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A B S T R A C T

Chemical looping combustion (CLC) technology decouples the traditional combustion process into two gas-solid 
reactions. The crystal facet effect is a crucial factor in gas-solid reactions. However, the chemical looping 
combustion mechanism associated with the crystal facet remains unclear. In this work, we investigated Fe2O3 
crystal facet on the performance and reaction mechanism of CH4 chemical looping. Hex-, cubic and rh-like Fe2O3 
with predominantly exposed (001), (012), and (104) facets were prepared, and their properties were tested in a 
fixed bed, respectively. The results show that the reactivity of Fe2O3 exhibits a clear facet dependence, with the 
order of reactivity being (104)>(012)>(001), which correlates with the high reactive oxygen content on the 
corresponding facet by X-ray photoelectron spectroscopy (XPS). Density functional theory (DFT) calculations 
further confirm that Fe2O3(104) exhibits the lowest oxygen vacancy formation energy, providing a favorable low 
energy barrier channel for lattice oxygen migration. The differences in crystallographic surfaces leads to an 
upward shift of the O-2p band of the oxygen carriers, enhancing the lattice oxygen activity. Moreover, molecular 
dynamics and detailed reaction pathways indicate that the rate-determining step (RDS) for Fe2O3(001) and 
Fe2O3(012) is the oxidation of methoxy, whereas the RDS for Fe2O3(104) is the oxidation of formate with a lower 
activation energy barrier. The facet-dependent oxygen mobility and reaction pathways result in a distinct cat
alytic performance for chemical looping combustion of CH4. This study presents a general strategy based on facet 
engineering to improve the performance of oxygen carriers.

1. Introduction

Carbon dioxide (CO2), the most significant greenhouse gas contrib
uting to global warming and climate change, necessitates a substantial 
reduction in atmospheric concentrations. Enhancing energy efficiency 
and increasing the use of low- or zero-carbon energy sources, such as 
biofuels, are effective strategies for reducing carbon dioxide emissions at 
their source [1]. Additionally, employing negative emission technolo
gies to directly remove carbon dioxide from the atmosphere and store it 
represents another promising approach [2]. However, the potential 
environmental impacts of large-scale implementation of these technol
ogies warrant careful consideration. To tackle the urgent challenge of 
climate change, Carbon Capture, Utilization, and Storage (CCUS) 
emerges as a vital and reliable technology, poised to play a crucial role in 
carbon reduction efforts. Nevertheless, CCUS is hindered by the high 

costs associated with air separation. Fortunately, the innovative tech
nology of Chemical Looping Combustion (CLC) offers a solution to this 
challenge.

CLC is an innovative energy utilization method that inherently sep
arates CO2, reduces NOx emissions, and utilizes energy cascades. It is 
regarded as a cost-effective solution for CO2 reduction. In CLC process, 
the oxygen carrier supplies oxygen to the fuel molecules in the fuel 
reactor to facilitate combustion. Subsequently, the depleted oxygen 
carrier undergoes oxidation and regeneration in the air reactor before 
being transferred back to the fuel reactor for the subsequent cycle. The 
replacement of gas-phase oxygen with the oxygen carrier ensures 
effective separation between gas and solid phases. This process gua
rantees that the CO2 produced at the outlet of the fuel reactor can be 
captured at a minimal energy cost, while also generating heat. It is 
therefore imperative to gain a comprehensive understanding of the 
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selection of oxygen carrier materials, as well as the evolutionary 
behavior and intrinsic mechanisms of the thermochemical processes in 
oxygen carriers, in order to achieve the realization of the chemical 
looping system.

As a complex multiphase reaction, chemical looping combustion 
takes place at the surface interface between the oxygen carrier and the 
reacting gas, accompanied by the migration of bulk oxygen. Therefore, 
the exposed crystalline surfaces of the oxygen carrier play a dominant 
role in the oxidation of the gaseous fuels. The arrangement and coor
dination of atoms on different exposed surfaces results in differences in 
the physicochemical properties of the material, such as specific surface 
area, lattice oxygen activity and adsorption behavior. Jian et al. [3]. 
found that the presence of a large amount of Lewis acid base in Rod-like 
Co3O4 with (110) facet accelerated the activation of the C–H bond and 
promoted the oxidation of propane compared to Co3O4 (111) and Co3O4 
(100). Zhao et al. [4]. found that the Bi2MoO6(001) crystalline surface 
has better bulk phase oxygen mobility than Bi2MoO6(010). The differ
ence in oxygen mobility leads to a complex side reaction in the oxidation 
of 1-butene in Bi2MoO6(010) due to insufficient oxygen supply, which 
hinders the selective oxidation of 1-butene. Cao et al. [5]. investigated 
the effect of Mn2O3 exposed crystal surfaces on the oxidation reaction of 
NO and found that NO follows the Langmuir-Hinshelwood oxidation 
mechanism on Mn2O3(220) and (400), whereas it follows the 
Mars-van-Krevelen mechanism on Mn2O3(222). These studies have 
shown that exposing the crystal surface often leads to a change in the 
lattice oxygen activity as well as changes in reaction mechanism and 
pathway. It is therefore considered that enhancing the lattice oxygen 
activity by adjusting the morphology of the oxygen carriers and 
exposing the crystal surface is an effective way approach to increase the 
catalytic oxidation activity of chemical looping.

CH4 Chemical looping combustion(CH4-CLC) is seen as an important 
solution to address both energy use and environmental harmony [6,7]. 
As CLC technology, employing a variety of oxygen carriers, remains in 
the developmental stage, a significant number of oxygen carriers have 
been examined [8]. Natural hematite, which is mainly composed of 
Fe2O3, is a widely used oxygen carrier due to its low cost and the fact 
that it is environmentally friendly [9]. The reactivity of hematite is 
related to the valence multiplicity of Fe species, which readily activate 
CH4 and release lattice oxygen to participate in oxidation. Despite efforts 
have been made to develop highly active and selective Fe-based oxygen 
carriers through strategies such as heteroatom interface creation [10], 
defect engineering [11] and heteroatom doping [12], there is still a lack 
of studies on crystal surface modulation. It has been reported that the 
engineering of crystal facets can modulate thermal [13,14], photo
catalytic [15] and electrocatalytic [16,17] properties. Yin et al. [18] 
investigated the relationship between Fe2O3 facets and H2O2 activation 
efficiency, and found that Fe2O3(311) had the lowest adsorption energy 
and H2O2 activation energy barrier, and exhibited good H2O2 activation 
efficiency. Gu et al. [19]. found a significant crystallographic plane 
dependence of hematite-catalysed phthalate hydrolysis, related to the 
atomic arrangement of surface-uncoordinated Fe.

In addition, Hematite exhibits a variety of exposed crystal surfaces 
[20], and the exposed crystal surface of Fe-based oxygen carriers 
changes during redox cycling [21]. Nevertheless, most of the reaction 
mechanisms of Fe-based oxygen carriers focus on single crystal faces 
[22–24]. The correlation between Fe2O3 crystal faces and CH4-CLC 
performance, and a molecular level explanation of the reaction mech
anism remain lacking. Therefore, it is a valuable work to elucidate the 
contribution of Fe2O3 from different crystal faces to CH4-CLC perfor
mance, taking into account the different coordination abilities of 
different crystal faces.

In this work, we systematically investigate the influence of Fe2O3 
crystal facet effects on the mechanism of methane oxidation during 
chemical looping reactions. Firstly, a series of Fe2O3 oxygen carriers 
with different exposed crystalline surfaces (Fe2O3(001), Fe2O3(012) and 
Fe2O3(104)) were synthesized, characterized and tested. Then, the 

differences in physicochemical properties and redox activity are 
explained in conjunction with detailed characterization analysis and 
coupled electronic structure properties. Finally, the effects of the 
exposed crystalline surfaces on oxygen migration and microscopic sur
face reaction mechanisms were revealed in combination with reactive 
force field simulations and density functional theory calculations. These 
findings enhance our understanding of the microscopic mechanisms of 
action of Fe-based oxygen carriers and provide novel methodologies for 
designing oxygen carriers used in the chemical looping process.

2. Experimental and computational details

2.1. Synthesis of Fe-based oxygen carriers

Three types of α-Fe2O3 nanocrystals oxygen carriers (OCs) with 
different exposed crystal faces were synthesized by hydrothermal 
method [22,25,26]. For α-Fe2O3 (001)(HNP), FeCl3 6H2O (0.54 g) and 
CH3COONa (2 g) were dissolved in 30.0 mL ethanol with a trace addi
tion of 1.0 mL deionized water, then the mixture was sealed in a 
Teflon-lined autoclave and maintained at 180 ◦C for 12 h. For α-Fe2O3 
(104)(HNR), 1.10 g FeCl3⋅6H2O and 1.21 g urea were dissolved in 40 mL 
of distilled water, and then 1.65 g formamide (HCONH2) was added. The 
mixture was sealed in a Teflon-lined autoclave and maintained at 120 ◦C 
for 12 h. For α-Fe2O3 (012)(HNC), dissolve FeCl3 6H2O (1.0 mmol) in 10 
mL ethanol and add 2.5 mL deionized water, add 0.8 g sodium acetate 
and allow to dissolve completely, then maintain the suspension at 
180 ◦C for 12 h in a Teflon-lined autoclave. The product was collected by 
centrifugation and washed at least 5 times alternately with water and 
ethanol, then dried at 60 ◦C for 10 h and calcined at 500 ◦C for 5 h.

2.2. Oxygen carrier characterization

X-ray diffraction (XRD) was performed on an X’pert Pro diffrac
tometer (PANalytical Company) utilising Co Kα as the radiation source 
across a range of 10–90◦ with a scan speed of 8◦/min. The microstruc
tural characterization was performed using on a transmission electron 
microscope (JEM-F200) equipped with an energy dispersive X-ray 
spectrometer (EDS) operating at 200 kV. Hydrogen programmed tem
perature rise reduction (H2-TPR) by chemisorption was performed by 
pretreating 30 mg of the sample in a stream of He at 300 ◦C for 1 h, then 
cooling to 50 ◦C. The sample was then heated to 900 ◦C in a stream of 10 
vol% H2/He at a ramp rate of 10 ◦C/min. The X-ray photoelectron 
spectroscopy (XPS) tests were performed using a spectrometer (PHI- 
1600 ESCA). The characteristic binding energy (BE) peak of C 1s 
(284.80 eV) was used to calibrate the binding energy (BE) values. The 
nitrogen adsorption and desorption isotherms were measured using a 
Micromeritics 3Flex instrument. Prior to the measurement, the samples 
were degassed under vacuum at 150 ◦C for 12 h.

2.3. Chemical looping combustion (CLC) experiments

Activity tests were evaluated during the chemical looping process 
using a fixed-bed piston flow reactor (18 mm inner diameter). 200 mg of 
sample held in place by quartz wool were placed in the tubular reactor, 
then heated to 300 ◦C under N2 stream (100 mL/min). Following a 5- 
minute purging period, the sample was heated further to 800 ◦C. 
When the desired temperature was reached, the gas flow was stopped 
and N2 was introduced at the same flow rate and held for 5 min, then 
switched to the reaction gas (5% CH4/N2 100 mL/min). The exhaust gas 
was collected in a gas bag through a condensation unit for analysis by 
gas chromatography (An Agilent 7890B) equipped with a thermal con
ductivity detector (TCD) and a Porpak Q packed column (Alltech). The 
methane conversion and CO2 selectivity were determined as follows. 

CH4conversion=
moles of CH4 consumed
moles of CH4 introduced

× 100% (1) 
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CO2selectivity=
moles of CO2 consumed
moles of CH4 introduced

× 100% (2) 

2.4. Density functional theory (DFT) details

All calculations were performed using the CP2K code [27]. The ex
change energy was described using the Perdew-Burke-Ernzerhof spin-
polarized generalized gradient approximation [28]. The wave function 
was described using the Goedecker-Teter-Hutter pseudopotential and a 
double-zeta basis set with a cutoff energy of 500 Ry. The DFT + U was 
utilized with Hubbard corrected U value of 4.0 eV for Fe [29]. The 
Brillouin zone using gamma point. DFT-D3 scheme with an empirical 
damping potential term were added [30]. The configurations were 
optimised using the Bloeden-Fletcher-Goldfarb-Sanno (BFGS) algorithm 
until all the forces were less than 4.5 × 10-4 Hartree/Bohr. The transition 
states of primitive reactions were identified through CI-NEB [31] as well 
as the dimer algorithm [32]. All transition states are identified with only 
a single imaginary frequency. Gibbs energy was calculated at 1073.15 K.

The lattice optimization of Fe2O3 resulted in calculated lattice pa
rameters of a = b = 5.04 Å and c = 13.86 Å. These values are in good 
agreement with the experimental (a = b = 5.04 Å and c = 13.77 Å) and 
theoretical (a = b = 5.04 Å and c = 13.87 Å) values [33–35]. A 15 Å 
vacuum gap is left on the surface to eliminate unphysical interactions 
between the periodic systems. The crystal cell is set to be antiferro
magnetic. The supercell models adopted for each crystal surface are 
shown in Fig. S1. All the visualizations were produced by the VESTA 
[36].

2.5. Molecular dynamics (MD) simulation

ReaxFF MD simulations were performed using the ReaxFF code [37] 
implemented in the Large Scale Atomic/Molecular Massively Parallel 
Processor Simulator (LAMMPS) package [38]. Molecular dynamics 
simulations based on the Fe/C/H/O force field [39] in the time range of 
250–1000 ps were performed using the NVT system to study CH4 on 
Fe2O3 from 1000 to 3000 K. The temperature is increased artificially in 
order to accelerate the reaction, which has been widely used in previous 
studies [40,41]. Before running the MD simulations, each system was 
first subjected to energy minimization using a conjugate gradient algo
rithm and a 20,000-step non-reaction relaxation process at 300 K to 
bring it to the ground state to eliminate possible simulation artefacts due 
to the initial high-energy contact. In the MD simulations, the step size 
was 0.25 fs, the temperature was controlled by Nosé-Hoover, and the 
damping constant was 0.1 ps. The period box for the ReaxFF MD sim
ulations was 100 Å × 100 Å × 50 Å, and the constructed Fe-based ox
ygen carrier with methane model is shown in Fig. S2. The Fe2O3 crystal 
surface model was obtained by DFT pre-optimization as described in 
section 2.4.

3. Results and discussion

3.1. Structure and morphology

The XRD patterns of α-Fe2O3 samples synthesized by different 
methods are shown in Fig. 1(a). All of them show the standard hematite 
phase (according to the standard JCPDS 33–0664) [42]. The diffraction 
peaks are strong and sharp, indicating that the three samples are well 
crystallised and and do not contain other crystalline impurities. For 
α-Fe2O3(001), the 104 peak becomes weaker while the 110 peak re
mains higher, suggesting that the crystals are better developed in the 
c-direction, i.e., the main exposed crystal face is (001). As illustrated in 
Fig. 1(b), the N2 adsorption-desorption isotherm for all samples is pre
sented. In accordance with the IUPAC classification, all oxygen carriers 
are observed to exhibit type IV isotherms, accompanied by characteristic 
H3 hysteresis loops. This suggests that the materials possess mesoporous 
properties. The surface areas of Fe₂O₃(001), Fe₂O₃(012), and Fe2O3(104) 
are 5.13, 2.42, and 3.00 m2/g, respectively (see Supplementary mate
rials Table S1). It is evident that there is negligible variation in the 
surface areas of the three oxygen carriers, with only the specific surface 
area of Fe₂O₃(001) exhibiting a slight increase.

Scanning electron microscopy (SEM) and high-resolution trans
mission electron microscopy (HRTEM) were used to characterize the 
morphology and crystal structure of the three classes of OCs, as shown in 
Fig. 2. The HNPs particles are in the shape of uniform hexagonal plates 
with side lengths of 90–120 nm and thicknesses in the range of 26–28 
nm. The HR-TEM images and FFT patterns clearly show that the lattice 
spacing on HNPs is 0.25 nm, which corresponds to the Fe2O3(001) 
facets. The HNC particles show a regular pseudo-cuboidal shape with 
their average side lengths of about 200 nm. Careful observation of the 
HR-TEM images and FFT patterns shows that the lattice spacing of the 
HNC particles is 0.37 nm, which is attributed to the Fe2O3(012) facets. 
The HNR particles have a regular prismatic shape, and their lattice edge 
lengths are in the range of 30–60 nm, with a lattice spacing of 0.27 nm. 
The HNR particles have a regular lattice spacing of 0.27 nm, which is 
consistent with the spacing of the Fe2O3(104) facets. In addition, the 
material composition of the synthesized particles was verified using 
energy spectroscopy. Fig. 3 clearly shows the HAADF image as well as 
the EDS mapping spectrum of the synthesized oxygen carrier. This shows 
the presence of Fe and O in the synthetic oxygen carrier with uniform 
distribution.

3.2. Performance of oxygen carriers

In order to reveal the differences in reactivity due to the exposure of 
the crystalline surfaces, successive redox cycling reactions were carried 
out on three Fe2O3 oxygen carriers. The conversion of CH4 and the 
selectivity of CO2 as evaluation indicators. Fig. 4 shows the redox 

Fig. 1. The powder X-ray diffraction (XRD) patterns of (a) HNP, (b) HNC, and (c) HNR (104).
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Fig. 2. (a–c) SEM images, (d–i) HRTEM images; SEM and HRTEM images of hematite nanoplate (HNP) (a, d, g), hematite nano-cube (HNC) (b, e, h), and hematite 
nano-rhombohedra (HNR) (c, f, i).

Fig. 3. HAADF-STEM images and EDS elemental mapping images of hematite nanoplate (HNP) (a, d, g), hematite nano-cube (HNC) (b, e, h), and hematite nano- 
rhombohedra (HNR) (c, f, i).
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performance of the three Fe2O3 samples for 10 consecutive cycles. As 
shown in Fig. 4(a), it is observed that the order of CH4 conversion is 
Fe2O3(104) > Fe2O3(012) > Fe2O3(001). Fe2O3(104) exceeds that of the 
other two samples. In the initial two cycles, the CH4 conversion of 
Fe2O3(104) exhibited a marked increase compared to the other two 
samples, reaching up to 64 %. However, as the number of cycles 
increased, the CH4 conversion gradually decreased. After 10 cycles, the 
conversion was reduced to 31 %. This deactivation may be associated 
with structural damage caused during repeated cycling(Fig. S3). A 
similar deactivation phenomenon is shown on the crystalline surfaces of 
both Fe2O3(001) and Fe2O3(012), which is consistent with the suscep
tibility of pure Fe2O3 to deactivation derived from the work of Ma et al. 
[43]. Fig. 4(b) shows the CO2 selectivity of the three samples. It is 
evident that the CO2 selectivity of Fe2O3(012) and Fe2O3(104) can attain 
100 % after two activation cycles, while the CO2 selectivity of 
Fe2O3(001) is approximately 60 %, which is considerably lower than the 
other two samples. This suggests that Fe2O3(104) and Fe2O3(012) have 
sufficient reactive lattice oxygen to provide it to the methane and re
action products to achieve complete combustion of the methane. The 
above results indicate that Fe2O3(104) combines superior CH4 reactivity 
with CO2 selectivity.

3.3. Reducibility behaviour

To further illustrate the reduction behavior of α-Fe2O3 arising from 

differences in the exposed crystal surfaces, H2-TPR tests were performed 
on all the oxygen carriers and different reduction behaviors were 
observed, as shown as in Fig. 5. All H2-TPR profiles can be divided into 
two distinct regions, a sharp reduction peak in the low temperature 
region (300–400 ◦C), and a broad peak in the high temperature region 
(450–800 ◦C). The former reflects the reduction of Fe2O3 to Fe3O4 due to 
oxidation of the surface lattice oxygen. The latter reflects the reduction 
of magnetite to ferrous iron oxide and then further to metallic iron. The 
former reflects the reduction of Fe2O3 to Fe3O4 due to oxidation of 
surface lattice oxygen, and the latter reflects the reduction of Fe3O4 
(Fe3O4→ FeO → α-Fe) due to oxidation of bulk phase lattice oxygen. In 
general, the conversion of Fe2O3 to Fe3O4 allows the complete oxidation 
of CH4, and the conversion of Fe3O4 to Fe is accompanied by the partial 
oxidation of CH4 [44]. Therefore, a lower reduction temperature in the 
low-temperature region indicates easier lattice oxygen removal and 
greater reactivity of the oxidized CH4. Therefore, the low temperature 
reduction temperatures of the three are, in order, Fe2O3(104) >
Fe2O3(012) > Fe2O3(001). This result is consistent with the order of 
magnitude of the oxygen vacancy formation energy and the lattice ox
ygen migration energy, as obtained from subsequent DFT calculations 
(Fig. 10). This result is consistent with the order of magnitude of the 
oxygen vacancy formation energies obtained from the subsequent DFT 
calculations. For Fe2O3(001), Fe2O3(012), and Fe2O3(104), the 
hydrogen consumption from the surface reduction peak area was 0.60 
mmol/g, 0.99 mmol/g and 1.04 mmol/g, respectively(Table S2). This 
demonstrates that Fe2O3(104) has a higher surface lattice oxygen 
reactivity.

3.4. Chemical states and surface oxygen vacancies

The surface composition and chemical state of prepared oxygen 
carriers were investigated by XPS, and the detailed analysis results were 
displayed in Fig. 6. Fig. 6(a) shows the high resolution XPS spectrum of 
Fe 2p. It can be seen that Fe 2p has two typical strong peaks at ~724.4 
and ~710.9 eV, which are attributed to the spin orbitals Fe 2p 1/2 and 
Fe 2p 3/2, respectively [45,46]. The main peaks of Fe 2p 3/2 are 
characteristically fitted to Fe3+ (~712.9 and ~710.8 eV) and Fe2+

(~709.6 eV). Besides, two satellite peaks are clearly distinguishable at 
~718.3 and ~732.8 eV. The presence of low-valence Fe2+ indicates a 
partial reduction of Fe3+, accompanied by the presence of oxygen va
cancies(OVs) to maintain electrostatic balance. A lower ratio of 
Fe3+/Fe2+ means the higher content of OVs as the active sites in the 
oxidation process, as shown as in Fig. 6(c).

The O 1s spectrum in Fig. 6(b) can be decomposed into three distinct 
peaks at 531.9, 530.6 and 529.4 eV, which are attributed to surface 
hydroxyl or carbonate oxygen(Oads, OH), oxygen species chemisorbed at 
OVs over oxygen carriers (Oads), and bulk lattice oxygen(Olatt), respec
tively [47]. In general, Oads were considered to be reactive oxygen 

Fig. 4. Activity test of the oxygen carriers at 800 ◦C: (a) CH4 conversion and (b) CO2 selectivity.

Fig. 5. H2-TPR profiles of three samples.
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species with higher activity than bulk lattice oxygen [48]. Consequently, 
the ratio Oads/Olatt can be employed as a descriptor to characterize the 
activity of the lattice oxygen of the oxygen carriers. A higher Oads/Olatt 
ratio is indicative of elevated oxygen activity. As illustrated in Fig. 6(c), 
the ratio of Oads/Olatt increases with facet index, indicating that the 
higest amount of OV is located on the surface of oxygen carriers with 
high exposure index facets. This is consistent with the low Fe3+/Fe2+

ratio and the weaker bonding energy of Fe(II)–O compared with Fe(III)– 
O, which favours oxygen release. Furthermore, for Fe2O3 (104), it can be 
observed that the peaks of the oxygen species spectra are shifted in the 
direction of increasing binding energy as the oxygen vacancy concen
tration increases. It can be posited that a substantial concentration of 
oxygen vacancies results in electron remolecularisation and the loss of 
electrons by O atoms. This hypothesis is further substantiated by the 
upward shift of the centre of the O-2p band of Fe2O3 (104) (Fig. 12). In 
conclusion, the order of the lattice oxygen activity of the oxygen carriers 
is as follows: Fe2O3(104) > Fe2O3(012) > Fe2O3(001). In summary, the 
differences in the CH4 oxidation activity of the different crystal facet 
oxygen carriers appear to be due to the oxygen activity caused by the 
oxygen vacancy content on the surface of the oxygen carriers.

3.5. Molecular dynamics(MD) analysis

Based on the demonstration of the influence of crystal surface on CH4 
oxidation activity and surface oxidation environment, reactive force 
field molecular dynamics (Reaxff-MD) simulations were performed to 
reproduce the dynamic characteristics of the CH4 oxidation process on 
oxygen carrier.

MD simulations of the reaction process of the Fe2O3–CH4 system of 
the CLC process have been investigated at temperatures of 1000, 1273, 
1600, 2000 and 3000 K, respectively. The effect of reaction temperature 
on the potential energy of the system is shown in Fig. S4, from which it 
can be seen that the potential energy decreases to a minimum at 200 ps 
and remains stable, indicating that the CH4 oxidation system has 

reached reaction equilibrium. Fig. S5 shows the variation of the number 
of CH4 with Fe2O3 at different temperatures. It can be seen that the 
higher the temperature, the more the number of CH4 oxidations de
creases within 200 ps. At 1273 K, the number of CH4 shows a significant 
decrease, while at 3000 K the number of CH4 is depleted at about 150 ps. 
Therefore, a comparative analysis of the evolution of CH4 and reaction 
products at each temperature allows the dynamic nature of the overall 
CH4 reaction process to be elucidated.

Fig. 7(a) gives mean square displacement (MSD) of CH4 on different 
Fe2O3 surfaces. It is clear that the order of the MSD slopes follows 
Fe2O3(104) > Fe2O3(012) > Fe2O3(001) over all range of time scale. 
This implies that CH4 has a faster diffusion rate on high exposure index 
crystalline surfaces. In other words, CH4 is adsorbed faster on 
Fe2O3(104), with a kinetic adsorption advantage. This can also be 
explained in terms of the radial distribution function (RDF). Fig. 7(b) 
shows the radial distribution function of CH4 as an oxygen carrier at 
different exposed crystal surfaces. It is clear that the g(r) values follow 
the order: Fe2O3(104) > Fe2O3(012) > Fe2O3(001), confirming a 
stronger interaction between CH4 and Fe2O3(104). The radial distribu
tion function between Fe–O is given in Fig. 7(c) to give an idea of the 
distribution between the oxygen carrier atoms. The radial distribution 
peak at 1.95 Å is attributed to the Fe–O bond, and the remaining peaks 
can be attributed to oxygen released from the Fe bond, originating from 
reaction intermediates or reaction products. This reflects the oxygen 
supply capacity of the oxygen carriers, and the Fe2O3(104) crystal sur
face clearly has a better ability to oxidize CH4. This is in agreement with 
our experimental tests (Fig. 4). It confirms the validity of the molecular 
dynamics simulation results.

Fig. 8 illustrates the variation in the number of species within the 
reaction system over time at different temperatures. It is evident that the 
quantity of CH4 diminishes rapidly at the onset of the reaction, subse
quently decelerating in all the reaction systems. The alteration in the 
number of CH4 can be used to a certain extent to characterize the extent 
of the reaction. That is to say, CH4 reacts rapidly at the commencement 

Fig. 6. XPS spectra of three α-Fe2O3 samples of (a) Fe 2p, (b) O 1s and (c) Plotting adsorption O/lattice O ratio obtain from the O 1s XPS versus three 
α-Fe2O3 samples.

Fig. 7. (a) Mean square displacement of CH4 on different facet,(b) Radial distribution function curve of CH4 with different facet,(c) Radial distribution function curve 
of Fe–O in different facet.
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of the reaction and slows down thereafter, which is consistent with the 
thermogravimetric results of Monazam et al. [49]. This also briefly 
confirms the reasonableness of the MD simulation. At 1273 K, it was 
observed that the generation of CH3 occurred first on both Fe2O3(001) 
and Fe2O3 (012) following CH4 cleavage, and that the former exhibited a 
higher number of CH3 than the latter. This suggests that the cleavage of 
CH4 is the initial step in the formation of CH3, and that CH4 cleavage is 
more thermodynamically favorable on Fe2O3(001), which is consistent 
with the H2-TPR(Fig. 5) and DFT results(Fig. 11). As the reaction pro
gresses to approximately 75 ps, the formation of CH₃OH becomes 
evident. This is due to the fact that the hydrogen atom formed by 
cleavage hydroxylates oxygen. CH₃OH reacts readily with the hydroxyl 
group to form CH₃OH [23]. At approximately 100 ps, the formation of 
CH₃O and CH₂O is observed, albeit in negligible quantities. It is 
reasonable to hypothesise that CH₃OH continues to cleave to form CH₃O 
and CH₂O. For Fe2O3(104), the formation of predominantly CH3OH, 
CH3O and CH2O is clearly visible. These intermediates are consistent 
with our previous observation of methane reaction intermediates in 
polycrystalline iron oxide particles using in situ spectroscopy [50]. Fig. 9
summarizes the reaction history of CH4 oxidation on different crystalline 
surfaces. The oxidation pathways of CH4 are essentially similar on 
different facet.

At 1600 and 2000 K, accompanied by a tendency for CH3OH to in
crease and then decrease slightly, H2O begins to increase rapidly. The 
production of H₂ is exclusively observed at 2000 K, thereby indicating 
that the formation of H₂O is deemed to be more thermodynamically 
favorable. MD simulations also predicted the production of carbon 

dioxide and carbon monoxide molecules. There was a gradual increase 
in CO and CO2 at 2000 K. At 3000 K, CH4 is depleted in about 75 ps. A 
rapid increase in the number of CO and H2O is observed during the 
process. This suggests that high temperatures favour the formation of 

Fig. 8. Number of changes in major intermediates/products (five common species) during CH4 oxidation on the surface of (a)Fe2O3(001), (b)Fe2O3(012), 
(c)Fe2O3(104).

Fig. 9. Main oxidation pathways of methane on Fe2O3 surface (Numbers 
indicate frequency of response, brown:001, blue:012,dark cyan:104). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

J. Xiong et al.                                                                                                                                                                                                                                    



International Journal of Hydrogen Energy 105 (2025) 1153–1163

1160

CO. It is worth noting that after the consumption of CH4, CO2 remains at 
a certain number while CO continues to increase. It can be deduced from 
the evidence presented that the disparity in the exposed crystalline 
surfaces of Fe₂O₃ results in the more efficient formation of the by- 
product CO at elevated temperatures. In addition, H2 is also rapidly 
produced for Fe2O3(012) and Fe2O3(104). This may be due to the 
reduction of H2O to H2, as documented in the literature, Fe3O4 and FeO 
have the potential to reduce H2O to H2 [51]. Another fact is that the 
increase in the number of H2 is accompanied by a decrease in the 
number of H2O. In other words, the facet effect of Fe2O3 leads to dif
ferences in the reduction of H2O.The production of C can be observed at 
Fe2O3(001). From the fact that the amount of C remains in a certain ratio 
to H2, it can be inferred that it is the direct cleavage of CH4 by Fe acti
vation to form C + H2. And it can be seen that the number ratio of H2O to 
CO after the reaction has stabilized in the stoichiometric ratio, which 
further confirms that the oxidation of C requires a high temperature to 
overcome the activation energy barrier. The RDF distribution of Fe–O 
bonds shown in Fig. 7(c) also indicates that the amount of Fe–O bonds in 
Fe2O3(001) is low during the reaction, which supports the above spec
ulation. Comparing the number of CO2 and CO at different tempera
tures, the number of CO2 decreases and the number of CO product 
molecules increases as the reaction progresses, which may be related to 
the fact that CO2 continues to react with C to form CO at high 
temperatures.

3.6. DFT analysis reaction mechanism

3.6.1. Oxygen supply mechanism
The formation of oxygen vacancies and the ease of oxygen migration 

are analyzed based on DFT calculations to elucidate the relationship 
between lattice oxygen and crystal surface activity. The oxygen vacancy 
formation energy (Ev) is defined as follows: 

EV = Edefect- Eperfect+1/2O2                                                            (3)

Where the Edefect and Eperfect present the energy of structure with oxygen 
vacancies and without oxygen vacancies respectively, and the EO2 de
notes the energy of the free oxygen atom.

As shown in Fig. 10(a), the oxygen vacancy formation energies of 
Fe2O3(001), Fe2O3(012) and Fe2O3(104) are 6.17, 2.16 and 2.03 eV, 
respectively. The larger the oxygen vacancy formation energy, the more 
difficult it is to lose oxygen. Obviously, the Fe–O bond strength of the 
high index exposed crystal surface gradually decreases the easier it is to 
form oxygen vacancies. In other words, they become progressively more 
reducing. This is consistent with our experimental results(Fig. 5). The 
decrease in oxygen vacancy formation energy increases the reactivity of 
the oxygen carrier and promotes the rapid CLC reaction. To further 
investigate the oxygen supply capacity of Fe₂O₃, the migration of oxygen 
atoms within the Fe₂O₃ system was examined. As illustrated in Fig. 10
(b), the vertical migration of oxygen atoms was considered in the 

presence of oxygen vacancies on the surface. The activation energy 
barriers for the migration of Fe2O3(001), Fe2O3(012) and Fe2O3(104) 
are 1.25, 1.15 and 0.46 eV, respectively. This indicates that it becomes 
increasingly facile for oxygen atoms in the subsurface layer to occupy 
surface oxygen vacancies. In summary, the results of the DFT calcula
tions indicate that Fe2O3(104) is advantageous in providing both surface 

Fig. 10. (a) Oxygen vacancy formation energies and (b) Oxygen transfer pathways.

Fig. 11. Reaction energy diagram of the CH4 oxidation on (a) Fe2O3(001), (b) 
Fe2O3(012), (c)Fe2O3(104).
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lattice oxygen and bulk phase oxygen migration to provide surface lat
tice oxygen.

3.6.2. Surface reaction mechanism
To further elucidate the relationship between the bare crystalline 

surface of iron oxide and the CH4 reaction properties, we performed DFT 
calculations based on MD trajectory analyses to obtain the detailed 
surface reaction mechanism and kinetic details during the CH4 oxidation 
process.

It is generally accepted that methane oxidation goes through a series 
of basic steps, including methane adsorption, C–H bond cleavage and 
lattice oxygen oxidation (including C/O and H/O recombination). 
Therefore, the adsorption process of CH4 as well as the reaction in
termediates (Fig S6, S7 and S8) on different crystal planes of Fe2O3 was 
considered first. The results(Table S3, Table S4, and S5) demonstrated 
that CH4 exhibited a tendency to adsorb at the Fe site of Fe2O3(001), the 
5-coordinated Fe site of Fe2O3(012) and the O3c site of Fe2O3(104). The 
surface reaction processes of adsorbed CH4 were then studied, as shown 
as in Fig. 11.

We have previously elucidated the oxidation mechanism of CH4 on 
the surface of Fe2O3(001) through experiments and DFT calculations. 
Fig. 11 (a) shows the oxidation mechanism of CH4 on Fe2O3(001) [50]. 
In path A, the cleavage of CH4 takes place at the Fe site. CH4 is first 
adsorbed at the Fe site. And then sequentially cleaved to form CH3*, 
CH2*, CH*, and C*, requiring activation energy barriers of 1.56, 1.41 
and 1.45 eV respectively. The hydrogen removed by the cleavage is 
transferred to the O site attached to Fe to form OH*. The C* that is 
formed by the cleavage is oxidized by the lattice oxygen to form CO*. It 
is worth noting that the activation barrier to be overcome for this re
action is as high as 3.08 eV, and the exothermic energy is 4.02 eV. CO* 
reacts readily with lattice oxygen to form CO2. The process consists of a 
two-step reaction. The oxidation pathway of CH4 at the O site was also 
considered, as shown in path B. CH4 on the Fe site results in the dehy
drogenation of the molecule, forming methoxy (OCH3*). The subsequent 
adsorption of CH3* on the Fe site overcomes an activation energy barrier 
of 0.83 eV, enabling the transfer of the molecule to O site. The sequential 
dehydrogenation of OCH3* to form CH2OO* and HCOO* is a process 
that requires activation energy barriers of 1.34 and 1.04 eV, respec
tively. Eventually, HCOO* is dehydrogenated through the activation of 
the C–O bond, resulting in the formation of CO2* and desorption to form 
CO2.

Fig. 11 (b) shows the oxidation mechanism of CH4 on Fe2O3(012). 
The CH3* formed by the dehydrogenation of the CH4 activated at the Fe 
site was adsorbed at the Fe site and the H was transferred to the O site. 
Subsequent dehydrogenation and oxidation of CH4 took place. 
Depending on the H-adsorbed O sites removed (O3c in the neighboring 
site and O3c in the inter-parallel site), two pathways exist. We found that 
H removed by CH4* and CH3* cleavage tends to adsorb on the inter- 
parallel O3c, and the activation energy barrier to be overcome is 1.02 
and 1.19 eV, respectively. The H removed by CH2*, CH* tends to adsorb 
on the neighboring O3c site, with an activation energy barrier to over
come of 0.37 and 0.61 eV, respectively. The C* is oxidized by lattice 
oxygen to form CO*, a process that overcomes an activation energy 
barrier of 2.09 eV. In a one-step oxidation reaction that overcomes an 
activation energy barrier of 0.62 eV, CO* is further oxidized by lattice 
oxygen to CO2. In pathway B, CH3* formed by dehydrogenation of CH4 
migrates from the Fe site to the neighboring O3c. Then a stepwise 
dehydrogenation overcomes 1.25, 0.74 eV to form CH2OO* and HCOO*, 
respectively. Finally, the HCOO* overcomes 0.99 eV to form the CO2*.

The mechanism by which CH4 is oxidized in Fe2O3(104) is shown in 
Fig. 11(c). We found that CH4 tends to adsorb at the O site. In addition, 
both Fe2O3(001) and Fe2O3(012) show superior pathways for the lattice 
oxygen reaction mechanism. Therefore, the oxidation pathway of CH4 
adsorbed at the Fe site is not considered in this study. The dehydroge
nation of CH4 adsorbed to the oxygen site to form CH3* remains at the 
same site and H is transferred to the neighboring O site. The activation 

energy barrier for this process is 0.30 eV. Dehydrogenation of CH3* 
tends to form the bidentate formate CH2OO*, which is then dehydro
genated to form CHOO*, the former having to overcome an activation 
energy barrier of 0.49 eV and the latter having to overcome an activa
tion energy barrier of 0.82 eV. CHOO* overcomes the activation energy 
barrier of 1.13 eV to form CO2* together with dehydrogenation, and 
eventually desorbs to form CO2.

From the above it can be seen that the lattice oxygen activation 
oxidation mechanism is not only a thermodynamically advantageous 
pathway compared to the Fe site activation pathway, but also avoids the 
formation of carbon accumulation by alkane cleavage. In addition, the 
difference in the arrangement of the surface atoms leads to significant 
differences in the detailed oxidation pathways as well as the activation 
energy barriers for CH4. For Fe2O3(012) and Fe2O3(001), the rate- 
determining step(RDS) is CH3O*+OL→CH2OO*+H, and the activation 
energy barrier decreases from 1.34 eV for Fe2O3(001) to 1.25 eV for 
Fe2O3(012). CHOO*→COO*+H is the RDS for the Fe2O3(104), which 
has an activation energy barrier of 1.13 eV. Obviously, there is a crystal 
plane dependence of the CH4 oxidation on Fe2O3 and α-Fe2O3(104) has a 
thermodynamic advantage.

3.6.3. Electronic structure characterization
In order to gain insight into the underlying physicochemical mech

anisms by which crystal surface effects affect oxygen activity and key 
reactive processes, we have analyzed the electronic structure properties 
of key fundamental processes.

The partial density of states (PDOS) of the Fe2O3 are as shown in 
Fig. 12(a). In Fe2O3 oxygen carriers, the Fe-3d and O-2p orbitals are 
hybridized and show covalent bonding properties. At the Fermi energy 
level, the appearance of O-2p orbitals in Fe2O3(104) leads to a decrease 
in the band gap, an increase in the electron transfer capacity of 
Fe2O3(104). In addition, the top of the valence band of Fe2O3(104) is 
mainly contributed by O-2p orbitals, and its O-2p orbital peaks are 
stronger than those of other crystalline surfaces, indicating an enhanced 
O-electron donating capacity and increased lattice oxygen activity. This 
can also be described by the O-2p band center [48]. The O-2p band 
centers of Fe2O3(001), Fe2O3(012), Fe2O3(104) are − 1.73 eV, − 1.51 eV, 
− 1.26 eV, respectively, which are gradually close to the Fermi energy 
level. This suggests that the change in the Fe–O coordination environ
ment due to the crystal face effect effectively regulates the redox ca
pacity of the lattice oxygen activated by O-2p.

The electronic-density-difference (EDS) before and after CH3O 
adsorption are shown in Fig. 12(b). The yellow color in the EDS diagram 
represents an increase in charge and the indigo color represents a 
decrease in charge. It can clearly be seen that the charge of the C atom 
decreases significantly after CH3 adsorption, while the charge on the O 
sites adsorbed by CH3 accumulates. This indicates that electrons are 
transferred from CH3 to O. According to the Lewis acid-base pair theory, 
CH3 is the charge donor and is a Lewis base, while O is the charge 
acceptor and plays the role of a Lewis acid. Obviously, O, which is more 
capable of accepting charge, contributes to the charge transfer of the 
adsorbate and the bond between the two is stronger, thus contributing to 
the lowering of the activation energy barrier. As the density of states 
results show (Fig. 12(a)), the high index of O-2p exposing the crystal 
surface allows new occupied states at the valence tip, the empty states 
corresponding to the hole states created, implying that the O sites are 
able to accept more electrons. In other words, the O site becomes more 
Lewis acidic. Briefly, electronic structure characterization shows that 
high exposure of the crystalline surface results in enhanced interactions 
between the adsorb ate and the surface, which lowers the reaction 
activation energy barrier for the rate control step and facilitates the 
oxidation of CH4.

4. Conclusion

Based on a series of combined experimental and theoretical 
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measurements, this work investigates Fe2O3 facet-dependent 
(Fe2O3(001), Fe2O3(012), Fe2O3(104)) oxygen activity and reaction 
mechanism for CH4 chemical looping combustion. The main conclusions 
can be drawn as follows. 

(1) Compared with the (012) and (001) facets, Fe2O3(104) can 
effectively enhance the activity in CH4 chemical looping com
bustion. This enhancement is attributed to an increase in the 
concentration of surface oxygen vacancies, an increase in the 
thermodynamic activity of lattice oxygen, and an increase in the 
rate of lattice oxygen donation and regeneration.

(2) CH4 is dissociated and adsorbed on the surface to form OCH3*, 
which are then sequentially dehydrogenated to form CH2OO*, 
CHOO*, and finally CO2 and H2O are formed and desorbed. But 
the rate-controlling step transitions from OCH3* dehydrogena
tion on Fe2O3(001)(Ea = 1.34 eV) and Fe2O3(012) (Ea = 1.25 eV) 
to CHOO* dehydrogenation on Fe2O3(104) (Ea = 1.13 eV)with 
progressively lower activation energy barriers.

(3) Exposure of crystalline surfaces perturbs the electronic structure 
of Fe2O3. The high exposure index of the crystalline surface leads 
to an upward shift of the valence band above the Fermi level and 
the creation of the O-2p vacancy state, which facilitates charge 
transfer from adsorbates. This process promotes C–H activation 
and lowers the activation energy barriers for the surface radical 
reactions.

In conclusion, this study proposes a methodology for the design of 
oxygen carriers with crystal surface engineering, with the aim of 
modulating the electronic structure. These findings will be of great 
assistance to researchers in the field of designing efficient oxygen car
riers and reaction modulations.
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