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simultaneous iron and cerium
redox reactions for durable chemical looping dry
reforming of methane†

Minjung Kim,a Michael Tomechkob and Shang Zhai *ac

This study investigates the synergistic interaction among elements in nickel–(iron and cerium oxide) for

chemical looping dry reforming of methane (CLDRM) at 700 °C to 900 °C. Nickel catalyzes methane

conversion to enable simultaneous reduction of iron and cerium. We quantified methane conversion by

two co-existing mechanisms: partial oxidation to syngas and pyrolysis to solid carbon and H2. In the CO2

step, the bulk interaction between Fe and Ce forms cerium orthoferrite (CeFeO3) that enhances methane

conversion, despite the anomalously reduced Ce3+ in the oxidation product, CeFeO3. An optimal nickel

loading enhances methane conversion and CeFeO3 formation while limiting solid carbon accumulation,

and it decreases with increasing CLDRM temperature, because high temperature also facilitates the

reactions. The optimal nickel loading in Ni0.34–(Fe0.67Ce0.50Ox)-900 maintained 76% conversion rates for

methane and CO2 over 100 CLDRM cycles at 900 °C, with only 0.26% of the carbon in methane

accumulated as solid carbon across the cycles. Highly adjustable syngas ratio is achieved, because

methane step generates mostly H2 while CO is mostly from CO2 step. Our findings illustrate the

mechanisms of the nickel–(iron and cerium oxide) materials for efficient and durable CLDRM, offering

valuable insights about mixed catalyst and oxygen carrier material design.
1. Introduction

Anthropogenic carbon emission level was estimated at 11.1 ±

0.8 Gt carbon per year in 2023, emphasizing the critical need for
effective CO2 conversion techniques as part of the global tran-
sition towards carbon neutrality.1,2 Carbon conversion tech-
niques turn CO2 into value-added products. One such
promising product is syngas, a mixture of carbon monoxide
(CO) and hydrogen (H2), a feedstock to produce fuels, chem-
icals, and energy carriers such as methanol, ammonia, and
liquid hydrocarbons. Various techniques exist for syngas
production, including steam reforming of methane (SMR),
partial oxidation of methane (POM), coal gasication, and
biomass gasication. Of these methods, SMR is currently the
most prominent technology in the industry using steam as
a partial oxidizing agent for methane.3–5

Dry reforming of methane (DRM) emerged as a more
sustainable alternative by converting two major greenhouse
gases, methane and carbon dioxide, into value-added syngas
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(eqn (1)). However, DRM faces signicant challenges that
hinder its broad industrial application: (1) carbon deposition
frommethane pyrolysis (eqn (2))6–10 and the Boudouard reaction
(eqn (3)),11–13 which deactivates catalyst at high-temperature
(typically well above 600 °C); (2) the need for high operating
temperature to activate and break the C–H and C]O bonds in
methane and carbon dioxide;14–16 (3) some of the hydrogen
product can be consumed by unreacted carbon dioxide via the
reverse water gas shi reaction (eqn (4)).

CH4 + CO2 / 2H2 + 2CO (1)

CH4 / C + 2H2 (2)

2CO / C + CO2 (3)

CO2 + H2 / CO + H2O (4)

Many metals have been explored as catalysts to mitigate
these challenges. Noble metal catalysts, such as Pt, Rh, and Ru
oen demonstrate lower carbon deposition compared to non-
noble metal catalysts like Ni and Co but are less viable for
industrial use due to their high cost.17,18 Ni based catalysts have
been intensively studied due to their low cost and high reactivity
with CH4.19 Hou et al.20 utilized rhodium over Ni supported on
mesoporous alumina. The addition of a small amount of
rhodium led to higher catalytic performance without coke
This journal is © The Royal Society of Chemistry 2025
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formation. Ni-based catalysts for methane reforming suffer
from severe carbon deposition, while rhodium, though effec-
tive, is costly and exhibits poor stability. Consequently, the long-
term stability of the material remains a signicant concern for
practical application. Another Ni catalyst composed of 5% Ni–
3% CeO2 supported on mesoporous nanocrystalline zirconia
demonstrated effective catalytic performance.21 The CH4

conversion was initially about 70% but it decayed to 40% aer
1500 hours of continuous operation. The deactivation issue was
possibly due to the coke formation and material sintering.

Chemical looping uses a chemical intermediate to selectively
transfer mass between each step of a global reaction. Certain
metal oxides are oen used as the chemical intermediate due to
their ability to exchange oxygen with the gas phase depending
on oxygen partial pressure and temperature. This approach has
been extensively studied for DRM (eqn (5) and (6)).

dCH4 + MOx / dCO + 2dH2 + MOx−d (5)

dCO2 + MOx−d / dCO + MOx (6)

Chemical looping dry reforming of methane (CLDRM) offers
the advantage of oxidizing deposited carbon by CO2, thereby
preventing long-term catalyst deactivation.22,23 Also, the sepa-
ration of methane and carbon dioxide feeds prevents hydrogen
product loss in the presence of CO2 through the reverse water
gas shi reaction. Furthermore, a preferred syngas H2 : CO ratio
can be obtained by controlled mixing of the two product
streams. Thus, CLDRM presents a promising strategy for opti-
mizing syngas production while addressing the limitations of
traditional DRM. Kim et al.24 investigated a Ni–Fe–Al oxide
oxygen carrier, which enabled stable CLDRM with 99%
methane conversion, overcoming deactivation issues by incor-
porating Ni into Fe–Al oxide through spinel phase formation,
enhanced CH4 activation, and CO2-assisted carbon gasication.
Shao et al.25 demonstrated the in situ formation of a halite-
structured (MgCoNiMnFe)Ox high entropy oxide catalyst for
CLDRM, achieving exceptional syngas selectivity and cyclic
stability over 100 redox cycles at 800 °C. Rao et al.26 found that
a nickel-modied iron oxide oxygen carrier supported on
La0.8Sr0.2FeO3 signicantly enhances methane conversion, CO
selectivity, and stability over 160 cycles in CLDRM.

Metallic Ni has been shown to activate C–H bond to enhance
the kinetics for methane conversion.27,28 Hill et al. found that Ni
supported on ceria signicantly enhances syngas production
through CLDRM compared to non-catalyzed ceria because of
low activation energy (<50 kJ mol−1).29 Cao et al.30 investigated
that Ni/CeZrO2 catalysts selectively oxidize methane and
subsequently split CO2 and H2O via oxygen-vacancy-rich
surfaces, demonstrating stable redox performance at 650 °C.
Han et al.31 reported a ultralow Ni loading on ceria achieved
nearly 100% methane conversion and CO selectivity in CLDRM
without carbon deposition over 50 cycles due to strong metal–
support interaction that stabilized Ni nanoparticles. Löerg
et al. also used Ni supported on CeO2.27 Ni has two important
roles: (1) activation of the reactants and (2) enhancing the rate
of oxygen supply from the solid.
This journal is © The Royal Society of Chemistry 2025
However, Ni cannot be oxidized by carbon dioxide at typical
CLDRM operating temperatures, limiting its role in oxygen
exchange.32 More et al.33 demonstrated that the metallic Ni
catalyzes methane cracking and acts as carbon carrier, while
remaining unoxidized throughout the cycle. Therefore, other
redox active metals or support is needed for oxygen exchange.
Iron undergoes a wide range of phases from Fe to Fe3O4 by
methane reduction and carbon dioxide reoxidation, providing
a large oxygen exchange capacity. Iron has also been shown to
dissociate CO bonds, aiding in CO2 decomposition kinetics.34

Zhang et al.35 reported iron-containing perovskite nano-
composites enabled efficient thermochemical CO2 splitting and
methane partial oxidation in a cyclic redox scheme, achieving
about 96% syngas selectivity and high CO2 conversion at 980 °C.
Ceria (CeO2) is an abundant support material with high oxygen
mobility and redox reactivity, increasing resistance to carbon
deposition and oxygen exchange capacity.36–38

Galvita et al.39 proposed the addition of Ni to CeO2–Fe2O3 led
to a deeper reduction of the metal oxide in a chemical looping
complete oxidation of methane. By adding Ni, the CO yield
became 10 times higher than without during the CO2 step.
Carbon accumulation on the surface was successfully removed
by CO2 re-oxidation step by lattice oxygen from CeO2–Fe3O4

providing a higher CO yield. Bhavsar et al.40 utilized mixed Ni–
Fe oxide supported on ceria for chemical looping partial
oxidation of methane to produce syngas, while using air to re-
oxidize the solid oxygen carrier.

Mixed Fe–Ce oxides without Ni have also been explored for
CLDRM where CeFeO3 phase was identied. Zhang et al.41

proposed using Fe2O3/CeO2 which enhances oxygen release
from both components in CLDRM. During the re-oxidation
step, the reduced Fe disperses into ceria forming CeFeO3 that
provides enhanced methane conversion (81.3%) and CO selec-
tivity (96.6%). Garćıa-Garćıa et al.42 reported Fe and Ce mixed
oxide demonstrated a synergetic interaction and ne dispersion
of Fe oxide particles on the Ce support forms CeFeO3.

To our knowledge, the material reaction mechanisms of Ni
mixed with Fe and Ce oxides have not been fully understood in
CLDRM cycles with CO2 as the oxidizer to produce syngas.
Additionally, the role of CeFeO3 and its cyclability over long
cycles have not been demonstrated and studied. In this paper,
we investigate the distinct role of each metal and their syner-
gistic effect in Ni–(Fe and Ce oxide) for CLDRM. X-ray diffrac-
tion (XRD) and X-ray absorption spectroscopy (XAS)
complemented each other to clearly identify the solid-state
phase transformation and redox activity of each element. Our
experiments showed three principal ndings: (1) nickel is not
redox active across CLDRM cycles due to thermodynamic limi-
tation, and it acts as a metallic catalyst for methane pyrolysis,
(2) ceria is a bulk oxygen carrier rather than a support, as it
undergoes phase transformation among different cerium
oxides and mixed Fe–Ce oxide when activated by sufficient
amount of Ni, and (3) ceria is anomalously reduced to +3
oxidation state during CO2 step to form CeFeO3, giving an
overall large redox capacity via oxidation of Fe from metallic to
+3 oxidation state. These results demonstrate that the
J. Mater. Chem. A, 2025, 13, 20942–20954 | 20943
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Fig. 1 (A) General reactionmechanisms we discovered for chemical looping dry reforming of methane (CLDRM) with Ni–(Fe and Ce oxide). CH4

reduces the oxide to Fe–Ni alloy and oxygen-deficient ceria to produce syngas (H2 + CO), while CH4 can also decompose into solid carbon and
H2. In the CO2 step, CO2 is converted to CO by reacting with the solid carbon and oxidizing Fe and reduced cerium oxide to cerium orthoferrites
(CeFeO3). (B) Influence of Fe/(Fe + Ni) ratio and temperature on average syngas production rate (over the 3rd to the 10th cycle, solid lines, left
axis) and accumulated carbon deposition percentages (carbon accumulation divided by the total carbon in supplied CH4 over the 10 cycles, bars,
right axis). All samples contain 60 wt% ceria.
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synergistic roles of Ni–(Fe and Ce oxide) (shown in Fig. 1A)
enhance syngas production efficiency from CLDRM.
2. Materials and methods
2.1 Ni–(Fe and Ce oxide) synthesis

All samples were prepared via sol–gel synthesis. The masses of
iron(III) nitrate nonahydrate (Fe(NO3)3$9H2O, Sigma-Aldrich,
$98%) and nickel(II) nitrate hexahydrate (Ni(NO3)2$6H2O,
Sigma-Aldrich, 99.999%) were determined such that the total
mass of iron and nickel elements in each sample was 2 g, with
Fe and Ni molar ratio controlled. Masses of citric acid (C6H8O7,
Spectrium Chemical Mfg Corp., 99.5%) and cerium(IV) oxide
(CeO2, Sigma-Aldrich, 99.9%) were used to reach a molar ratio
of 3 moles citric acid to 1 mol of iron plus nickel elements, and
a mass ratio of 3 g CeO2 to 2 g of iron and nickel (Fe + Ni) for
samples we refer to as “60 wt% CeO2”. For example, preparing
Ni0.50–(Fe0.50Ce0.50Ox)-800 and Ni0.50–(Fe0.50Ce0.50Ox)-900 used
7.0534 g Fe(NO3)3$9H2O, 5.0779 g Ni(NO3)2$6H2O, 20.1278 g
citric acid, and 3 g CeO2. We write Ni separately at the front of
material formula because we found that Ni always remains
metallic in the looping. The number following the material
name indicates the temperature (in °C) at which it was
synthesized and tested. For example, Ni0.50–(Fe0.50Ce0.50Ox)-800
refers to Ni0.50–(Fe0.50Ce0.50Ox) material was synthesized and
tested at 800 °C. A detailed naming protocol for all samples is
explained in the ESI.†

To isolate the effects of Fe and Ni, Fe–Ce oxides (Fe0.33-
Ce0.50Ox, Fe0.50Ce0.50Ox, and Fe0.67Ce0.50Ox)-800 and Ni sup-
ported on cerium oxide (Ni0.34–Ce0.50Ox, Ni0.50–Ce0.50Ox, and
Ni0.66–Ce0.50Ox)-800 were prepared. We chose the amount of Fe–
Ce oxides or Ni–Ce oxides for CLDRM reaction measurement
20944 | J. Mater. Chem. A, 2025, 13, 20942–20954
such that the amount of Fe or Ni and Ce are the same as those in
the corresponding Ni–(Fe and Ce oxides)-800. For instance,
0.3464 g of Fe0.33Ce0.50Ox-800 contains the same amount of Fe
and Ce as 0.5 g of Ni0.66–(Fe0.33Ce0.50Ox)-800, and 0.4207 g of
Ni0.66–Ce0.50Ox-800 contains the same amount of Ni and Ce as
0.5 g of Ni0.66–(Fe0.33Ce0.50Ox)-800, so that we can compare them
to understand the roles of Fe and Ni. Detailed explanation is in
the ESI.†

To prepare the samples, a solution of citric acid, Fe(NO3)3$9H2O,
and Ni(NO3)2$6H2O in 50 mL ethanol (C2H6O, Decon Labora-
tories, Inc., 95%) was created at room temperature. CeO2 was
added, and the suspension was covered and allowed to stir
continuously over 6–10 hours. The ethanol was then evaporated
at 90 °C for 10–15 hours, creating a thick gel. The gel was dried
at 200 °C for 2 hours in a box furnace, forming a solid porous
cake. A mortar and pestle were used to grind the solid cake into
powder, which was subsequently added to an alumina crucible
and calcined in a box furnace in air for 5 hours at 700 °C, 800 °C,
or 900 °C aer a temperature ramping at 15 °C min−1. The
calcination temperature was set the same as the CLDRM reac-
tion temperature. The product was then ground into a ne
powder using a mortar and pestle.
2.2 Material characterizations

X-ray diffractometer (XRD) analysis was conducted on an
Empyrean Series 3 from Malvern Panalytical X-ray diffractom-
eter operated at 45 kV and 40 mA. The reection angle was from
20° and 80° at a scan rate of 0.041° per second with a step size of
0.00164°. Phase identication was conducted through PDXL
soware.43 Crystallographic information les (CIF) were down-
loaded from ICSD database.44 Aer the desired CLDRM cycles
nished, the sample was cooled down in 150 sccm argon ow to
This journal is © The Royal Society of Chemistry 2025
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room temperature in U-shaped tubular reactor. Then the
tubular reactor was sealed by paralm and transported into an
Ar glovebox. In the glovebox, the cycled sample was spread on
a glass slide with vacuum grease. Then the powder was covered
with Kapton tape and stored in the glovebox until the time for
XRD, to prevent/minimize oxidation of the sample by air. All
XRD patterns have a wide peak from 25° to 27° in 2q due to the
Kapton tape.

X-ray absorption spectroscopy (XAS) analysis was conducted
on easy XAFS 300+ equipment. All cycled samples were prepared
in the same way as those for XRD to prevent air exposure. The
samples were spread on and wrapped between two Kapton tapes
instead of being placed on the glass slide. X-ray Absorption Near
Edge Structure (XANES) measurements were performed at the
Ni K-edge, Fe K-edge, and Ce LIII-edge. The scan energy range
for the Ni K-edge was set from 8200 eV to 9800 eV, divided into
four sections: 8200–8300 eV (step size: 2 eV, step duration: 1.5
s), 8300–8600 eV (step size: 0.25 eV, step duration: 3 s), 8600–
9000 eV (step size: 2 eV, step duration: 3 s), and 9000–9800 eV
(step size: 10 eV, step duration: 3 s). For the Fe K-edge, the
energy range of 6900–8100 eV was divided into four sections:
6900–7050 eV (step size: 2 eV, step duration: 1.5 s), 7050–
7200 eV (step size: 0.25 eV, step duration: 3 s), 7200–7600 eV
(step size: 2 eV, step duration: 3 s), and 7600–8100 eV (step size:
10 eV, step duration: 3 s). For the Ce LIII-edge, the energy range
of 5650–6100 eV was measured in three sections: 5650–5700 eV
(step size: 2 eV, step duration: 1.5 s), 5700–5900 eV (step size:
0.25 eV, step duration: 3 s), and 5900–6100 eV (step size: 2 eV,
step duration: 3 s). Data analysis was performed using Athena
soware45 to quantify the fractions of different oxidation states
of each element in each sample by linear combination tting
(LCF) method.

Reference materials for XANES were: iron(II) oxide ($99.6%),
and iron(II,III) oxide (97%), from Sigma-Aldrich, and iron(III)
oxide (99.99%) from BeanTown Chemical. Cerium(IV) oxide
(99.9%) is from Sigma-Aldrich. Cerium(IV) oxide was loaded on
the U-shape tube reactor and reduced for 20 hours under 25
sccm of H2 at 1100 °C to get Ce2O3 which was conrmed by XRD
(Fig. S1A†). CeFeO3 was synthesized by using iron, iron(III)
oxide, and cerium(IV) oxide, and conrmed by XRD (Fig. S1B†);
the precursor powders were pressed at 3 tons using a circular
die of 14.85 mm diameter and calcined at 850 °C for 48 hours
under vacuum created by a vacuum pump to avoid air oxidation.
NiO was synthesized via sol–gel method by using nickel(II)
nitrate hexahydrate and citric acid with ethanol, and conrmed
by XRD (Fig. S1C†). The solution was covered and stirred for 6–
10 hours, evaporated for 10–15 hours at 90 °C, and calcined for
5 hours at 900 °C. Iron and nickel metals are foils from the XAS
lab facility.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) were conducted with a Thermo
Scientic Apreo 2S at 20 kV and 0.8 nA to reveal the material
morphology and elemental distribution. Fresh sample was
dispersed in deionized water, sonicated, and deposited onto
carbon tape before drying at 100 °C for 2 hours. Cycled samples,
being highly reactive, were stored and prepared in the glovebox.
The samples were loaded on the carbon tape without dispersing
This journal is © The Royal Society of Chemistry 2025
in deionized water and transferred to the SEM equipment using
a special transfer capsule to avoid air exposure.
2.3 Chemical looping dry reforming procedure

To run a chemical looping dry reforming test, 0.5 g material was
measured and placed between thin layers of quartz wool inside
a quartz U-shaped packed bed reactor. The packed bed vessel
was added to a Micromeritics ChemiSorb TPx furnace unit and
it was heated to 700 °C, 800 °C, or 900 °C at a rate of 15 °Cmin−1

under 150 sccm of Ar. Gas ows were controlled using Aalborg
DPC17 units. For each cycle, the sample was reduced under 50
sccm of CH4 mixed with 150 sccm of Ar for 2 minutes, purged
with 150 sccm of Ar for 3 minutes, oxidized under 50 sccm of
CO2 mixed with 150 sccm of Ar for 2 minutes, and purged with
150 sccm of Ar for 3 minutes.

Aer the desired number of cycles was completed, the
samples were oxidized under 80 sccm of 20% O2 balance Ar at
the looping temperature before being cooled to room temper-
ature. This fully oxidized all accumulated carbon on the sample
to produce CO and CO2, so that carbon accumulation ratio
could be quantied by the CO and CO2 gas measurement and
expressed as a percentage of carbon in total methane feed. All
gaseous products were measured with a Hiden HPR-20 R&D
mass spectrometer. To protect the mass spectrometer, H2O in
the exhaust was removed using a desiccant; therefore, the H2O
product quantity was calculated by hydrogen molar balance
among H2, H2O, and CH4.

To characterize the materials aer CH4 step and CO2 step,
the samples went through 2 complete CLDRM cycles and
stopped in the 3rd cycle aer CH4 step or CO2 step. For cycla-
bility investigation, Ni0.34–(Fe0.67Ce0.50Ox)-900 samples under-
went ninety-nine looping cycles and stopped aer CH4 or aer
the CO2 step in the 100th cycle.
3. Results and discussion
3.1 Ni–(Fe and Ce oxide) performance and two methane
conversion mechanisms

The optimal Ni loading for methane conversion varies with
temperature. Optimizing Ni loading requires both high syngas
production and low carbon accumulation. Seven different Fe-to-
Ni ratios mixed with 60 wt% ceria were tested at 700 °C
(Fig. S5†), 800 °C (Fig. S6†), and 900° (Fig. S7†). The summa-
rized results are in Fig. 1B and 2S,†where the syngas production
rate per gram of material was calculated from the 3rd to the
10th cycle due to the performance instability of the rst two
cycles. As temperature increased, the syngas production rate
improved, and the optimal Fe/(Fe + Ni) ratio for syngas
production also increased. This can be explained by a fact that
Ni generally catalyzes methane C–H bond cleavage.46–50 As the
temperature increased, high Ni loading was no longer necessary
to achieve high syngas production rate, as the high temperature
also facilitates methane conversion. Additionally, an excess of
Ni loading led to increased carbon accumulation. For example,
Ni0.85–(Fe0.15Ce0.50Ox)-700 and Ni0.85–(Fe0.15Ce0.50Ox)-900
J. Mater. Chem. A, 2025, 13, 20942–20954 | 20945
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exhibited high syngas production rates but suffered from
signicant carbon accumulation over 10 cycles (Fig. S2†).

For all samples, mass ratio of Fe plus Ni elements to CeO2

was 2 : 3, namely CeO2 at 60 wt%, unless otherwise noted. Two
representative materials, Ni0.66–(Fe0.33Ce0.50Ox)-800 (iron-poor
composition for 800 °C CLDRM) and Ni0.34–(Fe0.67Ce0.50Ox)-
800 (iron-rich for 800 °C CLDRM), are discussed here for 10
cycle experimental results. 0.5 g material was packed with
quartz wool and tested in a U-shaped tube reactor. 150 sccm Ar
was fed into the reactor throughout the experiment and 50 sccm
CH4 or CO2 was introduced for 2 minutes for each reaction step.
The tube was purged with Ar in between reduction and oxida-
tion steps to separate the two different chemical reactions. The
gas ow rate proles at the reactor exhaust for Ni0.66–(Fe0.33-
Ce0.50Ox)-800 and Ni0.34–(Fe0.67Ce0.50Ox)-800 are in Fig. 2 and
S3,† respectively. For benchmarking, performance of various
previously published CLDRMmaterials and several materials in
this paper are summarized in Fig. S4.†

Methane undergoes two chemical reaction mechanisms: (1)
taking oxygen from the oxygen carrier to produce syngas, and (2)
being pyrolyzed into solid carbon and hydrogen.7 Only the rst
cycle showed considerable amount of CO2 and H2O produced
during the CH4 step (Fig. 2, S3 and S5–S7†), because freshmaterial
was fully oxidized by air during synthesis; as the CLDRM cycles
continued, the material could not be fully re-oxidized by CO2.

Ni0.66–(Fe0.33Ce0.50Ox)-800 sample demonstrated rapid
production of CO and H2 at the beginning of the methane step,
indicating the partial oxidation of methane to syngas occurred
Fig. 2 CLDRM reactor exhaust gas profiles for Ni0.66–(Fe0.33Ce0.50Ox)-80
800 °C. The black curve is unreacted methane. Hydrogen (red), carbon m
methane step. In the following CO2 step, CO (blue) is the product, and gr
20% O2 in Ar was fed into the reactor to combust and help quantify acc

20946 | J. Mater. Chem. A, 2025, 13, 20942–20954
immediately; aerwards, CH4 pyrolysis became dominant as
the available oxygen from the oxygen carrier was consumed,
evidenced by quickly diminishing CO production (Fig. 2). When
CO2 step just started, almost all CO2 was reacted. The carbon
was almost fully removed by CO2, and the reduced oxide was
regenerated by CO2. For all samples, in the end of cycles, 20%
O2 balance Ar was introduced to fully oxidize the accumulated
solid carbon to CO and CO2 to quantify carbon accumulation
shown in Fig. 1B and S2.† For Ni0.66–(Fe0.33Ce0.50Ox)-800, only
0.27% of the total carbon in introduced CH4 ended up as the
accumulated solid carbon aer 10 cycles.

On the other hand, Ni0.34–(Fe0.67Ce0.50Ox)-800 sample
exhibited signicantly lower reaction rates than Ni0.66–(Fe0.33-
Ce0.50Ox)-800, as illustrated in Fig. S3.† The continuous increase
of CO and H2 production during methane step suggests that the
reaction was mostly methane partial oxidation rather than
pyrolysis, which is also supported by Fig. 3A. During CO2 step,
CO production occurred rapidly, and the amount of CO gener-
ated increased gradually over the cycles (Fig. S3†). This indi-
cates the material became progressively more reduced over
cycles, requiring greater conversion of CO2 to regenerate the
oxygen carrier, since carbon deposition from methane pyrolysis
was minor (Fig. 3A).

Fig. 3A and B further illustrate methane conversions divided
into methane partial oxidation and pyrolysis mechanisms by
using eqn (7)–(9), for various Fe-to-Ni ratios mixed with the
same amount of ceria. At 800 °C, when Fe is more than Ni,
methane primarily underwent partial oxidation, while the other
0 over (A) 10 cycles and (B) a zoomed-in view of the final three cycles at
onoxide (blue), and carbon dioxide (green) are the products during the
een curve is unreacted CO2 in the exhaust. At the end of the 10 cycles,
umulated carbon deposition by the formed CO2 and CO.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Average methane conversion over the 3rd to the 10th cycle for different Fe/(Fe + Ni) ratios at (A) 800 °C and (B) 900 °C. The methane
conversion is divided into partial oxidation and pyrolysis. All samples contain 60 wt% ceria.
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compositions exhibited signicant pyrolysis with partial
oxidation (Fig. 3A). At 900 °C, all materials demonstrated
signicant portions of both pyrolysis and partial oxidation
except pure iron oxide, meaning that even a small amount of Ni
was able to signicantly promote methane pyrolysis at the
elevated temperature of 900 °C (Fig. 3B).

Solid carbon deposition = (CH4in
− CH4out

) − CO produced

− CO2 produced (all in moles) (7)

CH4pyrolysisð%Þ ¼ Solid carbon depositionðmolesÞ
Total CH4 feedðmolesÞ � 100 (8)

CH4partial oxidationð%Þ ¼ CH4in � CH4outðmolesÞ
CH4inðmolesÞ � 100� CH4pyrolysisð%Þ

(9)
Fig. 4 Performance of Fe–Ce oxides and Ni–Ce oxides without the syne
800, (B) Fe0.50Ce0.50Ox-800, (C) Fe0.67Ce0.50Ox-800, (D) Ni0.34–Ce0.50O
CO, and CO2 are in red, purple, blue and green bars respectively. CH4 (re

This journal is © The Royal Society of Chemistry 2025
3.2 Nickel as a catalyst and iron as an oxygen carrier

To investigate the roles of Fe and Ni, samples were compared
about their CLDRM performance at 800 °C: Nib–(FeaCe0.50Ox)-
800, FeaCe0.50Ox-800, and Nib–(Ce0.50Ox)-800 where a = 0.33,
0.50, and 0.67 and correspondingly b = 0.66, 0.50, and 0.34. For
example, 0.3846 g Fe0.50Ce0.50Ox-800 contains the same amount
of Fe and Ce as 0.5 g of Ni0.50–(Fe0.50Ce0.50Ox)-800. Similarly,
0.3808 g Ni0.50–(Ce0.50Ox)-800 has the same amount of Ni and Ce
as 0.5 g of Ni0.50–(Fe0.50Ce0.50Ox)-800. Thus, we can compare
their performance to understand the roles of Fe and Ni.

Although Fe is a well-known catalyst and oxygen carrier for
CO2 splitting,51–55 the reactivity betweenmethane and iron oxide
mixed with ceria at various loadings was measured to be
minimal (Fig. 4A–C), and insignicant Fe and Ce oxide reduc-
tion by CH4 led to low CO2 conversion in the subsequent step.
rgy between Fe and Ni for CLDRM cycles at 800 °C: (A) Fe0.33Ce0.50Ox-

x-800, (E) Ni0.50–Ce0.50Ox-800, and (F) Ni0.66–Ce0.50Ox-800. H2, H2O,
d square) and CO2 (blue dot) conversions are presented as two curves.
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Conversely, Ni on ceria samples demonstrated high CH4 and
CO2 conversions (Fig. 4D–F), as Ni is a good catalyst for
methane conversion.46–50 Hydrogen production signicantly
exceeded CO production during the methane step, suggesting
that with Ni,methane pyrolysis was signicantlymore favored over
syngas production via methane partial oxidation. The excessive
carbon formation from methane pyrolysis could not be effectively
removed during the CO2 step, giving signicant carbon accumu-
lation and performance decay over the cycles (Fig. 4D–F). Finally,
Nib–(FeaCe0.50Ox)-800 demonstrated high and stable reactivity over
10 cycles: syngas production by CH4 partial oxidation occurred
along with methane pyrolysis (Figs. S6C–E†). Additionally, carbon
accumulation ratios at the end of the 10 cycles of Nib–(FeaCe0.50-
Ox)-800 were very small (0.27%, 0.42%, and 1.06%). These results
indicate that Fe and Ni create a synergistic effect on both feedstock
conversion and carbon elimination.

XANES was measured to determine the bulk average oxida-
tion state of each element for Ni0.66–(Fe0.33Ce0.50Ox)-800,
Ni0.50–(Fe0.50Ce0.50Ox)-800, and Ni0.34–(Fe0.67Ce0.50Ox)-800 and
Ni0.66–(Fe0.33Ce0.50Ox)-900, Ni0.50–(Fe0.50Ce0.50Ox)-900, and
Ni0.34–(Fe0.67Ce0.50Ox)-900 samples. The reduced samples were
aer CH4 step of the 3rd cycle, while the oxidized samples were
aer CO2 step of the 3rd cycle. All samples were cooled down
and protected in Ar until the end of characterization. Ni and Fe
XANES spectra are in Fig. S8 and S9.† To quantify the fractions
of different oxidation states and get an average oxidation state
Fig. 5 XANES derived average oxidation state of Ni [(A) and (B)] and Fe [
samples collected from the 3rd cycle, including (A) and (C) Ni0.66–(F
Ce0.50Ox)-800 at 800 °C and (B) and (D) Ni0.66–(Fe0.33Ce0.50Ox)-900, Ni
Ni metal and NiO reference spectra, and Fe metal, Fe3O4, and CeFeO3 re
fractions of different oxidation states for each element in each sample (de
in this figure could be calculated.

20948 | J. Mater. Chem. A, 2025, 13, 20942–20954
for each element in each sample, a linear combination tting
(LCF) method was employed, considering co-existing phases
and oxidation states of each element. The results are in Tables
S1, S2,† and Fig. 5.

Ni spectra in all reduced and oxidized samples overlapped
well with the metallic Ni reference, so Ni remained a metallic
catalyst rather than an oxygen carrier in all cycles (Fig. 5A and
B). The thermodynamic limitation of Ni oxidation by CO2 was
also demonstrated by its large and positive reaction Gibbs free
energy change (Fig. S10†). On the other hand, Fe serves as an
oxygen carrier. At 800 °C, Ni0.66–(Fe0.33Ce0.50Ox)-800 sample had
minimal Fe redox activity and Fe remained predominantly
metallic (Fig. 5C). This suggests there was another redox active
element in Ni0.66–(Fe0.33Ce0.50Ox)-800 rather than Fe or Ni to
achieve the measured partial oxidation of methane (Fig. 3A).
Ni0.50–(Fe0.50Ce0.50Ox)-800, and Ni0.34–(Fe0.67Ce0.50Ox)-800
samples exhibited clear Fe redox activity at 800 °C. For the
Ni0.50–(Fe0.50Ce0.50Ox)-800 material, Fe was completely reduced
to metallic by CH4, while the Fe in Ni0.34–(Fe0.67Ce0.50Ox)-800
sample was not fully reduced. Overall, at 800 °C, Fe redox
capacity of Ni0.50–(Fe0.50Ce0.50Ox)-800 material was the highest
among the three samples. In comparison, at 900 °C, Fe redox
capacity generally increased compared to 800 °C, and Fe redox
capacity increased signicantly with increasing Fe/(Fe + Ni)
ratio (Fig. 5D). Additionally, the Fe spectra of CO2-oxidized
Ni0.50–(Fe0.50Ce0.50Ox)-800, Ni0.66–(Fe0.33Ce0.50Ox)-900,
(C) and (D)] in CH4-reduced (red square) and CO2-oxidized (blue dot)
e0.33Ce0.50Ox)-800, Ni0.50–(Fe0.50Ce0.50Ox)-800, and Ni0.34–(Fe0.67-

0.50–(Fe0.50Ce0.50Ox)-900, and Ni0.34–(Fe0.67Ce0.50Ox)-900 at 900 °C.
ference spectra were used in linear combination fitting to quantify the
tailed results in Tables S1 and S2†), so that their average oxidation states

This journal is © The Royal Society of Chemistry 2025
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Ni0.50–(Fe0.50Ce0.50Ox)-900, and Ni0.34–(Fe0.67Ce0.50Ox)-900
samples resemble the CeFeO3 reference spectrum (Fig. S9†),
implying the formation of a large amount of CeFeO3 phase.
3.3 Ceria as an oxygen carrier with anomalous redox
behavior

Ni0.66–(Fe0.33Ox)-800 and Ni0.34–(Fe0.67Ox)-800 with and without
ceria, as well as pure ceria, were separately cycled at 800 °C to
assess the role of ceria. Pure ceria (Fig. S6H†) and Ni–(Fe
oxides)-800 (Fig. 6A and B) exhibited minimal reactivity.
However, when ceria was mixed with Ni–(Fe oxides)-800, they
achieved signicantly enhanced CH4 and CO2 conversions with
negligible carbon accumulation (Fig. 6C and D). Also, the
conversions were inuenced by Fe/(Fe + Ni) ratio and Ni0.66–(-
Fe0.33Ce0.50Ox)-800 has higher conversions than Ni0.34–(Fe0.67-
Ce0.50Ox)-800 at 800 °C.

XANES was used to reveal Ce oxidation states in 800 °C and
900 °C cycles (Fig. 7 and S11†). At 800 °C, Ni0.66–(Fe0.33Ce0.50Ox)-
800 sample showed the largest change in Ce oxidation state
(Fig. 7A). In Fig. S11A,† CH4-reduced Ni0.66–(Fe0.33Ce0.50Ox)-800
has Ce spectrum similar to Ce2O3 and CeFeO3 references, indi-
cating Ce mostly at +3 oxidation state. CO2-oxidized Ni0.66–(-
Fe0.33Ce0.50Ox)-800 has Ce spectrum very similar to CeO2

reference, indicating Ce is almost fully re-oxidized to +4. There-
fore, in Ni0.66–(Fe0.33Ce0.50Ox)-800, Ce served as a high-capacity
oxygen carrier giving methane partial oxidation (Fig. 3A), while
neither Ni nor Fe demonstrated meaningful redox capacity
(Fig. 5A and C). In contrast, for Ni0.50–(Fe0.50Ce0.50Ox)-800, and
Ni0.34–(Fe0.67Ce0.50Ox)-800 samples, the average oxidation state of
Fig. 6 Effect of ceria (60 wt%) and Fe-to-Ni ratio for CLDRM at 800
Fe0.33Ce0.50Ox)-800, and (D) Ni0.34–(Fe0.67Ce0.50Ox)-800. CO, CO2, H2O
two curves are the conversions of CH4 (red square) and CO2 (blue circle

This journal is © The Royal Society of Chemistry 2025
Ce remained almost unchanged between CH4-reduced and CO2-
oxidized states (Fig. 7A, S11B and S11C†).

At 900 °C, anomalous Ce redox behavior was observed for
Ni0.34–(Fe0.67Ce0.50Ox)-900 sample, meaning on average Ce was
oxidized during CH4 step, and reduced during CO2 step (Fig. 7B
and D). In Fig. 7D, aer CH4 step, the Ce LIII edge XANES
spectrum is a combination of CeO2 reference plus a small
contribution from Ce3+. Aer CO2 step, the Ce spectrum mostly
includes Ce3+ contribution. This anomalous behavior will be
further explained by material phase composition shown by X-
ray diffraction. The redox behaviors of Ni0.66–(Fe0.33Ce0.50Ox)-
900 and Ni0.50–(Fe0.50Ce0.50Ox)-900 samples are similar to their
respective 800 °C counterparts (Fig. 7A, B and S11†).

We conducted a sanity check by quantifying oxygen gain by
Ni–(Fe and Ce oxides) during CO2 step using two independent
measurement methods. We measured CH4-reduced and CO2-
oxidized Ni0.66–(Fe0.33Ce0.50Ox)-800, Ni0.50–(Fe0.50Ce0.50Ox)-800,
and Ni0.34–(Fe0.67Ce0.50Ox)-800 materials and Ni0.66–(Fe0.33-
Ce0.50Ox)-900, Ni0.50–(Fe0.50Ce0.50Ox)-900, and Ni0.34–(Fe0.67-
Ce0.50Ox)-900 materials in their 3rd CLDRM cycle. From their
XANES data, we derived oxygen gain by the reduced material to
form the oxidized material. From reactor gas exhaust analysis,
we also calculated oxygen gain amount via CO2 step in the 3rd
cycle. The detailed result is in Table S3.† The XANES-derived
and gas analysis-based results agree with each other qualita-
tively in trend, though their quantitative results are different
likely due to limitations of lab-scale XANES measurement and
LCF method.
°C. (A) Ni0.66–(Fe0.33Ox)-800, (B) Ni0.34–(Fe0.67Ox)-800, (C) Ni0.66–(-
and H2 are blue, green, purple, and red in the bars, respectively. The
). 0.5 g samples were tested.
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Fig. 7 (A) and (B) XANES derived average oxidation state of Ce in CH4-reduced (red square) and CO2-oxidized (blue dot) samples collected from
the 3rd cycle, including (A) Ni0.66–(Fe0.33Ce0.50Ox)-800, Ni0.50–(Fe0.50Ce0.50Ox)-800, and Ni0.34–(Fe0.67Ce0.50Ox)-800 compositions and (B)
Ni0.66–(Fe0.33Ce0.50Ox)-900, Ni0.50–(Fe0.50Ce0.50Ox)-900, and Ni0.34–(Fe0.67Ce0.50Ox)-900 compositions. Reference materials Ce2O3, CeO2,
and CeFeO3 were used in linear combination fitting to quantify the fractions of different Ce oxidation states (detailed results in Tables S1 and S2†),
so that the average oxidation states in this figure could be calculated. (C) and (D) Ce LIII edge XANES spectra for CH4-reduced and CO2-oxidized
Ni0.66–(Fe0.33Ce0.50Ox)-900 and Ni0.34–(Fe0.67Ce0.50Ox)-900, respectively, from the 3rd cycle at 900 °C, along with reference spectra.

Fig. 8 XRD phase analysis of CH4-reduced and CO2-oxidized samples
with different Fe/(Fe + Ni) ratios collected from the 3rd cycle at 800 °C,
including Ni0.66–(Fe0.33Ce0.50Ox)-800, Ni0.50–(Fe0.50Ce0.50Ox)-800,
and Ni0.34–(Fe0.67Ce0.50Ox)-800. Red tones are reduced materials and
blue tones are oxidized materials. Circular shape symbols represent
different types of cerium oxides. : Fe0.4Ni0.6 (PDF#: 010777972), :
Fe0.45Ni0.55 (PDF#: 010777968), : Fe0.50Ni0.50 (PDF#: 010889593),

: Fe0.65Ni0.35 (PDF#: 010777970), : Fe3O4 (PDF#: 010751372), :
CeFeO3 (PDF#: 000220166), : Ce3O5 (PDF#: 010814450), :
Ce7O12 (PDF#: 010898432), : Ce11O20 (PDF#: 010898435), :
CeO1.866 (PDF#: 010786854), : CeO2 (PDF#: 010758371).
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3.4 X-ray diffraction analysis of material phase
transformation

XRD was conducted to investigate material phase trans-
formation between the reduced and oxidized states in the
CLDRM cycles. The samples were collected from the 3rd cycle in
the same way as for XANES. At 700 °C, almost no phase trans-
formation was shown between reduced and oxidized samples
(Fig. S12†). In Ni0.66–(Fe0.33Ce0.50Ox)-700 sample, Fe and Ni
remained metal alloy. On the other hand, Ni0.34–(Fe0.67Ce0.50-
Ox)-700 contained both Fe3O4 and Fe–Ni alloy. Ceria was always
at a fully oxidized state as CeO2 among all 700 °C samples.

For 800 °C, XRD results of samples with seven different Fe-to-
Ni ratios were shown in Fig. 8, and S13.† For Ni0.66–(Fe0.33-
Ce0.50Ox)-800 sample, Ce is the redox active element involving
several cerium oxides (CeO1.67, CeO1.82, CeO1.71, and CeO2),
while Fe and Ni remained in a metallic alloy without redox
activity. For Ni0.34–(Fe0.67Ce0.50Ox)-800 sample, Fe was the main
redox active element partially transitioning among metallic
alloy, Fe3O4, and CeFeO3, while ceria redox was absent or too
small to be identied by XRD. These behaviors are consistent
with their XANES results (Table S1,† Fig. 5A, C and 7A).

The phase transformation of Ni0.50–(Fe0.50Ce0.50Ox)-800
sample can help explain it having the highest redox capacity.
Aer CH4 step, Fe and Ni were fully reduced tometal alloy, while
ceria was mostly reduced to CeO1.866 showing its XRD peaks
20950 | J. Mater. Chem. A, 2025, 13, 20942–20954 This journal is © The Royal Society of Chemistry 2025
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shi towards lower 2q; aer CO2 step, a major portion of Fe was
fully oxidized to Fe3+ in CeFeO3, while cerium oxides were
converted to a mixture of Ce4+ in CeO2 and Ce3+ in CeFeO3. On
average, Fe showed a large redox capacity, while Ce gave a small
redox capacity, explaining XANES results in Fig. 5C and 7A.
Overall, the complex Ce redox behaviors accompanied by phase
transformation facilitate high Fe redox capacity, and an optimal
Fe/(Fe + Ni) ratio activates both Fe and Ce redox reactions.

At 900 °C, both Fe and Ce go through redox reactions via
phase transformations in Ni0.66–(Fe0.33Ce0.50Ox)-900, Ni0.50–(-
Fe0.50Ce0.50Ox)-900 and Ni0.34–(Fe0.67Ce0.50Ox)-900 samples
(Fig. S14†). For all samples, Ce redox occurred involving various
cerium oxides and CeFeO3, while Fe redox occurred involving Fe
metal (Ni0.34–(Fe0.67Ce0.50Ox)-900), Fe–Ni alloy, and CeFeO3. The
elevated temperature resulted in deep reduction of ceria by CH4

in Ni0.66–(Fe0.33Ce0.50Ox)-900, and Ni0.50–(Fe0.50Ce0.50Ox)-900,
where there was no CeO2 remaining, and a remarkably reduced
ceria phase showed up with a larger lattice constant than
cerium oxides in the XRD database. Uniquely for Ni0.34–(-
Fe0.67Ce0.50Ox)-900 sample aer CH4 step, a separate Fe metal
phase formed along with Fe–Ni alloy, and some CeO2 remained.
The limited Ce reduction extent gives an average Ce oxidation
state close to +4 as XANES showed in Fig. 7B and D. Aer CO2
Fig. 9 Ni0.34–(Fe0.67Ce0.50Ox)-900 cyclability at 900 °C. (A) 100-cycle CL
the 3rd vs. the 100th cycles. Circular shape labels in different colors we
curves represent CH4-reduced materials and blue tone curves represe
(PDF#: 010718321), : Fe (PDF#: 010714409), : CeFeO3 (PDF#: 00022
010814450), : CeO1.66 (PDF#: 010898434), : trigonal Ce2O3 (PDF
phases. XANES derived average oxidation state changes of CH4-reduced a
edge of CH4-reduced (red square) and CO2-oxidized (blue dot) samples in
square) and CO2-oxidized (blue dot) samples in the 3rd vs. the 100th cy

This journal is © The Royal Society of Chemistry 2025
step, the Ni0.34–(Fe0.67Ce0.50Ox)-900 sample formed a large
portion of CeFeO3 where Ce is at +3, so the sample has an
average Ce oxidation state close to +3 by XANES (Fig. 7B and D).
The phase transformation explains the anomalous Ce redox
behavior in Ni0.34–(Fe0.67Ce0.50Ox)-900.

Overall, the phase transformation analysis reveals that when
Ce and Fe co-participate in redox reaction giving more CeFeO3,
overall CH4 conversion was signicantly improved (Figs. 3, 8,
and S14†). Specically, Ni0.50–(Fe0.50Ce0.50Ox)-800 and Ni0.34–(-
Fe0.67Ce0.50Ox)-900 have the maximum CeFeO3 amount aer
CO2 step and themaximummethane conversion. Therefore, the
CeFeO3 phase potentially has a catalytic effect for CH4 conver-
sion. The anomalous Ce redox itself does not help with high
overall redox capacity, but it enables Fe to reach a large redox
range between metallic state and +3 oxidation state in CeFeO3.
Additionally, sufficient Ni composition can enable reduction of
ceria by CH4.
3.5 Cyclability and durability of Ni0.34–(Fe0.67Ce0.50Ox)-900

100 CLDRM cycles showed stable performance of Ni0.34–(-
Fe0.67Ce0.50Ox)-900 at 900 °C (Fig. 9A). Approximately 76%
conversion was achieved for both CH4 and CO2. Additionally,
carbon accumulation was only 0.26% over the 100 cycles,
DRM test, (B) XRD of fresh, CH4-reduced and CO2-oxidized samples in
re used to differentiate the different types of cerium oxides. Red tone
nt CO2-oxidized materials. : NiFe2O4 (PDF#: 010880380), : FeNi
0166), : cubic bixbyite Ce2O3 (PDF#: 010825921), : Ce3O5 (PDF#:
#: 000231048), : CeO2 (PDF#: 010758371), : unknown reduced
nd CO2-oxidized samples from 3rd and 100th cycles: (C) XANES Ce LIII
the 3rd vs. the 100th cycles; (D) XANES Fe K edge of CH4-reduced (red

cles.
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Fig. 10 Particlemorphology and elemental distribution of fresh and cycled Ni0.34–(Fe0.67Ce0.50Ox)-900 using SEM. (A) Fresh, (B) CH4-reduced in
the 3rd cycle, (C) CO2-oxidized in the 3rd cycle, (D) CH4-reduced in the 100th cycle, and (E) CO2-oxidized in the 100th cycle. EDS elemental
distribution of CO2-oxidized in the 100th cycled Ni0.34–(Fe0.67Ce0.50Ox)-900: (F) iron (yellow), (G) nickel (orange), (H) oxygen (blue), and (I)
cerium (green). Blue dashed circles represent where only Fe and Ni are present and the red dashed circles indicate where Ce, Fe, O but Ni does
not exist.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
12

/2
02

5 
12

:3
2:

55
 A

M
. 

 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
indicating that catalyst deactivation due to solid carbon did not
occur. Also, the XRD results of samples aer the CH4 and CO2

steps respectively in the 100th cycle were compared to those in
the 3rd cycle (Fig. 9B). Aer the CH4 step of the 100th cycle,
reduced cerium oxide phases, Fe–Ni alloy, and metallic Fe
phase showed up along with an unknown reduced phase,
similar to aer the CH4 step of the 3rd cycle. Aer the CO2 step
of the 100th cycle, CeO2, CeFeO3, and Fe–Ni alloy phases exis-
ted, and the fraction of CeFeO3 phase was higher compared to
aer the CO2 step in the 3rd cycle. Two Ce2O3 reference patterns
were included to reect the presence of two distinct reduced
cerium oxide phases in the sample (Fig. 9B). One phase, PDF#:
010825921, corresponds to the cubic bixbyite structure, likely
derived from CeO2 through the formation of oxygen vacancies.
The other phase, PDF#: 000231048, exhibits a trigonal structure,
which is attributed to further reduction and subsequent struc-
tural rearrangement under the harsh reducing environment.
This indicates that as the cerium oxide got reduced further in
the later cycles, it was easier for Fe to react with Ce to form
CeFeO3 during the CO2 step. Overall, the above results
demonstrated good cyclability of reactivity and phase trans-
formation of Ni0.34–(Fe0.67Ce0.50Ox)-900.

The average oxidation state changes of 3rd and 100th cycled
samples for Ce and Fe are presented in Fig. 9C, D, and S15.† The
Cycle 100 samples still exhibit the anomalous redox behavior of
Ce as in Fig. 9C, and Fe oxidation state change is similar to the
Cycle 3 samples as in Fig. 9D. The CO2-oxidized sample in Cycle
100 has more fraction of CeFeO3 phase than that in Cycle 3
(Fig. 9B), which is further conrmed by the fact that CO2-
oxidized sample in Cycle 100 has more resemblance to CeFeO3

XANES than that in Cycle 3 (Figs. S15B and S15D†). Overall, the
material behaves almost the same between the 3rd and 100th
cycles, and both Ce and Fe maintain stable oxygen exchange
capacity and phase transformation over 100 cycles (Fig. 9C and
D).

The morphology and elemental distribution were investi-
gated with SEM and EDS (Fig. 10 and S16†). Round shaped
particles can be observed in fresh sample mostly at 0.1–0.5 mm
20952 | J. Mater. Chem. A, 2025, 13, 20942–20954
size (Fig. 10A). Aer cycling, particles sintered together and
their size grew up as expected, and there is no major difference
in particle size between the reduced and oxidized samples of the
3rd and 100th cycles (Fig. 10B through Fig. 10E). While such
morphological changes can affect gas diffusion by changing
transport resistance and gas access to internal active sites, the
stable performance shown in Fig. 9A implies that gas diffusion
into the particles remains sufficient to sustain the cyclability
over 100 cycles. This indicates that, the reaction is not gas
diffusion-limited, and the catalytic performance is not signi-
cantly inuenced by the observed agglomeration. Based on the
spatial distribution of each element, EDS shows several major
phases (Fig. 10F through Fig. 10I and S16†). The blue dashed
circles are regions where Fe and Ni co-exist without presence of
O and Ce, indicating Fe–Ni alloy (Fig. 10F and G). The red
dashed circles show where Ni does not exist, but O, Fe, and Ce
concentrate, and they can be CeO2 and/or CeFeO3, or a combi-
nation of both (Fig. 10F, 10H and 10I).
4. Conclusions

In this paper, Ni–(Fe and Ce oxides) have been demonstrated for
durable chemical looping dry reforming of methane (CLDRM).
The simultaneous redox reactivity of Fe and Ce accompanied by
phase transformations, as well as catalytic activity of metallic
Ni, was investigated using XRD and XANES. Nickel is a catalyst
in this material system to facilitate methane conversion and
promote the reduction of cerium oxide. In the CO2 step, Fe can
chemically interact with reduced cerium oxide to form cerium
orthoferrites (CeFeO3) as an oxidation product, whose amount
correlates with methane conversion. The formation and
removal of CeFeO3 in each cycle gives synergy between Fe and
Ce, where full redox of Fe between 0 and +3 oxidation states
occurred to most of Fe while Ce shows anomalous redox
behavior. 100 cycles at 900 °C conrmed the durability of
Ni0.34–(Fe0.67Ce0.50Ox)-900, which maintained high conversions
of approximately 76% and minimal carbon accumulation of
only 0.26%. Despite the slight increase in particle size, the
This journal is © The Royal Society of Chemistry 2025
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material sustained its performance over 100 cycles with cyclable
redox behavior and phase transformation over the 100 cycles.
Comparative analysis with previously published materials
revealed that Ni–(Fe and Ce oxides) successfully achieve durable
high CH4 and CO2 conversions at high weight hourly space
velocity. Overall, our results with Ni–(Fe and Ce oxide) material
system offer valuable insights into understanding and opti-
mizing mixed catalyst and oxygen carrier materials for ther-
mochemical redox cycles.
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47 A. F. Cunha, J. J. M. Órfão and J. L. Figueiredo, Appl. Catal.
Gen., 2008, 348, 103–112.

48 J. Ashok, M. Subrahmanyam and A. Venugopal, Catal. Surv.
Asia, 2008, 12, 229–237.

49 A. Venugopal, S. Naveen Kumar, J. Ashok, D. Hari Prasad,
V. Durga Kumari, K. B. S. Prasad and M. Subrahmanyam,
Int. J. Hydrogen Energy, 2007, 32, 1782–1788.

50 J. Ashok, M. Subrahmanyam and A. Venugopal, Int. J.
Hydrogen Energy, 2008, 33, 2704–2713.

51 A. Steinfeld, S. Sanders and R. Palumbo, Sol. Energy, 1999,
65, 43–53.

52 M. E. Gálvez, P. G. Loutzenhiser, I. Hischier and A. Steinfeld,
Energy Fuels, 2008, 22, 3544–3550.

53 A. Toghi and F. Sibieude, Int. J. Hydrogen Energy, 1984, 9,
293–296.

54 A. Stamatiou, P. G. Loutzenhiser and A. Steinfeld, Energy
Fuels, 2010, 24, 2716–2722.

55 T. Kodama and N. Gokon, Chem. Rev., 2007, 107, 4048–4077.
This journal is © The Royal Society of Chemistry 2025

https://icsd.products.fiz-karlsruhe.de/
https://doi.org/10.1107/S0909049505012719
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01774b

	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b

	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b

	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b
	Nickel-catalyzed simultaneous iron and cerium redox reactions for durable chemical looping dry reforming of methaneElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ta01774b


