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This study focuses on improving the oxygen transfer properties of a MgFe.O4 oxygen carrier in chemical looping combustion
by introducing the catalytic promoters gadolinium-doped ceria, palladium, and platinum. MgFe:O4 synthesized by solid-state
reactions exhibited reversible redox behavior but suffered from agglomeration and a slow reaction rate. The introduction
of palladium and platinum significantly enhanced the oxygen transfer rate in the oxidation and reduction reactions, and the
palladium-incorporated composite achieved an oxygen-transfer capacity of 23.40 wt.%, which was similar to that of pure
MgFe:04 (23.96 wt.%). This improvement can be explained by the participation of PdO as an additional oxygen source.
Gadolinium-doped ceria provided microstructural stability and suppressed agglomeration, but the oxygen-transfer rate and
capacity were lower due to its oxygen storage property. The palladium-incorporated composite maintained its microstructure
after redox cycling, showing excellent redox stability and oxygen transfer properties. These results demonstrate that catalytic
promoters such as palladium and platinum not only accelerate the reaction rate, but also improve long-term structural
stability, providing important insights into optimizing oxygen carrier materials in chemical looping combustion.

Keywords: Chemical looping combustion, Oxygen carrier material, Redox reaction, Oxygen transfer capacity, Oxygen transfer
rate.

Introduction CH, + (2x + y/2)MeO
— xCO, + y2H,0 + (2x + y/2)Me (D)
Fossil fuels remain a substantial part of the global
energy mix, and the resulting CO, emissions are major where MeO is the oxidized form of the oxygen carrier,
contributors to climate change [1]. Various technologies and Me is the reduced form. This is the process by which
are being studied to reduce these emissions, including fuel is supplied with oxygen from the oxygen carrier and
chemical looping combustion (CLC) [2, 3]. CLC has the combustion occurs, resulting in the production of CO,
potential to directly capture CO: during fuel combustion and H,O. In the air reactor, the reduced oxygen carrier
and is considered an important system of carbon capture undergoes re-oxidation by reacting with oxygen in the
and storage [4, 5]. air. This process can be expressed by:
A CLC system comprises two primary and inter-
connected reactors, an air reactor and a fuel reactor [6]. Me + 1/20, — MeO 2)
An oxygen carrier, typically a metal oxide, circulates
between these reactors, facilitating the transfer of oxygen In this reaction, the oxygen carrier absorbs oxygen
required for the process [7]. In the air reactor, the oxygen from the air and returns to its original oxidized state.
carrier is oxidized, and in the fuel reactor, the carrier The oxidized oxygen carrier then travels back to the
material reacts with the fuel to induce combustion [§]. fuel reactor, ready to react with the fuel. In this way,
The reaction in the fuel reactor can be expressed in terms CLC efficiently separates CO, while minimizing the
of a typical hydrocarbon fuel by the following equation: generation of air pollutants such as NOx as the fuel

and air remain isolated and do not interact directly [9].
In a CLC system, the properties of the oxygen carrier

*Corresponding author: are critical to the overall performance and efficiency
g;l(: ig%:g;:%;g:%gg of the system. The oxygen carrier must meet various
E-mail: ktlee71@jbnu.ac.kr requirements, such as a high oxygen transfer capacity,
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rapid oxidation and reduction rates, physical and
chemical stability, and durability [10]. Various metal
oxides are being studied as oxygen carriers, including
nickel, copper, manganese, and iron-based metal oxides,
and each material has unique properties and performance
[11-17].

Nickel-based oxide is commonly used in CLC and
is characterized by a high oxygen transfer capacity
and rapid reaction rate [18]. Nickel has demonstrated
excellent catalytic performance and reactivity with
various fuels [19]. However, it may be difficult to
commercially apply due to its toxicity and high price,
and its performance may deteriorate over repeated
redox cycles, which may limit its long-term use [20].
Copper-based oxygen carriers are highly reactive even at
low temperatures and provide high oxidation/reduction
reaction rates [21]. However, the volatility of copper at
high temperatures can cause problems with the stability
of the material, and the price is relatively high [22].
Manganese-based oxygen carriers, such as MnsOas, offer
a moderate oxygen transfer capacity and cost-effective
production [23]. During reduction, MnsO4 converts to
MnO, which has a high resistance to agglomeration due
to suppression of metallic manganese formation under
operating conditions. As a result, these oxygen carriers
offer excellent thermal stability, rendering them suitable
for long-term cyclic processes in high-temperature
environments [24].

Iron-based oxygen carriers such as Fe,O; come with
several advantages, including a high oxygen transfer
capacity, low cost, excellent thermal stability due to
a high melting point, and environmental compatibility
[25]. However, their reaction kinetics may be slower
compared with those of other metal oxides, and
performance degradation may occur during long-term
cycling [26].

Here, for the first time, we propose MgFe,O, spinel
oxide as an innovative oxygen carrier for chemical
looping hydrogen production [27]. Although MgFe,O,
undergoes a reversible redox reaction and the reduced
MgFe, O, (MgO + 2Fe) provides a relatively high
oxygen transfer capacity, this spinel oxide suffers
slow redox reaction kinetics and agglomeration. To
improve the oxygen transfer properties of MgFe,O4, we
incorporated gadolinium-doped ceria (CeoGdo1O s,
GDC), palladium, and platinum as catalytic promoters.
A systematic investigation of the effects of catalytic
promoters on the redox kinetics and oxygen transfer
properties of the MgFe,O4 oxygen carrier materials for
CLC was carried out.

Experimental

Powdered MgFe.O. was synthesized using a conven-
tional solid-state reaction method. MgO (99.95%, Alfa
Aesar, USA) and Fe20s (99.9%, Alfa Aesar, USA) were
mixed in stoichiometric proportions via ball milling in

ethanol for 24 h. The resulting mixture was calcined
at 1200 °C for 3 h in air. A MgFe.0+/GDC composite
oxygen carrier material was prepared by incorporating 2
wt.% of commercial GDC powder (Kceracell Co. Ltd.,
Korea) into the MgFe.O4 matrix via ball milling for 12
h, followed by drying at 80 °C for 24 h.

The MgFe.04/Pd and MgFe.O4/Pt composite oxygen
carriers were synthesized through the impregnation
of MgFe:Os with aqueous palladium and platinum
solutions, respectively. A 0.1 M palladium solution and
a 0.1 M platinum solution were prepared by dissolving
PdA(NO:3): (98%, Sigma Aldrich, USA) and H>PtCls-6H-0
(ACS reagent, Sigma Aldrich, USA), respectively, in
deionized water. The MgFe.Os powder was immersed
in the prepared solutions at 80 °C under a vacuum
environment, followed by heat treatment at 600 °C in
an air atmosphere for 1 h to achieve 2 wt.% loading of
the respective metals.

Phase analysis was carried out via X-ray diffraction
(XRD; MAX-2500, Rigaku, Japan) using a CuKa
radiation source. The diffraction patterns were obtained
in an angular range of 20° to 80° with a scanning rate
of 4°/min, ensuring precise structural analysis.

The microstructure of the MgFe.Os-based oxygen
carrier was examined using high-resolution scanning
electron microscopy (SU8230, Hitachi, Japan) both
before and after evaluation of its oxygen transport
characteristics.

The oxygen transfer properties of the MgFe.Os-
based oxygen carrier during redox reactions within the
CLC process were systematically evaluated through
thermogravimetric analysis (TGA; TGA-N1000, Shinko,
Korea) at an operational temperature of 900 °C. A
sample mass of 30 mg was used for the TGA, with a
heating rate of 10 °C/min. Redox reactions were induced
by supplying air during the oxidation step and a 5%
He-argon mixture during the reduction step. To prevent
gas mixing, the carrier was purged with N for 5 min
between each step. The flow rate of all gases used in
the analysis was 150 mL/min.

Results and Discussion

Synthesis of MgFe:O4 via the solid-state method at
1200 °C for 3 h in an air atmosphere was confirmed.
The resulting product was a pure single-phase spinel
structure without detectable impurities (Fig. 1). Previously,
we reported the successful formation of single-phase
MgFe,O, via the solid-state reaction method [27].
MgFe,O, synthesized under calcination conditions
below 1200 °C for less than 3 h did not result in a
single-phase material, leading to low phase purity.
Conversely, calcination temperatures above 1200 °C
caused significant grain growth in MgFe,O4, which
could negatively affect its redox behavior. Therefore, the
synthesis conditions were optimized to 1200 °C for 3 h
to achieve a balance between phase purity and desired
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Fig. 1. XRD patterns of as-synthesized MgFe.Oas and samples after
reduction in 5% H:-argon and re-oxidation in air, respectively,
at 900 °C for 2 h.
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Fig. 2. XRD patterns of as-synthesized MgFe.O+/GDC (without
heat treatment), along with MgFe.04/Pd and MgFe.04/Pt
composites after firing in air at 600 °C for 1 h.

material properties. After reduction heat treatment in an
5% Hz-argon atmosphere at 900 °C for 2 h, a MgFe:Oa
powder consisting of metallic iron and MgO phases was
observed. Following re-oxidation heat treatment in an
air atmosphere at 900 °C for 2 h, the reduced MgFe.Oa
(MgO + 2Fe) successfully reverted to its original
structure without passing through secondary phases. A
phase analysis provides clear evidence of the reversible
redox mechanism of MgFe>O4 at 900 °C, as described
by the following reactions:

Reduction: MgFe,O, (s) + 3H: (g)
— MgO (s) + 2Fe (s) + 3H.O (g) 3)

Oxidation: MgO (s) + 2Fe (s) + 3/20, (g)
— MgFe,O; (s) 4)

Figure 2 depicts the XRD patterns of the synthesized
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Fig. 3. XRD patterns of MgFe.0+/GDC, MgFe.04/Pd, and
MgFe»04/Pt composites after reduction in 5% H-argon at 900
°C for 2 h.
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Fig. 4. XRD patterns of MgFe.04/GDC, MgFe.04/Pd, and
MgFe.04/Pt composites after re-oxidation in air at 900 °C and
800 °C for 2 h.

MgFe.04/GDC, MgFe:04/Pd, and MgFeO./Pt composite
oxygen carrier materials. The distinct peaks for each
component suggest the absence of any interaction between
MgFe:>04 and the incorporated catalytic promoter. Unlike
platinum, when palladium was incorporated and heat-
treated at 600 °C in air for 1 h, it was observed in the
form of its oxide, PdO, rather than its metallic phase.
The XRD patterns of MgFe.04/GDC, MgFe.04/Pd,
and MgFe.O4/Pt composites after reduction in 5% He-
argon at 900 °C for 2 h are shown in Fig. 3. MgFe.Oa
undergoes reduction to MgO and metallic iron when
exposed to a 5% Hz-argon atmosphere, while GDC and
platinum remain in stable phases under these conditions.
In contrast, within the as-synthesized MgFe.O./Pd
composite, palladium exists as PdO, which is reduced to
Pd upon reaction with Hz. For the MgFe.O4/Pt composite,
platinum and iron form an alloy, resulting in the presence
of a Pt-Fe phase. Formation of an Pt-Fe alloy at 900 °C
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has already been reported [28, 29].

Meanwhile, as shown in Fig. 4, when the reduced
composite oxygen carrier materials were re-oxidized at
900 °C in air for 2 h, the MgFe.0/GDC and MgFe.O4/Pt
composites reverted to their initial as-synthesized phases,
whereas in the case of the MgFe.O4/Pd composite, both
PdO and metallic Pd phases were detected. Thermal
decomposition of PdO takes place at temperatures above
800 °C [30]. Reduction of PdO initiates within the bulk
rather than at the surface, accompanied by hysteresis, and
the frequently observed metastable co-existence of Pd
and PdO phases can be attributed to kinetic constraints
in the oxidation process of the metal [31]. The adsorption
of gaseous oxygen on the surface of metallic Pd or PdO
is subject to multiple influencing factors, such as particle
size, oxygen partial pressure, and the applied polarization
conditions [32, 33]. In fact, upon re-oxidation at 800 °C,
Pd was not detected, as shown in Fig. 4. Based on the
phase analysis in Figs. 3 and 4, the redox mechanism of
the MgFe.04/Pd composite can be described as follows.

Reduction: MgFe,Os (s) + PdO (s) + 4H, (g)
— MgO (s) + 2Fe (s) + Pd(s) + 4H,O (g) 5)

Oxidation: MgO (s) + 2Fe (s) + Pd(s) + 20, (g)
— MgFe,0; (s) + (1-x)Pd (s) + xPdO (s)
+ (1-x)/20; (g) 6)

Redox cycle curves of the MgFe.Os, MgFe.04/GDC,
MgFe:04/Pd, and MgFe.O4/Pt composite oxygen carrier
materials during three redox cycles at 900 °C are shown in
Fig. 5. During reduction reactions, as oxygen is released
from the oxygen carrier and reacts with Hz, the mass
of the sample decreases. In the subsequent oxidation
reaction, oxygen from the air combines with the reduced
oxygen carrier, resulting in an increase in mass. The
mass fluctuations observed during the N2 purge between
redox reactions may be caused by inaccuracies in gas-
flow rates due to equipment limitations or differences
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Fig. 5. Redox cycle curves of MgFe.04, MgFe204/GDC,
MgFe>04/Pd, and MgFe.O4/Pt composite oxygen carrier materials
at 900 °C.

Table 1. Oxygen transfer capacities and maximum oxygen
transfer rates of MgFe.04, MgFe.04/GDC, MgFe.04/Pd, and
MgFe>04/Pt composites during the first redox cycle at 900 °C.

Oxygen Maximum oxygen
Sample transfer transfer rate
capacity (mmol O/g/s)
(Wt.%) Oxidation Reduction
MgFe:04 23.96 0.0158 0.0068
MgFe.0./GDC 21.54 0.0124 0.0067
MgFe.O4/Pd 23.40 0.0194 0.0108
MgFe:0./Pt 21.39 0.0199 0.0106

in heat-transfer rates. The weight gain during oxidation
matched the weight loss during reduction, confirming
the reversibility of the redox reaction. The reversibility
of this redox reaction is further supported by a phase
analysis, as demonstrated in Figs. 1, 2, 3, and 4.

The oxygen transfer capacity can be determined by:

(mox - mred)/ Moy (7)

where mo represents the fully oxidized mass and myeq
represents the fully reduced mass. The oxygen transfer
capacity of the first cycle, calculated from the data shown
in Fig. 5, is presented in Table 1. The experimentally
determined oxygen transfer capacity of MgFe.Os was
23.96 wt.%, closely matching the theoretical value of
24.0 wt.%. Because catalytic promoters do not directly
engage in oxygen transfer reactions, the incorporation of
catalytic promoters such as GDC or platinum resulted
in a decrease in oxygen transfer capacity. However, the
MgFe:04/Pd composite exhibited an oxygen transfer
capacity of 23.40 wt.%, which is comparable to that of
MgFe>Os4 alone. As indicated in Fig. 2 and according
to the redox mechanism of the MgFe.O4+/Pd composite
based on egs. (5) and (6), palladium exists as PdO in
the as-synthesized MgFe.O4/Pd composite, enabling PdO
to serve as an oxygen transfer material.

The oxygen transfer rate, the amount of oxygen
consumed per unit time and mass, can be derived by
differentiating the TGA data. Fig. 6 shows the variation
in oxygen transfer rate, calculated from the slope of
the mass-change curve during the first redox cycle.
Maximum oxygen transfer rate values are presented in
Table 1. The oxygen transfer rate during oxidation was
significantly higher than that of the reduction reaction.
Similar redox kinetics were observed with iron-based
ore [34]. The activation energy for the oxidation reaction
was 16.70 kJ/mol, whereas the activation energy for the
reduction reaction was 42 kJ/mol. The oxygen transfer
rate during oxidation of the iron-based ore was therefore
much higher than that of the reduction reaction.

The primary reason for incorporating a catalytic
promoter is to enhance the oxygen transfer rate, even if it
slightly reduces the oxygen transfer capacity. In contrast,
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Fig. 6. Variation of oxygen transfer rates of MgFe.0a, MgFe20./
GDC, MgFe.04/Pd, and MgFe.O4/Pt composite oxygen carrier
materials during the first redox cycle at 900 °C.
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during the reduction process, the MgFe.O4 incorporating
GDC as a catalyst exhibited an oxygen transfer rate
similar to that of pristine MgFe.O4, indicating that
GDC is ineffective catalyst for the reduction reaction.
During oxidation, the presence of GDC had an adverse
impact on the oxygen transfer rate. This behavior can
be explained by the oxygen storage capacity of GDC,
which is known for its ability to store oxygen through the
presence of oxygen vacancies [35]. During the oxidation
reaction, oxygen molecules adsorbed at oxygen vacancies
are preferentially incorporated into the GDC lattice,
reflecting oxygen storage rather than participation in
the reaction. The oxygen transfer rates of the MgFe.O4/
GDC composite during the oxidation process were lower
than those of pristine MgFe.Os. A similar trend was
observed in MgMnO,/GDC composite oxygen carrier

Fig. 7. High-resolution scanning electron microscope images of (a, b) MgFe:0s, (¢, d) MgFe.04/GDC, (e, f) MgFe.0.4/Pd, and (g, h)
MgFe.04/Pt composite oxygen carrier materials: (a, ¢, ¢, g) before and (b, d, f, h) after three redox cycles.
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materials [16]. However, since oxygen adsorption can
be influenced by the surface morphology, controlling the
shape or dispersion of GDC could potentially minimize
the impact associated with its oxygen storage properties.
In contrast to the addition of GDC, the incorporation
of platinum and palladium resulted in a substantial
enhancement of the oxygen transfer rate, which was
notably higher during both oxidation and reduction.
Platinum and palladium are widely recognized as
prominent catalytic materials in chemical reactions [36-
38]. In particular, they are key components of electrode
catalysts in fuel cells, where they play a critical role in
facilitating oxygen and hydrogen redox reactions [39-41].
Additionally, the low activation energy of platinum and
palladium as promoters for the oxidation of Hz has been
well-documented in the literature [42, 43]. Meanwhile,
the redox reactions of oxygen carrier materials proceed
through several sequential steps, including gas-phase
diffusion, surface chemisorption, charge transfer, and
bulk diffusion, with any of these stages potentially acting
as the rate-limiting step of the overall process. Catalytic
promoters such as platinum and palladium enhance the
surface adsorption capacity for reaction gases such as
Hz and O.. The observed improvement in the oxygen
transfer rate of MgFe.O4 upon incorporation of platinum
and palladium is primarily attributable to increased
surface adsorption of the reaction gases, H> and O..
The microstructures of MgFe.0s, MgFe.04/GDC,
MgFe:04/Pd, and MgFe.O4/Pt composite oxygen carrier
materials, both before cycling and after three redox
cycles at 900 °C, are shown in Fig. 7. The pristine
MgFe:Os sample exhibited significant agglomeration
and grain growth after the redox cycles (Fig. 7a and
b). However, the presence of well-dispersed catalytic
promoter particles in the composite materials (Fig. 7c-h)
effectively inhibited the aggregation of MgFe.Oa particles.
Notably, the palladium-incorporated composite retained
its initial microstructure most effectively even after the
redox cycles (Figs. 7e and f). In general, agglomeration
reduces the specific surface area of the oxygen carrier,
which significantly diminishes its reactivity due to a
substantial decrease in the number of available active
sites. From this perspective, catalytic promoters such
as GDC, platinum, and palladium can enhance oxygen
transfer not only by accelerating reaction Kkinetics,
but by providing microstructural stability through the
suppression of agglomeration during redox cycles.

Conclusions

In this study, enhancement of the oxygen transfer
properties of MgFe>O4 for CLC through the incorporation
of catalytic promoters such as GDC, platinum, and
palladium was investigated. In the case of GDC, both
the oxygen transfer capacity and the oxygen transfer
rate during the oxidation reaction decreased due to its

oxygen storage properties, trapping oxygen in the GDC
lattice rather than allowing it to directly participate in
redox reactions. However, the addition of platinum
and palladium significantly enhanced oxygen transfer
during both oxidation and reduction by increasing
surface adsorption of the reactant gases (Hz and O:). The
palladium-incorporated composite maintained an oxygen
transfer capacity comparable to that of pure MgFe:O4
due to PdO’s participation in the process, indicating
that PdO serves as an additional source of oxygen. The
catalytic promoters also improved overall microstructural
stability by suppressing agglomeration during redox
cycling. Among the studied composites, the palladium-
incorporated material exhibited the best retention of its
initial microstructure, showcasing excellent redox stability
and enhanced oxygen transfer properties. These findings
demonstrate that catalytic promoters such as platinum
and palladium not only enhance reaction kinetics,
but improve long-term durability by stabilizing the
microstructure. While platinum and palladium are indeed
expensive materials, cost-efficient alternatives include
strategies such as reducing particle size to maintain the
same specific surface area with a lower overall catalyst
loading or alloying platinum and palladium with more
cost-effective metals. These approaches could provide
both effective and economically sustainable solutions.
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