BLF, and BFG perovskii> <ulids prepared using the EDTA citrate
complexing sol-gel method.

H,-TPR was carried out to determine the ‘eduuibility of the perovskites. H, consumption
was plotted versus temperature for BF, Bl - al d biG, as shown in Fig. 2. The TPR traces consist
of three peaks for all the materials, which « ~cur at450-468 °C (reduction of Fe™ to Fe**), 800-
879 °C (Fe** to Fe?), and 950 °C (Fe*" tu Fe?* and partially Fe®" to Fe’[18,24]). The total amount
of H, consumption over BF, BLF and o™ G was estimated to be 1,448 1554, and 1282 umol/g,
respectively. In addition, at temperatu -e., higher than 800 °C, BF was found to show the highest
H, consumption (560.1 umol/g) «»mpared to BLF (236 umol/g) and BFG (215.7 umol/g), since
BF exists as a mixed-phase stru.*ure at temperatures lower than 800 °C, and becomes a purely
cubic structure at temperature. higher than 800 °C[20,25]. Thus, it could be concluded that
addition of La>* and Gd** .. c..hance the reducibility of such materials at temperatures lower
than 800 °C. These re_'ili. ag ee with the powder XRD diffractograms discussed in the previous
section, where it was cle.rly shown that only BF has a mixed structural phase, while BLF and
BFG have the cubic structure as the major crystalline phase. Correspondingly, La*" addition (A-
site substitution) decreased the perovskite crystallite size[7,26,27]. In contrast, Gd*>" addition
(B-site substitution) was found to have the opposite effect on oxygen mobility due to the strong
Gd-0 chemical bonding. Upon comparing the bonding energy of Gd-O with that of Fe-O, it was
found that the bonding energy of Gd-O is 719 kJ/mol, while that of Fe-O is only 390.4
ki/mol[11]. Therefore, the addition of La** has a greater advantage for the BF-based perovskite
than the addition of Gd*" with respect to oxygen mobility.
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Fig. 2. H,-TPR traces for the prepared BF, BLF and P~G perovskites in the range 25 - 950 °C.

3.2 Performance test for the thermochemi.l _ycles of H,0 splitting

Fig. 3 shows 9 cycles of H, producian (umol/g) via thermochemical H,0 splitting in the
presence of BF, BLF and BFG at T,/ oo = £00/500, 700/700 and 900/900 °C. The H, production
was determined using the cumu'aiive gquantity of hydrogen produced per gram of solid as
expressed by the following Eq. (1).

t
jn H,(t) dt
H, pror 'ct.onlamol/g) = *¥—— (1)

gsolid

For all the catalysts, it can be seen that when the temperature is increased, the H,
productivity is also increased. Thus, the maximum H,production was achieved at 900/900 °C. At
900/900 °C, BLF showed the best performance among all the perovskites, yielding an average
H, production of~1,310 pumol/g which is higher than that achieved through the use of
BF,~1,282 umol/g. Thus, the addition of La>* enhanced the oxygen mobility[7,26,27] due to its
smaller cationic size compared to that of Ba**. On the other hand, BFG showed poorer
performance compared to BF, as evidenced in Fig. 3, where BFG yields a H, production of 852.5
umol/g. This result agrees with the explanation given in the previous section, i.e., that the Gd-O
bond is stronger than the F-O bond [11] and requires more energy to break. However, at
Trea/Toxof  500/500 and 700/700 °C, BF yielded the lowest H, productivity among the
perovskites because BF contains a mixed crystal structure, consisting of hexagonal,
rhombohedral and cubic phases, as shown in Fig. 1 and discussed above. In this temperature



range, BLF still showed the best performance for the same reason mentioned earlier.

In addition, catalyst sintering was suggested to occur based on the decrease in H,
productivity observed when the number of cycles was increased. It is common for sintering to
occur despite solid’s calcination pre-treatment if the surrounding gas atmosphere is changed. In
this case, the calcination gas composition changed from air to the reactant gas, H,0, which can
result in a different mechanism pathway due to the change in the surface energy [28,29]. In
fact, the sintering was also due to the consecutive reduction and oxidation of the materials
during repeated redox cycles.

The SEM technique was carried out to define the morphology of BLF before and after
reaction in order to determine whether sintering was involved w .=n the number of cycles and
the operating temperature were increased.
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Fig. 3.Nine cycles of H, production via thermochemical H,0 splitting in the presence of BF (m),
BLF (e), and BFG ( A )at 500/500 °C,700/700 °C and 900/900 °C.



3.3 Morphology of the BLF pre- and post-exposure

Fig. 4 shows SEM images of the fresh BLF before the reaction (top left), BLF after 9 cycles of
reaction at 500/500 °C (top right), BLF after 9 cycles of reaction at 700/700 °C (middle left), BLF
after 9 cycles of reaction at 900/900 °C (middle right), BLF after the 1*'reduction step cycle at
900 °C (bottom left), and BLF after the 1% oxidation step cycle at 900 °C (bottom right). It can be
seen that sintering occurs in BLF at all temperatures after 9 cycles. The degree of sintering was
obviously increased with increasing operating temperature. Sintering was also found after the
1*reduction cycle (bottom left). However, after the 1*oxidation cycle, the size of the grains
became slightly smaller. The observed change in the surface was due to the reoxidation
process, in which the oxygen in H,0 refilled the surface oxygen vacancies.

10.0pm

Fig. 4.Morphology of fresh BLF (top left) before reaction, BLF after 9 cycles of reaction at
500/500 °C (top right), BLF after 9 cycles of reaction at 700/700 °C (middle left), BLF after 9
cycles of reaction at 900/900 °C (middle right), BLF after the 1** reduction step cycle at 900 °C
(bottom left), and BLF after the 1* oxidation step cycle at 900 °C (bottom right).



3.4 The adverse effect of the presence of other gases in waste gas

A mixed gas of CH4:CO;:H, at a ratio of 6:3:1 was used as a model H,-containing waste gas
and applied as a reducing gas. This experiment was carried out to study the effect of the
presence of other gases that might have an influence on H, productivity during the oxidation
step. Fig. 5 compares the H, production rates achieved during the oxidation step when using
10%H,/Ar and the model waste gas during the reduction step.
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Fig.5.Effect of the type of reducir; g.< on H, production rate during 3 oxidation step cycles
performed at 900/900 °C in the n: ~sence of BLF catalyst.

As shown in Fig. 5, the ticns.ient production rates are compared over 3 cycles of H,0
splitting in the presence ~f b.F when using H, and waste gas as a reducing gas. It was found
that the average amcun- of 4, production when using H, and waste gas as a reducing gas is
1,405 and 1,240umol/g, .espectively. This result shows that H, production is lower when using
the waste gas as a redu.ing gas, although the H; level in both reducing gases is the same (10
vol%). It might then be concluded that the other gases contained in the waste gas (CH4, CO>)
have a negative influence on the solid-gas reaction during the reduction process. One process
step that could inhibit the reduction process performance is CO, adsorption, where CO,is
adsorbed onto the surface of BLF, resulting in the blockage of active sites. However, since the

waste gas only offers 11.8% less productivity than the H; reducing gas, it could be well utilized
in this process.

3.4 Kinetic analysis

The kinetic parameters for BLF oxidation in the presence of H,O were estimated. The solid
conversions achieved under isothermal operation at 500, 700 and 900 °C were calculated using
the following Eq. (2):



t

jn H, (t) dt
n, reacted (t) _

X(t) = (2)

np,available  n

reactive oxygen

where, n represents the amount (mols) of reactive oxygen.

According to the gas-solid kinetics model, the reaction rate can be expressed in terms of
solid conversion as a function of time, dX(t)/dt:
dX(t)

?= k f(X) (3)

where f(X) is a function of the kinetic model to be described that re-esents the dependence of
the reaction rate on the solid conversion. The functional forms for 1 X) were taken from several
mathematical models for various rate-limiting mechanism¢, n. mely [30]: model I: nucleation
model (nXx""), model II: progressive conversion or order “ased model ((1-X)"), model Il
diffusion model (1/2X), and model IV: geometrical cor.a.~tion model (n(1-X)V").After fitting all
the mentioned models with the present experimental (-3, it was found that the order-based
model Il showed the best fit, when a 1*-order re=.*ion (n = 1)was assumed. The result agreed
with previous work reported by K.S. Go et 2!. "'37,, where such equation was applied for
reduction and oxidation of metal oxides ‘~r “wydrogen production. Eq. (4) was therefore
obtained and further applied, togethe. wich the Arrhenius relationship to estimate the
activation energy (E,) and pre-exponential factor (ko) for oxidation water splitting reaction over
the reduced BLF catalyst.

X _ (1), n=1 (4)
dt

In addition, the order-based mc e (model Il) is only applicable to porous materials [36], where
gaseous reactants can censie~'ly penetrate through the solid phase with no mass transfer
limitation. However, ~inc= siiitering was found in BLF over the entire temperature range, the
material then became n.nporous sintered BLF. Since model Il best fit the experimental data,
the following can be co..cluded: (i) There were plenty of surface oxygen vacancies available for
reaction with the gaseous H,O; therefore, the location of the oxygen vacancies(inside or
outside the pore) became insignificant; (ii) The reaction rate of H,0 splitting was slower than
the rate of oxygen solid diffusion (from the surface to the bulk); (iii) When the driving force for
solid oxygen diffusion became small (the concentration of oxygen vacancies between the
surface and bulk became similar), the reaction rate decreased and slightly deviated from that of
model Il. The apparent activation energy (E,) and pre-exponential factor (ko) were determined
to be 47.4 kJ/mol and 0.18 s™, respectively. It should be noted that the E, value for BLF was
found to be lower compared to that reported for other catalysts [31-33].

4. Conclusions

BLF was successfully synthesized using the EDTA-citrate complexing sol-gel method. BLF and



BFG were found to contain a major-phase cubic structure, which has been reported to support
the best oxygen transport channels with a high level of oxygen vacancy disorder, leading to a
high oxygen storage capacity and a high oxygen exchange rate. These results agree with the
thermochemical water splitting catalytic performance tests, which showed that BLF has the
best performance among all the catalysts, with BFG showing the second best performance for
temperatures ranging from 500 to 700 °C; however, BF showed the second best performance at
900 °C. This difference in performance was because the BF phase structure changes from
rhombohedral/hexagonal/cubic to a pure cubic structure at temperatures higher than 800 °C;
thus, BF was the least effective material at temperatures ranging from 500 to 700 °C. On the
other hand, BFG was the least effective at 900 °C because, at this temperature, BF has a pure
cubic structure.

From the catalytic performance results, the addition of L>* was found to have a more
positive effect on BF-based perovskites than the addition »f (,d*. This was presumably
becauselLa®* has a smaller ionic radius compared to Ba%*, which is thus likely to lead to a larger
lattice free volume for oxygen transport. The addition c* Gu*" has the opposite effect, as the
strength of the Gd-O bond is greater than that of the F:-C bund. In addition, the ionic radius of
Gd*"is larger than that of Fe** A larger B-site substitu:= nas also been reported to establish
larger lattice parameters. In contradiction, the ~rusent XRD results showed the opposite
behavior, as Gd*>" addition resulted in a smaller--i.ec. BFG unit cell. At the same time, Fe®* (B
site) was also partly replaced by Gd**, reslti = in similar lattice constants for BF and BFG,
which were calculated to be 4.0010 and 4 9102 A°®, respectively. The apparent activation energy
and pre-exponential factor for the oxidatioi. water splitting over BLF were determined to be
47.4 ki/mol and 0.18 s*, respectively. The E, for BLF was found to be lower than those found for
catalysts recently developed by othe's.
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Graphical abstract:

Highlights:

e Three BaFeOs; (BF) based perovskites towards hydrogen production were studied.



Addition of lanthanum and gadolinium into the BF based perovskite were observed.
BLF showed the best performance during temperature ranging from 500 to 900 °C.
All the catalysts showed their best performance at 900 °C.

Ea and k, of the BLF oxidation using water was 47.39 ki/mole and 0.18 s™.



