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Driving Towards Highly Selective and Coking-Resistant
Natural Gas Reforming Through a Hybrid Oxygen Carrier
Design
Lang Qin+,*[a] Yu-Yen Chen+,[a] Mengqing Guo+,[a] Yan Liu,[a] Jonathan A. Fan,[b] and
Liang-Shih Fan*[a]

Carbon deposition can be promoted by catalyst-assisted C� H
bond dissociation, which is one of the most concerning issues
in reaction engineering. Treatment of carbon contamination
inevitably generates CO2 which has a detrimental effect on the
environment. Consequently, the development of efficient oxy-
gen carriers is important to commercial viability of chemical
looping processes. In this work, density functional theory (DFT)
calculations were conducted and reveal that carbon deposition
is a cascade reaction of accumulative C� C bond forming that

deactivates LFO surface due to gradual accumulation of lattice
oxygen vacancies. Guided by DFT mechanistic predictions, we
tailor catalytic reactive perovskite LaFeO3 (LFO) with high
oxygen carrying hematite Fe2O3 (FO) into a hybrid oxygen
carrier LFO-FO. The LFO-FO oxygen carrier exhibits excellent
carbon inhibition capability and high reactivity with syngas
selectivity above 98%. This work proposes a promising strategy
toward oxygen carrier development with low cost, high
reactivity, and selectivity for chemical looping technology.

1. Introduction

Alkanes are potential precursors to a variety of value-added
chemicals. Nevertheless, alkanes are relatively inert, exhibiting
little or no reactivity at conditions typical for activating
functional group reactions in organic compounds due to the
lack of low-lying vacant orbitals or lone pair electrons.[1]

Converting alkanes universally involves catalysts plus high
temperature or pressure due to their strongly localized electron
pairs. However, catalytic alkane conversions with vigorous bond
dissociations would lead to violent surface carbon deposition
that deactivates the active sites, which is one of the most
concerning issues in reaction engineering. Treatment of carbon
contamination inevitably generates CO2 which has a detrimen-
tal effect on the environment. Moreover, such carbon deposi-
tion is a cascade reaction that goes beyond control once carbon
clusterization is triggered, which significantly hinders commer-
cial processes that directly convert alkanes to valuable chem-
icals. Hence, processes and catalysts that can efficiently utilize

alkanes while having strong carbon resistance have long been
sought in the clean energy industry.

Among all the alkanes, methane is not only the most stable
molecule due to its intact structure, but also links to climate
change due to its natural and anthropogenic origin. Recently,
methane has developed into the fastest growing energy and
chemical production resource[2,3] due to the widespread reserve
availability and booming new production technology. The
prominent processes leading to the conversion of methane into
hydrogen-rich products have been sought after as viable
carbon-neutral or low-carbon energy systems in the prospective
energy outlook.[4] Syngas is a valuable feedstock for multiple
energy intensive industrial chemical processes.[5] Hence numer-
ous catalysis and chemical processes have been pursued to
transform methane into syngas, notably, steam reforming,
carbon dioxide (dry) reforming, and auto-thermal reforming
using oxygen with CO2 or steam (ATR).[6–12] In most of these
processes, high concentration by-products such as CO2 and H2O
are generated due to the inevitably excess usage of air or
steam, which reduces the syngas yield and purity with a high
energy penalty. Noble metal oxide based catalysts were
commonly used in improving the reforming efficiency,[13] which
unfortunately promotes carbon deposition that not only
impedes the activity of oxygen carriers but also creates CO2 in
their regeneration reactions. The same issue arises also in the
hydrocarbon reforming processes that employ metal catalysts,
in which a low ration of oxygen to carbon that is optimal for
the process efficiency results in fatal carbon deposition that
deactivates the catalyst. It is therefore imperative to identify
processes for methane-to-syngas conversions that are efficient
and cost-effective while capable of inhibiting elemental carbon
accumulation.

Chemical looping processing of methane (Figure 1) is an
attractive and efficient platform for production of syngas and
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value-added chemicals.[14–22] By preventing the direct contact
between methane and air, a highly concentrated product
stream can be collected which eliminates the energy-intensive
penalty for downstream gaseous product purification. The
nature of lattice oxygen mediated chemical looping technology
is redox reactions involving methane molecules absorption and
C� H bond dissociation on metal-oxide based oxygen carrier
surfaces, lattice oxygen ion diffusion, oxygen vacancy creation
and annihilation at high temperatures.[23,24] The state-of-the-art
process design has achieved an overall chemical looping
operation over 3000 cycles.[25] One key challenge in chemical
looping process is to improve the catalytic reactivity of oxygen
carrier in activating the C� H bond significantly. Tremendous
efforts have been devoted to design and development of
commercially viable oxygen carriers in chemical looping
systems.,[16,26–32] yet the occurrence of carbon deposition still
challenges the use of highly active material for oxygen carriers.
Thus, an optimal oxygen carrier material design that possesses
both high catalytic reactivity and carbon resistance is of great
interest and significance.

Herein this work we develop a hybrid oxygen carrier design
strategy based on perovskite-hematite materials to exemplify
the concept to preventing carbon deposition while converting
alkanes with low energy consumption, environmental impact or
capital cost. Perovskite LaFeO3 (LFO) is a promising materials
exhibiting high catalytic activity for CLPO of methane to syngas
due to its high ionic conductivity and low activation energy
barriers in C� H bond dissociation,[33–37] yet the syngas yield is
substantially affected by inevitable carbon deposition in long
term operation. Additionally, non-reversible structural change
can also occur in perovskites[38] due to their low oxygen carrying
capacity. On the other hand, hematite Fe2O3 (FO) has long been
considered as a promising material for commercialized oxygen

carrier due to its high oxygen carrying capacity, stable structure,
low cost, and low environmental impact. Nevertheless, the
reactivity of FO to methane is low to moderate at temperatures
below 900 °C.[19,39,40] In this work we develop a hybrid LFO-FO
material that fuses the advantages of LFO and FO together by
utilizing a low concentration of LFO as the active component
and a high concentration of FO as a dynamic oxygen reservoir.
Atomistic level understanding of CH4 activation and carbon
dissipation/deposition on LFO obtained from density functional
theory (DFT) calculations guides the design concept of hybrid
LFO-FO oxygen carriers. The experimental results demonstrate
the hybrid LFO-FO is not only highly selective to syngas
production, but also exhibits excellent carbon inhibition
capability even at high temperatures. The concept of hybrid
material is expected to be a promising strategy for designing
active materials with resilient carbon resistance in alkane
conversion systems.

Computational and Experimental Section

Density functional theory (DFT) calculations

Ab initio density functional theory calculations were carried out
using the Vienna Ab initio simulation package (VASP), which adopts
the projector augmented wave (PAW) pseudopotentials to describe
the electron-core interaction.[41–44] The generalized gradient approx-
imation (GGA) of Perdew, Burke, and Ernzehof (PBE) was used to
account for electron exchange correlation effects.[45] Spin-polarized
DFT+U formalism of Dudarev et al. was employed to address the
on-site Coulomb interactions between the localized Fe 3d-
electrons,[46,47] and the chosen effective U value for LFO and FO
were 4.64 eV and 4.0 eV,[48,49] respectively. The LFO material
considered in this work is in an orthorhombic perovskite structure
(Pnma 62) with the G-type anti-ferromagnetism as shown in

Figure 1. Schematic illustration of chemical looping methane partial oxidation using hybrid FO/LFO in comparison with LFO.
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Figure 2a,[50] and the FO has a hexagonal corundum structure (R�3C)
with its ground state adopting an antiferromagnetic ordering along
the hexagonal (0001) axis as presented in Figure 2b.[51] Using a
kinetic energy cutoff of 600 eV, the Brillouin zone of the LFO and
FO were respectively sampled by a 6� 4� 6 and a 6� 6� 4
Monkhorst-Pack k-point grids,[52] and the full relaxation of the bulk
structures were carried out until the residual forces were less than
1 meV/Å. The calculated lattice parameters for LFO
ða ¼ 5:57 A∘; b ¼ 7:90 A∘, and c ¼ 5:63 A∘) and FO ða ¼ b ¼ 5:07 A∘,
and c ¼ 13:88 A∘) are both in good agreement with the experimen-
tal results in the literature.[53,54]

The LFO and FO surfaces were simulated by slab models that were
cleaved from the optimized bulk structures. A vacuum layer of
more than 16 Å was added to the surface models to avoid
interactions between the slabs and their periodic replicates along
the z-direction. For surface calculations, a kinetic energy cutoff of
400 eV and a 2� 2� 1 Monkhorst-Pack k-point mesh was used
until the residual forces were less than 0.02 eV/Å. Furthermore, the
long-range dispersion interactions between CH4 and the surface
was considered using the DFT-D3 method of Grimme.[55,56] The
strength of the interaction between the studied molecule and the
surface was evaluated by the adsorption energy (Eadsorbate;ad):

Eadsorbate;ad ¼ Esys � ðEslab þ Eadsorbate;freeÞ (1)

where Esys is the total energy of the system with an adsorbed
molecule; Eslab is the energy of the surface; and Eadsorbate;free is the
energy of an isolated adsorbed molecule in vacuum. Based on this
definition, a more negative value of Eadsorbate;ad represents a more
exothermic and thermo-favorable process, and thus a more stable
adsorption configuration. Transition sates (TS) were located by the
climbing-image nudged elastic band (CI-NEB) method.[57–60] Ionic
charges were computed by the Bader method.[61,62]

Sample preparation and performance

Perovskite LFO, hematite FO and hybrid LFO-FO with overall La/Fe
ratio 0.2–5% were synthesized by modified Pechini synthesis (see
supporting information S2). Approximately 15 mg powder samples
were mounted in an alumina crucible, and continuous reduction-
oxidation cycles were conducted using a Setaram SETSYS Evolution

Thermogravimetric Analyzer (TGA). The reduction step was per-
formed using 25% CH4 (50 mL/min) balanced by inert gas (50 mL/
min of N2 and 100 mL/min of He) for 5 minutes. The oxidation step
was performed in 25% air (50 mL/min) balanced with inert gas for
5 minutes. A 10 min flushing step using the same flow rate of inert
gas was adopted in between to prohibit the mixing of oxygen and
CH4. When analyzing the TGA data, reduction conversion Xr is
defined by the following equation:

Xr ¼
wi � wt
wo � Xr100% (2)

where wi is the initial weight (mg) of oxygen carriers in TGA; wt is
the weight of oxygen carriers after 5 min reduction of materials by
25% CH4; and wo represents the weight of oxygen in initial oxygen
carriers. The definition of oxidation conversion (Xo) is shown as the
following equation:

Xo ¼
wf � wt

wo � 100% (3)

where wf is the final weight of oxygen carriers after oxidation
regeneration.

Temperature programmed reduction reaction (TPR) was conducted
in the same Setaram SETSYS Evolution TGA. 15 mg samples were
mounted and heated from 500 °C to 1000 °C at a 10 °C/min
temperature increment in 10% CH4 (20 mL/min CH4 balanced with
180 mL/min He). The composition of gas outlet was analyzed and
recorded by a MKS mass spectrometer (MS).

All the samples were analyzed using a Rigaku SmartLab X-ray
Diffractometer (XRD) with eliminated fluorescence. Scans were run
from 20–80 degrees at a rate of 1 degree per minute with an
accelerating voltage and filament current of 40 kV and 44 mA,
respectively. All of the XRD spectra were analyzed using PDXL
software and identified with the JCPDS database. Scanning electron
microscope (SEM) images were taken with a 10 kV and 0.17 nA
electron beam. Secondary electron images were obtained with a
working distance of 4.1 mm. A Kratos Axis Ultra DLD spectrometer
was used to obtain X-ray photoelectron (XPS) spectra. Mg Kα
monochromatic X-ray radiation (1253.8 eV) was applied to ensure

Figure 2. Bulk structures of the modeled LFO (a) and FO (b) materials. Fe, La, and O atoms are depicted in purple, grey, and red, respectively. Yellow arrows
indicate the up and down spin states of the Fe atoms for the corresponding anti-ferromagnetism.
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the optimal peak intensity of Cu. The spectra were collected at
room temperature. Binding energy (B.E.) values were referenced to
the standard C 1s binding energy of 284.8 eV. The CasaXPS
program was used for data analysis. Shirley-type background and
Lorentzian-Gaussian combination were used for data processing.

2. Results and Discussion

LFO has been widely reported to be a reactive material in
activating methane in the literature, yet a detailed mechanism
study of the C� H bond cleavage of methane on LFO is limited.
Hence, Ab initio DFT calculations were performed to gain an
insight into the excellent reactivity of LFO in initiating CH4

dissociation. The most thermodynamically favorable LFO surfa-
ces were examined in this work, including the LFO (121), (100),
(010). The LFO (121) and (100) planes are theoretically the most
stable surfaces of LFO and confirmed by XRD analysis and high-
resolution transmission electron microscopy (HRTEM) observa-
tion in the literature.[63–65] LFO (010), despite its relatively low
thermodynamic stability, still possesses a significant population
in the equilibrium morphology.[48,63] In addition, the (010)
surface has been reported to be the active surface for other
perovskite families,[66] thus it is considered in this work. The
catalytic activity of all LFO (121), (100), and (010) planes in
cleaving the C� H bond of CH4 were investigated, and the
results are compared with that of FO, one of the most
promising material for CLPO of CH4. The optimized surface
models are presented in Figure 3, where the most thermody-
namically stable terminations of LFO reported by Blanck et al.
were adopted,[63] and the Fe-terminated FO (0001) surface was
selected because it is the most thermodynamically stable
surface of FO under oxygen-lean chemical looping
environment.[67–69] The LFO (121) and (010) and FO (0001)
surfaces were modeled by periodic p(2×2) slabs with 4
stoichiometric layers, and the LFO (100) plane was simulated
using a periodic p(2×1) slab with 3 stoichiometric layers.

A systematic exploration of the CH4 adsorption site on the
selected LFO and FO surfaces was performed, and the most
stable CH4 adsorption configurations are presented in Figure 4a
with the corresponding adsorption energies summarized in
Table 1. To understand the dominating CH4 binding mechanism
on the different surfaces, ECH4 ;ad is decomposed into ECH4 ; elec and
ECH4 ;disp, which respectively accounts for the electronic and

dispersion interactions. Among all the studied surfaces, LFO
(010) is not only identified to be the most active surface toward
CH4 since its ECH4 ; ad is significantly higher than the others (ca.>
0.2 eV), but it is also the only surface where the electronic
interaction dominates the CH4 binding mechanism (i. e.,
ECH4 ; elec>ECH4 ;disp). Furthermore, LFO (010) has the highest
ECH4 ; elec value among the studied surfaces, which suggests it has
the strongest electronic interactions with CH4. This is consistent
with results obtained from the Bader charge analysis as listed in
Table 1, where the amount of charge gained by the CH4

molecule (jqCH4
j) after adsorption are in the following order: LFO

(010)>FO (0001)@LFO (121) and (100). Moreover, ECH4 ; ad was
found to be linearly correlated to jqCH4

j as illustrated in
Figure 4b. To further explore the catalytic reactivity of the
studied surfaces, the barrier of the initial C� H bond cleavage of
CH4 were investigated. Figure 4c illustrates the minimum energy
pathway (MEP) for CH4 dissociation on the different surfaces,
which is a heterolytic step with the dissociated CH3 and H
respectively bind on the metal sites and the surface lattice
oxygen sites, and the configurations of TSs and final states (FSs)
are provided in Figure S1. The most facile C� H bond activation
of CH4 was found on the LFO (010) surface because of the
lowest barrier it requires, which can be attributed to its
strongest electronic interactions with CH4 among all the
surfaces. Owing to its highest adsorption energy and the lowest
CH4 activation barrier among the studied surfaces, LFO (010) is
proposed to be the most favorable surface for the superior
reactivity toward CH4 conversion in LFO.

However, the highly reactive nature of LFO for CH4

activation inevitably promotes the undesired carbon formation
on its surface. Specifically, these carbon atoms are expected to
either diffuse on the surface prior to interact with each other to
form C� C compounds, or diffuse into the LFO lattice with the
presence of oxygen vacancies in the sublayers of LFO.

Figure 3. Configurations of the optimized LFO and FO surface models.

Table 1. Adsorption energies (eV) of CH4 on the studied surfaces, and the
electrons (e� ) gained by the CH4 molecule after adsorption.

LFO (010) LFO (100) LFO (121) FO (0001)

ECH4 ;ad
� 0.539 � 0.240 � 0.196 � 0.295

ECH4 ; elec
� 0.340 � 0.052 � 0.044 � 0.110

ECH4 ; disp
� 0.199 � 0.189 � 0.152 � 0.185

jqCH4
j 0.054 0.005 0.005 0.024
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Clusterization of the carbon atoms will lead to layered carbon
deposition and deactivates the oxygen carriers. Unlike the
conventional hydrocarbon steam reforming processes in which
carbon is combusted by the oxidative gaseous feedstock, the
removal of adsorbed carbon atoms is achieved through
oxidation with the lattice oxygen provided by LFO in the
reducing environment of the chemical looping methane
conversion. Hence, a detailed understanding of the thermody-
namics and kinetics of the elementary carbon evolution on LFO
is crucial in providing a possible direction of material
optimization. In this work we modeled and examined the
competition between carbon deposition and dissipations over
pristine and oxygen-deficient LFO (010). The related elementary
steps of carbon atom on the pristine surface was first
investigated, and the La-La bridge site was found to be the
most stable adsorption site with EC;pristine ¼ � 2:44 eV. The
corresponding energy profile of oxidation, diffusion, and the
C� C coupling of the adsorbed carbon atoms were also
calculated and presented in Figure 5. The barrier of carbon
oxidation (0.26 eV) is much lower than the surface diffusion
(0.43 eV) and C� C coupling (0.85 eV), which indicates the
carbon removal on the pristine surface is efficient with sufficient
lattice oxygen supplies.

Lattice oxygen is extracted from LFO in the oxidation with
methane and the related intermediates. Consequently, oxygen-
deficient LFO (010) surfaces play an important role in the
reducing state of the CLPO process. In order to identify the

thermodynamically preferred defective structures, the formation
energy of oxygen vacancies (Ovc), EOvc

, was calculated by the
following equation:

EOvc
¼ Edefective;N þ

N
2 EO2

� Eperfect (4)

where N is the number of Ovc; Edefective;N and Eperfect are the
energies of the defective surface with N Ovc and the pristine
surface, respectively; and EO2

is the energy of a triplet O2

molecule in gas phase. Following such a definition, a more
positive EOvc

indicates a higher energy input is required for Ovc

formation, and hence a less stable configuration. The calculated
EOvc

of the 1st, the 2nd, and the 3rd topmost layers of LFO (010)
are 3.72 eV, 3.55 eV, and 3.84 eV, respectively, which reveals
that the Ovc formation is thermodynamically preferable in the
second layer. Furthermore, the oxygen anion diffusion from the
second atomic layer to the topmost surface was found to be
facile with only a 0.04 eV barrier as illustrated in Figure S2. As a
result, the surface lattice oxygen on the stoichiometric LFO
(010) plane can be replenished efficiently by the sublayer lattice
oxygen in the initial stage of CLPO, hence maintaining a high
carbon removal rate

Despite the efficient oxygen anion replenishment of LFO
(010), a higher extent of lattice oxygen dissipation can
ultimately lead to the expansion of oxygen-deficient surfaces.
For the 1-Ovc surfaces, carbons are found to bind preferentially

Figure 4. (a) The most stable CH4 adsorption configurations, (b) the linear correlation between ECH4 ; elec and jqCH4
j, and (c) the MEP of CH4 activation on the

studied surfaces. Value of barriers are labeled on the MEP.
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at the Ovc sites as illustrated in Figure 6a, and the carbon
chemisorption energies (� 3.86 and � 4.22 eV when the Ovc is in
the 1st layer and the 2nd layer, respectively) are dramatically
higher than that on the pristine surface (� 2.44 eV). Further-
more, the higher carbon binding energy on the defective
surfaces results in the much higher carbon oxidation barriers
(0.59 and 0.67 eV when the Ovc is in the 1st layer and the 2nd

layer, respectively) than the pristine surface (0.26 eV) as
indicated in the MEP of Figure 6a, which substantially slows
down the carbon removal rate. Figure 6b provides the reaction
pathway of C� C couplings on the 1-Ovc surfaces, and the results
reveal that C� C couplings becomes extremely facile due to their
nearly zero barriers (both are 0.04 eV), which promotes the
formation of undesired carbon clusterization on the surface.

In short, the fast kinetics of carbon removal and high barrier
of C� C coupling on the pristine LFO surface are the desired
properties for carbon inhibition. However, the excellent catalytic
reactivity of LFO towards CH4 makes it vulnerable to carbon
deposition, because more OVC were created on the surface as
the reaction progresses, which results in a stronger carbon
binding that significantly reduce the kinetics of carbon removal
through oxidation with lattice oxygen. Furthermore, the un-
removed carbon would act as a seed for the C� C coupling
which is significantly promoted by the presence of OVC, and
triggers the cascade of the subsequent carbon clusters
formation. As a result, maintaining sufficient lattice oxygen on
surface is key in maximizing the carbon resistance of LFO. By
exploiting the fact that the active LFO (010) prefers sublayer OVC

formations and its surface oxygen replenishment is facile, it is
speculated the number of surface OVC can be mitigated if
sufficient lattice oxygen is provided during the reaction, thereby
preventing the cascade of carbon deposition.

Enlightened by the theoretical DFT prediction, a hybrid LFO-
FO material is designed in which methane is converted by the

active LFO while FO serves as an oxygen reservoir that
replenishes the lattice oxygen of the reactive LFO surfaces and
thereby suppresses carbon deposition. The coking will be
triggered substantially once the amount of lattice oxygen is not
sufficient to support effective oxygen transport in the FO
oxygen reservoir, especially at high temperatures. Hence the
oxygen reservoir is replenished in the cyclic regeneration
reactions. Varying LFO concentration (0.2% to 5%) in hybrid
LFO-FO was investigated in order to optimize the particle
reactivity. Phase analysis (Figure. S3) reveals that a low
concentration of 0.2% LFO has no significant reactivity
enhancement on LFO-FO, implying no effective hybrid structure
formation occurs at LFO concentration 0.2% or lower. A higher
LFO concentration of 2% or 5% result in minimal carbon
inhibition capability in CLPO of methane (Figure S4 and S5).
Thus, the excellent carbon resistance in the hybrid LFO-FO
material is a synergistic effect between LFO and FO. 0.5% LFO
with 99.5% FO demonstrates the highest reactivity and best
carbon inhibition capability, thus the ratio of LFO to FO is
adopted in the sample LFO-FO.

The impact of cyclic redox reaction on morphology and
crystal phase has been conducted in hybrid LFO-FO. The high
temperature treatment in sample preparation results in the
thermal dynamically most stable surfaces. The XRD patterns
before and after redox cycles are shown in Figure 7a and 7b. All
the peaks labelled with asterisk can be identified to perovskite
LaFeO3 while unlabeled peaks can be identified to rhombohe-
dral Fe2O3. No other impurity phase was observed in the reacted
sample, indicating the hybrid oxygen carrier has high phase
stability during redox reactions. SEM images in Figure 7c and 7d
prove that the hybrid LFO-FO has minimal morphological
variation after cyclic reactions, which is beneficial to CLPO due
to high structural stability. The LFO crystals, with a size of 500–

Figure 5. MEP and the top view of the initial states (IS), transition states (TS) and final states (FS) of carbon oxidation, diffusion, and coupling on the pristine
LFO (010) surface. Value of barriers (eV) are labelled on the MEP.
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700 nm, are well dispersed and located on the grain boundaries
of FO, as identified by SEM and EDS mapping.

Figure 8 displays the TPR profiles of hybrid LFO-FO oxygen
carrier. LFO and FO oxygen carriers were also tested as
comparisons. The unit of %/go was adopted to eliminate
possible influence by different sample weight on gas concen-
trations and better compare the performance of FO, LFO and
LFO-FO. The gas concentration is normalized by the weight of
total available oxygen in the sample, as shown below.

The unit of Y-axis (%/go) was adopted to eliminate possible
influence by different sample weight on gas concentrations and
better compare the performance of FO and LFO-FO. The gas
concentration is normalized by the weight of total available
oxygen in the sample, as shown below.

Concentration ¼
xi

mFe2O3
� 30% (5)

where xi stands for gas mole fraction, mFe2O3
is the weight of

Fe2O3 in the total sample, and 30% is the weight percentage of
oxygen in Fe2O3.The hybrid LFO-FO oxygen carrier exhibits
excellent carbon inhibition capability between 500 °C and
1000 °C. At a reaction temperature of 950 °C, the gas product of

CLPO with the hybrid LFO-FO oxygen carrier is 13%/go CO2,
700%/go CO and 1400%/go H2, respectively. This indicates that
hybrid LFO-FO can achieve a high syngas selectivity over 98%
which is the highest selectivity in bulk oxygen carrier design so
far. The H2:CO ratio of 2 : 1 confirms that all the CH4 was
converted to syngas with no element carbon formation. By
comparison, the reactivity of FO oxygen carrier remains low in
the tested operating temperature window. At 1000 °C the CO
selectivity is only 90% with product concentrations of CO2, CO
and H2 5%/go, 50%/go and 100%/go, respectively. On the other
hand, LFO exhibits high reactivity with CH4, the peak at 624 °C
suggests a H2:CO of 2 :1 and a much lower onset reaction
temperature than hybrid LFO-FO. However, A H2:CO ratio
significantly higher than 2 :1 indicates severe carbon deposition
occurring at as low as 630 °C, also marked with dotted boxes in
Figure 8(a), (c) and (d), suggesting a narrow operating temper-
ature window in LFO and its strong tendency towards carbon
deposition. In addition, a moderate CO selectivity of 94% is
achieved in LFO, with the gas products detected at 624 °C are
3%/go CO2, 50%/go CO and 100%/go H2, respectively. Never-
theless, the narrow temperature operating window of LFO
cannot meet the requirement of CLPO temperature swing of
100 °C from inlet to outlet in a reducer.

Figure 6. MEP and the side view of the initial states (IS), transition states (TS) and final states (FS) on LFO(010) surfaces (a) the 1-Ovc surface with carbon
adsorption and carbon oxidation; (b) the 1-Ovc surfaces with the carbon adsorption and the C� C coupling. Dotted yellow circles indicate oxygen vacancies.
Value of barriers (eV) are labeled on the MEP, and the results of pristine surfaces are also attached for comparison.
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The TGA analysis was applied for multiple redox cycles to
study the recyclability and conversion rates of the hybrid LFO-
FO oxygen carrier. A longer reaction time is allowed to mimic
moving bed reducer. Figure 9 shows oxygen carrier conversion
rates in 10 continuous methane conversion cycles. The con-
version rate of hybrid LFO-FO oxygen carriers is 275%, 359%,
349%, and 17.9% higher compared with pure FO oxygen
carriers at 600 °C, 700 °C, 800 °C, and 900 °C, respectively.

3. Conclusions

Carbon deposition occurs inevitably on oxygen-deficient surfa-
ces in hydrocarbon conversions, and the tendency of carbon
atoms clusterization becomes higher with increased oxygen
vacancies as cascade reactions. Guided by atomistic modelling
which suggests hybrid oxygen carrier is capable of inhibiting
the cascade reactions in carbon deposition, we have demon-
strated that hybrid LFO-FO oxygen carrier with 0.5% LFO
exhibits excellent reactivity, recyclability and carbon inhibition
capability in chemical looping partial oxidation of methane
between 500 and 1000 °C. In the hybrid oxygen carrier, the
syngas selectivity is over 98% and the yield is 13 times higher
than that in perovskite LFO or hematite FO oxygen carriers.
There are two key factors in a hybrid oxygen carrier, one is that
the LFO provides active site for methane conversion while the
FO is a lattice oxygen reservoir that replenishes oxygen anions
in reducing environment. Carbon deposition in a hybrid oxygen
carrier can only be suppressed with high concentration of FO
which supplies abundant lattice oxygen to LFO. High concen-
tration of LFO will cause over-extraction of lattice oxygen from
oxygen reservoir. This work opens up a path to a design

Figure 7. XRD of FO, hybrid LFO-FO, and LFO samples (a) before and (b) after
60 redox reaction cycles. SEM image of hybrid LFO-FO with EDS mapping
images (c) before and (d) after redox reactions.

Figure 8. Temperature programmed reduction (TPR) profiles of FO, LFO, and LFO-FO. (a) Derivative thermo-gravimetric (DTG), (b) CO2 concentration, (c) CO
concentration, and (d) H2 concentration.
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strategy with hybrid structured oxygen carriers for viable
commercialization of chemical looping technology. It will not
only renovate the chemical looping partial oxidation process,
but also benefit other redox involved reactions such as photo-
catalysis and chemical looping combustion.
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