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Oxygen vacancy promoted methane partial
oxidation over iron oxide oxygen carriers in the
chemical looping process

Zhuo Cheng,a Lang Qin,a Mengqing Guo,a Mingyuan Xu,a Jonathan A. Fanb and
Liang-Shih Fan*a

We perform ab initio DFT+U calculations and experimental studies of the partial oxidation of methane to

syngas on iron oxide oxygen carriers to elucidate the role of oxygen vacancies in oxygen carrier

reactivity. In particular, we explore the effect of oxygen vacancy concentration on sequential processes

of methane dehydrogenation, and oxidation with lattice oxygen. We find that when CH4 adsorbs onto

Fe atop sites without neighboring oxygen vacancies, it dehydrogenates with CHx radicals remaining on

the same site and evolves into CO2 via the complete oxidation pathway. In the presence of oxygen

vacancies, on the other hand, the formed methyl (CH3) prefers to migrate onto the vacancy site while

the H from CH4 dehydrogenation remains on the original Fe atop site, and evolves into CO via the

partial oxidation pathway. The oxygen vacancies created in the oxidation process can be healed by

lattice oxygen diffusion from the subsurface to the surface vacancy sites, and it is found that the

outward diffusion of lattice oxygen atoms is more favorable than the horizontal diffusion on the same

layer. Based on the proposed mechanism and energy profile, we identify the rate-limiting steps of the

partial oxidation and complete oxidation pathways. Also, we find that increasing the oxygen vacancy

concentration not only lowers the barriers of CH4 dehydrogenation but also the cleavage energy of

Fe–C bonds. However, the barrier of the rate-limiting step cannot further decrease when the oxygen

vacancy concentration reaches 2.5%. The fundamental insight into the oxygen vacancy effect on CH4

oxidation with iron oxide oxygen carriers can help guide the design and development of more efficient

oxygen carriers and CLPO processes.

1 Introduction

Chemical looping combustion (CLC) is an innovative technology
that can be used for CO2 capture and enhancement of energy
efficiency of the combustion process. Direct contact between fuel
and combustion air is avoided in this combustion scheme.1,2

The CLC reactors include a fuel reactor where the metal oxide
oxygen carriers are reduced by reaction with the carbonaceous
feedstock, and an air reactor where the reduced metal oxides are
regenerated by re-oxidization with air. This technology has been
developed into a chemical looping partial oxidation (CLPO)
process for direct syngas production from methane with signifi-
cant economic attraction compared to the conventional methane
reforming method. In the CLPO process, oxygen carriers provide

oxygen to partially oxidize methane in the fuel reactor or the
reducer, while undergoing reduction themselves. The reduced
oxygen carriers are then regenerated by air in the air reactor
and circulated back to the reducer. The CLPO can generate
separate streams of a high purity syngas from the reducer,
which obviates several downstream processing steps in the
reforming operation, yielding a highly efficient process with
high economic benefits.3,4 Oxygen carriers play an important
role in determining the product quality and process efficiency
for the CLPO process. During reduction, the oxygen carriers
donate the required amount of lattice oxygen for methane partial
oxidation and form oxygen vacancies. In the oxidation step, the
depleted oxygen carriers are replenished with gas oxygen from
air while the oxygen vacancies are healed. Extensive studies have
been performed in the design and development of efficient oxygen
carriers. Oxygen carriers for CLPO need to possess properties
such as high oxygen-carrying capacity, high fuel conversion,
good redox reactivity, fast kinetics, good recyclability, long-term
stability, high attrition resistance, good heat-carrying capacity,
high melting point, resistance to toxicity, and low production cost.
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In addition, the applications of partial oxidation for chemical
production require certain oxygen carrier properties for accurately
controlling the product selectivity. Various oxygen carriers have
been studied for CLPO applications, such as transition metal
oxides of Mn, Co, Ni, Cu and Fe.5–10 Among these oxygen carriers,
iron oxides are attractive due to their cost benefits and versatility
in applications for chemical looping reactions.11–13

Studies on methane partial oxidation in a chemical looping
system using iron oxide oxygen carriers have been conducted in
recent years. Luo et al.14 reported that the Fe2O3-based oxygen
carrier can generate syngas at a concentration higher than 90%,
balanced by CO2 and steam, with full fuel conversion. In their
unique moving bed reactor configuration, the reactor is designed
to operate with minimal carbon deposition and without the use
of steam. The feedstock can be methane, biomass, coal, and
other types of carbonaceous fuels, and the H2/CO ratio may vary
from 1 : 1 to 3 : 1 depending on the feedstock and operating
conditions. Jin et al.15 studied the reduction of Fe2O3 and
evolution of gas products during CH4 oxidation using TGA-MS
under different reaction atmospheres, and reported that the
ventilation air will hamper CH4 oxidation. However, the methane
partial oxidation on iron oxide oxygen carriers is still not fully
understood due to the complex nature of Fe2O3 and limitations in
experimentally detecting the dehydrogenated CHx radicals and
intermediates formed during the partial oxidation process using
current spectroscopic techniques. Although recently Huang et al.16

performed a DFT study on CH4 oxidation with iron oxide and
proposed a reaction mechanism, they did not include oxygen
vacancies in their model study, which have been proved to play
an important role in CH4 dehydrogenation steps.17 As afore-
mentioned, the oxygen carriers will donate lattice oxygen to the
reactant during methane partial oxidation which leads to the
formation of oxygen vacancies. The vacancy sites act as initiators for
adsorption of molecules in many surface reactions.18–22 Therefore,
it is important to discern the stability of different oxygen vacancies
on the iron oxide surface, and examine their effect on the
interaction between methane and oxygen carriers.

DFT+U calculations can improve the accuracy of conven-
tional DFT calculations and provide valuable information on
the structure of the active sites and the energy of adsorbed
species interacting with the surfaces.23–25 In addition, detailed
reaction pathways can be derived and characterized by the
energy profile of the constituent elementary steps.26 There have
been a few DFT studies on the Fe2O3 structure. Warschkow
et al.27 built a slab model of the (001) surface of hematite as well
as the bulk structure, and found that vacancies are easier to
form if they are closer to the outermost layer of surfaces.
Wanaguru et al.28 modeled hematite nanoribbons, and showed
that built-in oxygen vacancies can be produced on the edge.
However, these studies only focus on the solid state and have
not considered the relative surface reaction. Although the CH4

dissociation mechanism on various materials has been widely
studied,29–32 there are few reports on the CH4 dehydrogenation
and oxidation mechanism on iron oxide. The mechanism of
methane partial oxidation on iron oxide oxygen carriers with
oxygen vacancies remains unknown. It is also not clear as to

how oxygen vacancies affect methane oxidation to syngas by
partial oxidation or CO2 by complete oxidation. This lack of
knowledge hampers the design and development of oxygen
carriers. Thus, a detailed study of the role of oxygen vacancies
in CH4 partial oxidation and complete oxidation is essential.

In this study, we present a DFT+U and thermochemistry
analysis of CH4 oxidation on the a-Fe2O3(001) surface with
various oxygen vacancies to explore the role of oxygen vacancies
and the oxidation mechanism. We also perform experimental
Thermogravimetric Analysis (TGA) to examine our DFT+U calcu-
lations. This study provides insights into the detailed methane
partial oxidation and complete oxidation processes that can be
useful in guiding the design of more efficient oxygen carriers and
the development of the CLPO process.

2 Method
2.1 Computational

The first-principles calculations were performed within the
framework of density functional theory (DFT), using the Vienna
Ab Initio Simulation Package (VASP).33–35 The generalized gra-
dient approximation of Perdew, Burke and Ernzerhof36 (PBE)
was used to represent the exchange–correlation energy. The
projector-augmented wave (PAW) method,37,38 with a 400 eV
energy cutoff, was used to describe the wave functions of the
atomic cores. The tetrahedron method with Blöchl corrections39

was used to set the partial occupancies for the orbitals. The
a-Fe2O3(001) surfaces with various terminations were chosen to
model the iron oxide slab. An 8 � 8 � 1 Monkhorst–Pack k-point
mesh was used for surface calculations. The spin restricted
method was used for the investigation of the oxygen vacancy
formation on the a-Fe2O3(001) surface and spin-unrestricted
calculations for the study of the CHx radical (x = 0–3) adsorption
and oxidation on the a-Fe2O3(001) surface, respectively. The
on-site Coulomb repulsion amongst the localized 3d electrons
is not described very well in a spin-polarized DFT treatment. To
consider this Coulomb repulsion explicitly, we used DFT+U
correction, which consists of combining the DFT with a Hubbard–
Hamiltonian term.40,41 Huang et al. used a linear response
technique to derive specific U values for all Fe atoms in several
slab geometries of a-Fe2O3(001) and showed that the U value is a
key factor in obtaining theoretical results for surface stability
that are congruent with the experimental literature results of the
a-Fe2O3(001) surface structure.42 Rollmann et al. found that
when increasing U from 1 eV to 4 eV, it results in improved
values for lattice constants and band gaps as well as better
agreement with the density of states by experimental IPS spectra.
A further increase in U cannot achieve a better agreement.43

Therefore, we choose U = 4 eV to describe the energy required for
adding an extra d electron to the Fe atom. The calculated a-Fe2O3

bulk lattice parameters were a = b = 5.04 Å and c = 13.83 Å, in
good agreement with the experimental values (a = b = 5.038 Å
and c = 13.772 Å).44 It also agrees well with the results of Mosey
et al. that Fe2O3 lattice constants obtained from PBE+U calcula-
tions are slightly higher than the experimental values.45
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The oxygen vacancy formation energies are calculated based
on the following expression:

Ef = Etot � EV � 1
2EO2

(1)

In eqn (1), Etot is the total energy of the stoichiometric surface,
EV is the total energy of the reduced surface with one oxygen
vacancy, and EO2

is the total energy of the optimized gas phase
O2. The adsorption energies of CHx (x = 0–3) radicals on the
a-Fe2O3(001) surface are calculated using the expression as below:

Ead = ECHx
+ Esurf � E(CHx+surf) (2)

where ECHx
is the energy of the optimized gas phase geometry of

CHx, Esurf is the total energy of the respective surface, and
E(CHx+surf) is the total energy of the slab with adsorbed CHx.
Based on this definition, a more positive Ead corresponds to a
more stable configuration.

For CH4 dehydrogenation and oxidation barrier calculations,
the climbing-image nudged elastic band (CI-NEB) method was
used.46,47 This method enabled the stationary points to be
mapped out along the minimum energy paths and identified
transition states for each of the diffusion processes. Because
these paths were directed by force projection, the energy was not
necessarily consistent with the force being optimized; thus, the
force-based optimizer was chosen to ensure the convergence
of the nudged elastic band algorithm. Based on this model
and proposed mechanism cycles above, we can map the energy
profile of CH4 partial oxidation and complete oxidation path-
ways by the CI-NEB method. However, we need to correct the
energy barriers using the thermochemistry model because the
reaction temperature in the chemical looping system is usually
higher than 700 1C. We previously developed a modified
Brønsted–Evans–Polanyi relationship to calculate the activation
energy for the elementary steps of metathesis reaction.48 Here,
we extend this method to calculate the energy barriers for CH4

oxidation at 1000 1C using the equation below:

Ea(T) = Ea,DFT + a(DHr(T) � DEr,DFT) (3)

where Ea,DFT corresponds to the forward activation energy
barrier at 0 K, which is obtained from CI-NEB calculations.
DHr(T) is the reaction enthalpy at finite temperature, which is
calculated from the individual enthalpies of the initial state
and the final state for the constituent elementary reactions.
DEr,DFT is the difference between the energies of the final
state and the initial state at 0 K. The variable a denotes the
relative position of the transition state compared to the initial
(i.e., a = 0) or final (i.e. a = 1) state of the relevant elementary
dissociation reaction. It can be obtained by considering which
image in the CI-NEB calculations corresponds to the transition
state. When the value of a is close to 0, it corresponds to an
initial-like transition state; thus, the activation energy may be
maintained at the DFT value. When the value of a is close to 1,
it corresponds to a final-like transition state and the activation
energy is corrected using eqn (3). To obtain enthalpy, H,
at finite temperature T, for all adsorbed species and products,
we correct the electronic energy for the zero point energy (ZPE)
contribution and temperature variation using Cp. The heat

capacity CP ¼ T
@S

@T

� �
P

can be computed numerically by

differentiating the entropy. The vibrational entropy, Svib, can
be directly obtained from the vibrational partition function
using the DFT-calculated frequencies.

2.2 Experimental

Fe2O3 powders were purchased from Fisher Scientific. Fe2O3

was treated by ball milling for 24 hours at room temperature.
The mixed powders were uniaxially pressed into a pellet with a
diameter of 8 mm and a thickness of 2–3 mm. The top surfaces
were perpendicular to the pressing direction and parallel to the
die surfaces. The samples were heat treated in air at 110 1C for
2 hours to remove volatile impurities using a 2 1C min�1 heating
rate and then sintered at 1300 1C for 2 h using 2 1C min�1 heating
and 2 1C min�1 cooling rates, respectively. Approximately 45 mg
of disaggregated pellet samples were mounted into an alumina
crucible and run through ten oxidation–reduction cycles at
1000 1C with a 45 1C min�1 ramp rate using a Setaram SETSYS
Evolution Thermogravimetric Analyzer (TGA). Oxidation was
performed using a 200 ml min�1 flow of gas consisting of 50%
air balanced with N2. The reduction step used a 200 ml min�1

flow of gas containing 50% CH4 balanced with N2. The oxida-
tion and reduction steps lasted for 5 minutes each and were
alternated with an intermediate 5 minute flushing step using
N2 at 100 ml min�1.

3 Results and discussion
3.1 Surface termination of the iron oxide oxygen carriers

To investigate the oxidation mechanism, the stable iron oxide
surface termination under the chemical looping conditions needs
to be determined. The Fe2O3 bulk is cleaved along the (001) surface.
A 15 Å thick vacuum layer was used to separate the surfaces and
their images. The use of the periodic models avoids the introduc-
tion of edge effects and allows for a more accurate description of
surface relaxation. Depending on the cleavage position and the
repeat of iron and oxygen atom ordering, three possible termina-
tions can be built: Fe(s+1)–O(s)–Fe(s�1)�, O(s)–Fe(s�1)–Fe(s�2)� and
F(s�1)–Fe(s�2)–O(s�3)� as shown in Fig. 1.

We calculate the surface free energy to compare the stability
of these three surface terminations at 1000 1C and 1 atm by
the combined DFT+U and statistical mechanics method. The
Fe2O3(001) surface energy g at temperature T and pressure p can
be written as:

gðT ; pÞ ¼ 1

A
GðT ; pÞ �NFemFe �NOmO½ � (4)

where mFe and mO are the chemical potentials of Fe and O,
respectively, and NFe and NO are the number of Fe atoms and
O atoms, respectively. A is the surface area and G is given by:

G(T,p) = EDFT � TS + PV. (5)

For a solid slab system, the vibrational entropy Svib is the main
contributor. It can be directly obtained from the vibrational
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partition function, using the DFT-estimated frequencies vi:

Svib ¼
XN
n¼1

hvi

T

Xi

1� Xi
� kB ln 1� Xið Þ

� �
(6)

where Xi = exp(�hvi/kBT).
Fe2O3 can be used as the chemical potential reference for Fe

as given by:

mFe ¼
mFe2O3

� 3mO
2

(7)

During the chemical looping process, the oxidation and reduction
steps last for 5 minutes each and are alternated with an intermediate
5 minute flushing step using N2 at 100 ml min�1. Therefore, it can
be properly assumed that the surface is in a thermodynamic
equilibrium state. It was found that the free energy of the Fe(s+1)–
O(s)–Fe(s�1)� terminated surface is 1.24 J m�2 at 1000 1C and 1 atm,
which is lower than the free energies of O(s)–Fe(s�1)–Fe(s�2)� and
F(s�1)–Fe(s�2)–O(s�3)� terminated surfaces (Table 149). Therefore,
Fe(s+1)–O(s)–Fe(s�1)� is the dominant termination surface which also
was proven in the X-ray photoelectron diffraction study. Table 1 also
shows interlayer relaxations of three uniquely terminated surfaces as
compared to available experimental studies. Surface relaxations
shown in Fe(s+1)–O(s)–Fe(s�1)� are in qualitative agreement with the
literature,50 which confirms that our models are sufficiently accurate
to simulate the iron oxide oxygen carrier.

3.2 CH4 oxidation on the stoichiometric a-Fe2O3(001) surface

The chemical looping reactors include a fuel reactor where the
iron oxide oxygen carriers are reduced by reaction with the

methane and an air reactor where the reduced iron oxides are
regenerated by re-oxidization with air. Therefore, we assume
that there is no oxygen vacancy on the surface of initial iron
oxide after being regenerated by re-oxidization with air. The
stoichiometric a-Fe2O3(001) surface with Fe(s+1)–O(s)–Fe(s�1)�

teremination can represent the initial surface of the iron oxide
oxygen carrier in the CH4 oxidation process.

To study the CH4 oxidation process, we first examined the
adsorption of CH4 on the stoichiometric a-Fe2O3(001) surface
with Fe(s+1)–O(s)–Fe(s�1)� termination. Various adsorption con-
figurations were considered and calculated. In the most favor-
able case, CH4 adsorbs at the surface iron Fe(s+1) site with an
adsorption energy of 0.06 eV. We further examined the adsorp-
tion of CHx radicals. Methyl (CH3) is the first intermediate
during CH4 dehydrogenation. It was found that the C atom of
CH3 directly bonding to the surface iron Fe(s+1) site is the most
stable configuration and the corresponding adsorption energy
is 0.32 eV. For the adsorption of methylene (CH2) radicals, it
showed strong affinity towards both the surface iron Fe(s+1)

site and the surface oxygen site. The adsorption energies were
1.26 eV and 1.23 eV, respectively. For the methine (CH) radical,
calculations on various adsorption configurations indicated
that C–Fe(s+1) binding is the most stable and the adsorption
energy is 2.82 eV. The surface oxygen atop site adsorption is
relatively unstable with an adsorption energy of 1.89 eV. For the
C radicals, the adsorption energies are 4.84 eV while they
bind to the surface Fe(s+1) site, 5.13 eV to the surface O site,
and 4.51 eV to the Fe(s+1)–O bridge site, which indicates the
strong interaction between the C radical and the stoichiometric
a-Fe2O3(001) surface.

We now examine each of the elementary reactions for CH4

dehydrogenation and oxidation on the stoichiometric a-Fe2O3(001)
surface, by starting from CH4 adsorbed at the Fe atop site.
While determining the reaction pathway, we consider all
possible intermediates using a three-step approach: (1) all likely
H or CHx binding sites for a new given intermediate were first
examined, (2) all possible reaction paths to the given inter-
mediates were calculated, and the low barrier reaction channels
were chosen as the means to reach the next intermediates, and
thus the competing paths with higher reaction barriers are not
discussed further, and (3) the previous two steps are repeated in
succession until CO or CO2 is produced. For example, in the
step of CH3 radical dehydrogenation, all possible final states
are considered and two favorable paths are shown in Fig. 2(A).
The energy barrier indicates that the H atom from CH3

dehydrogenation prefers the neighboring surface O site which
has not been occupied by the first H atom from CH4 dehydro-
genation. The energy barrier for the formation of final state FS2
with two O–H bonds via the 2(O–H) path is 1.52 eV, which is
0.22 eV lower than the barrier for the formation of FS1 via the
O–2H path where the two dehydrogenated H atoms bind to the
same surface oxygen site. Therefore, the 2(O–H) path is chosen
as the means to reach the next intermediate. We also consider
the CHx radical evolution by binding with the surface oxygen
site. When the adsorbed CH2 radical migrates from the Fe(s+1)

site to the surface oxygen site, it forms a CH2O species as shown

Fig. 1 a-Fe2O3(001) surface with different terminations. Iron atoms are
displayed as purple balls and lattice oxygen atoms as red balls.

Table 1 Surface energy of Fe2O3 with various terminations and interlayer
relaxations

Surface
termination

Surface
energy (J m�2)

Interlayer relaxations (%)

Fe(s+1) O(s) Fe(s�1) Fe(s�2)

Fe(s+1)–O(s)–Fe(s�1)� 1.24 38 8 9 6
31* 2* 5* 3*

O(s)–Fe(s�1)–Fe(s�2)� 2.21 — 48 54 38
64* 62* 33*

F(s�1)–Fe(s�2)–O(s�3)� 4.15 — — 36 28

The interlayer relaxation values with * are from experimental results.47
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in Fig. 2(B). Although the barrier of CH2O dehydrogenation
forming CHO and H, 1.39 eV, is close to the barrier of direct
dehydrogenation of CH2 on the Fe site (1.35 eV), this step is
extremely exothermic (�1.36 eV), which makes it unfavorable in
the high temperature chemical looping process. The CH2–Fe
path is thus chosen as the means to reach the next intermediate
in CH4 oxidation. Following this approach, the initial CH4

oxidation mechanism on the stoichiometric a-Fe2O3(001) surface
with the activation barrier for each elementary step is obtained
as shown in Fig. 3. It can be seen that CO2 and H2O are produced
by CH4 interaction with lattice oxygen atoms, which indicates
that it is CH4 complete oxidation. The product CO2 release
will result in two oxygen vacancies in the outermost layer of the
a-Fe2O3(001) surface.

3.3 Vacancy-induced lattice oxygen diffusion

CH4 oxidation on the stoichiometric a-Fe2O3(001) surface creates
two surface oxygen vacancies as shown in Fig. 3. We herein
consider the most plausible pathways of lattice oxygen diffusion
to surface oxygen vacancies and evaluate their diffusion barriers
which were calculated using CI-NEB. Stable positions of Fe and O

atoms corresponding to local energy minima have been identified
through atomic relaxation after two surface oxygen vacancies
are introduced at the original site due to CO2 formation. The
diffusion energy barrier is defined as the energy difference between
the local minima and the transition state corresponding to the
highest energy level along the lattice oxygen diffusion pathway.

First, we study the diffusion of one lattice oxygen atom to heal
one surface oxygen vacancy. The two surface oxygen vacancies
are labeled as VO(1) and VO(2). From the subsurface to the surface,
six distinguishable lattice oxygen atoms are chosen to describe
the diffusion pathway for VO(1) healing as shown in Fig. 4. These
lattice oxygen atoms are labeled as O(s)A, O(s)B and O(s)C in the top
layer, and O(s�3)A, O(s�3)B and O(s�3)C in the subsurface. For O(s)A,
O(s)B and O(s)C in the top layer, they can heal the surface vacancy
VO(1) via horizontal diffusion, and then create a new surface
oxygen vacancy in their original location. For O(s�3)A, O(s�3)B and
O(s�3)C on the subsurface, they diffuse to the surface vacancy
VO(1) through a gap between the corner-sharing and the edge-
sharing FeO6 octahedrons. This oxygen diffusion from the sub-
surface to the outermost surface leads to the formation of one
Fe(s�1)–O bond and two Fe(s+1)–O bonds, meanwhile creates one
subsurface oxygen vacancy. The calculated diffusion barriers are
shown in Fig. 5. From Fig. 5, we can see that the diffusion of
lattice oxygen O(s�3)B on the subsurface to VO(1) is the most
favorable, with a diffusion barrier of 0.38 eV. Also, it can been
seen that the energy barriers for O(s)A, O(s)B and O(s)C diffusion
are higher than those for O(s�3)A, O(s�3)B and O(s�3)C diffusion,
which indicates that the outward diffusion of lattice oxygen
atoms is more favorable than horizontal diffusion on the same
layer. In addition, we found that the vacancy migration from the
outermost layer to the subsurface is endothermic, which is in
agreement with our previous results that the oxygen vacancy on
the top surface of a-Fe2O3(001) is more stable than the vacancy
on the subsurface.

3.4 CH4 oxidation on the a-Fe2O3(001) surface with oxygen
vacancies

Vacancies are created due to CO2 release during initial CH4

oxidation on the stoichiometric a-Fe2O3(001) surface. Here
we further examined the CH4 oxidation on the a-Fe2O3(001)
surface with oxygen vacancies VO(2) and VO(s�3)B, which have
been proved to preferentially form after intial CH4 oxidation.

We found that the vacancy site is unfavorable for CH4 adsorp-
tion, while the neighboring Fe(s+1) site has a weak interaction with
CH4, with an adsorption energy of 0.02 eV. For the CH3 radical,
the strongest adsorption configuration resides at the oxygen
vacancy site with an adsorption energy of 2.12 eV, which is
1.8 eV higher than the strongest adsorption on the stoichiometric
surface. For adsorption of CH2, the adsorption on the Fe(s+1) atop
site and the vacancy site is found to be nearly identically stable
with an adsorption energy of 3.54 eV and 3.58 eV, respectively.
The adsorption energy of the most stable CH2 adsorption configu-
ration on the surface with a VO(1) vacancy is 2.32 eV higher than
that on the stoichiometric surface. The influence of vacancies
on the CH2 radicals adsorption is similar to CH3 radicals. The
adsorption strength in both the Fe(s+1) site and the vacancy shows

Fig. 2 Determining the pathway of CH4 oxidation on the stoichiometric
a-Fe2O3(001) surface using the free energy diagram of CH3 and CH2

radical evolution.
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a great increase with the presence of the vacancy. Similarly, with
the presence of neighboring oxygen vacancies, the CH radical
adsorption on Fe atop with an adsorption energy of 4.48 eV
becomes stronger than CH adsorption in the Fe(s+1) site on the
stoichiometric surface. Therefore, the formation of oxygen
vacancies due to the initial CH4 oxidation and CO2 release
can facilitate the CHx (x = 1–3) radical adsorption, though it is
unfavorable for CH4 adsorption.

To investigate the van der Waals interaction effect on the
adsorption on the stoichiometric and defective a-Fe2O3(001)
surfaces with oxygen vacancies, we also calculated the disper-
sion energies and found that the inclusion of this correction

results in an increase in the adsorption energy by about
0.01–0.04 eV for CHx species adsorption. Therefore, the van der
Waals interaction should not significantly affect the adsorption of
CHx species. This is because the adsorption of CHx species is
quite strong, and thus, dispersive forces play only a small role.

To determine the CH4 oxidation reaction pathway on
a-Fe2O3(001) surfaces with oxygen vacancies, again we use
the three-step approach to seek for the most favorable inter-
mediates. Upon the first step of CH4 dehydrogenation on the
Fe(s+1) site with a neigboring surface oxygen vacancy, the formed
CH3 radical may react with Fe2O3 via the O–H path where
CH3 remains on the Fe(s+1) site while the H atom migrates to

Fig. 3 CH4 complete oxidation mechanism on the a-Fe2O3(001) surface. The activation barrier (eV) for each elementary step is given. VO denotes the
surface oxygen vacancy.

Fig. 4 Paths of lattice oxygen diffusion into vacancies of the a-Fe2O3(001) surface. Blue line denotes the outward diffusion of lattice oxygen atoms, and
black line denotes the horizontal diffusion.
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the surface oxygen site, or via the Fe–H path where the CH3

radical is adsorbed to the neighboring oxygen vacancy site,
whereas H remains on the original Fe adsorption site. The
calculation shows that the Fe–H path is more favorable with a
barrier of 1.72 eV, which is 0.22 eV lower than the barrier of the
O–H path as shown in Fig. 6(A). Therefore FS5 is chosen as the
intermediate for the following oxidation process. It was found that
the C–H bonds of CH3 are successively cleaved at this vacancy site,
and the protons are adsorbed onto the neighboring Fe sites. For
the adsorbed CH radical, we also examined the possible O site
binding. If CH migrates to the neighboring surface oxygen site, it
will form a CHO complex. From Fig. 6(B), we can see that the CHO
path needs to overcome a higher barrier (1.55 eV if all H atoms
bind to Fe sites and 1.41 eV if one H atom binds to the surface
oxygen site) than the CH-VO path (1.33 eV). Therefore, the CHO
path is excluded from the reaction network.

Once an Fe site has two H atoms, a covalent bond is formed
between the two H atoms which leads to the formation of a H2

molecule. After the last C–H bond is cleaved, the lattice
oxygen diffuses from the subsurface to the surface vacancy site,
to form a C–O complex. The C–O complex transfers to the
neighboring Fe site, from which it dissociates as a gaseous CO
molecule. This pathway results in partial oxidation of methane.
The mechanism is described in Fig. 7. Compared with the
mechanism of complete oxidation of methane shown in Fig. 3,
we can see that the oxygen vacancies greatly affect CH4 evolu-
tion which leads to syngas production.

Based on the proposed mechanism, we can predict that CO2

and H2O are produced in the beginning of oxidation of CH4

because the initial iron oxide oxygen carrier has been fully
oxidized in the air reactor resulting in the adsorption of CH4

molecules onto the Fe atop sites with no neighboring vacancies
and causing subsequent reactions to proceed via a complete
oxidation pathway. Monazam et al.51 used thermogravimetric
analysis to investigate the reduction of Fe2O3 in a methane
atmosphere over the range of 700–825 1C with a continuous
stream of CH4 (15%, 20%, and 35%), and found that most of

the CH4 molecules were completely oxidized to CO2 and H2O at
the early stages of the reduction period, and then CO and
H2 were released due to partial oxidization of CH4, which is also
in good agreement with our proposed mechanism.

3.5 Oxygen vacancy concentration effect

We have found that oxygen vacancies play an essential role in
CH4 partial oxidation. Here we further investigated the effect of
oxygen vacancy concentration on CH4 oxidation. By removing a
3-fold bridging oxygen (O3c), a vacancy on the top surface VO(1)

can be created. It results in one 2-fold coordinated Fe (Fe2c) and
two 5-fold coordinated Fe (Fe5c). When the third oxygen vacancy
is created in our model system including 286 oxygen atoms, the
vacancy concentration is about 1%. Similarly, we can create
more oxygen vacancies to simulate the reduced a-Fe2O3(001)
surface with higher oxygen vacancy concentration. The distance
between neighboring surface vacancies is about 5 Å. We plot the
relationship between C–H bond activation energy and oxygen
vacancy concentration of a-Fe2O3(001) in Fig. 8. We can see that
the activation barrier of the C–H bond in CH4 decreases to
1.42 eV from 1.96 eV when the oxygen vacancy concentration
increases to about 2.5%, and then remains almost unchanged
even though more oxygen vacancies are created. For the activa-
tion barrier of the C–H bond in the CH3 radical, it decreases to

Fig. 5 Energy barrier of lattice oxygen atom outward diffusion (O(s�3)A,
O(s�3)B and O(s�3)C) and horizontal diffusion (O(s)A, O(s)B and O(s)C) to the
surface vacancy of a-Fe2O3(001).

Fig. 6 Determining the pathway of CH4 oxidation on the reduced
a-Fe2O3(001) surface with oxygen vacancies using the free energy diagram
of adsorbed CH4 and CH radical evolution.
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0.83 eV from 1.41 eV when the oxygen vacancy concentration
increases to about 2%, and then remains at 0.83 eV. A similar
trend is observed in the activation of the C–H bond in CH2, the
lowest barrier is obtained when the oxygen vacancy concen-
tration reaches about 2%. For the activation of the C–H bond in

the CH radical, the lowest barrier is about 0.91 eV and the
corresponding oxygen vacancy concentration is 1.73%. These
results indicate that increasing oxygen vacancy concentration
causes the decrease in the barrier of C–H bond activation,
namely, a higher activity for CH4 partial oxidation. However,
when oxygen vacancy concentration is higher than certain
values, increasing the oxygen vacancy concentration cannot
continue to lower the C–H bond activation barrier. It may be
because of the weak interaction between oxygen vacancies in
the deeper subsurface and the adsorbed surface species.

To verify the vacancy concentration effect on the kinetics of
CH4 oxidation, we performed a TGA test. The conversion of the
sample in TGA, calculated using the following equation, is
shown as the black solid line in Fig. 9.

X ¼ mb �mið ÞMFe2O3

mb � 3MO
� 100% (8)

where X is the conversion of the iron oxide in TGA. mb means
the beginning weight of the iron oxide in TGA. mi represents the
instant weight in TGA. And MFe2O3

and MO represent the relative
molar mass of Fe2O3 and O, respectively. Meanwhile, since the
conversion is only related to oxygen, it approximately equals
the vacancy concentration in iron oxide. We found that the
disaggregated Fe2O3 pellet began to agglomerate after about
100 s of heating at 1000 1C due to the sintering effect, so we
only examine the reaction between 0 and 100 s, which can
represent the early stage of CH4 oxidation.

Fig. 7 CH4 partial oxidation mechanism on the a-Fe2O3(001) surface with oxygen vacancies. The activation barrier (eV) for each elementary step is
given. VO denotes the surface oxygen vacancy.

Fig. 8 The relationship between the C–H bond activation energy and the
oxygen vacancy concentration of the a-Fe2O3(001) surface.
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And the differential TGA (DTG), which represents the reac-
tion rate, is obtained by original TGA weight differential shown
as the red dashed line. Fig. 9 shows the immediate weight
decrease as soon as methane injection in TGA at 1000 1C. In
detail, the differential of the weight decreases promptly in the
first stage, meaning the augment of the reaction rate of
methane oxidation on iron oxide. This corresponds to the fact
that the increase in oxygen vacancy concentration during CH4

oxidation lowers the barriers of the CH4 oxidation process.
However, when the conversion further increases, the reaction
rate remains identical, which is in qualitative agreement with
our conclusion that the barrier of CH4 oxidation cannot further
decrease when the oxygen vacancy concentration reaches a
certain value.

From Fig. 7 and 8, we can see that the first step of CH4

dehydrogenation is the rate-limiting step of CH4 partial oxida-
tion, and the lowest barrier is obtained at an oxygen vacancy
concentration of 2.43%. Therefore, we plotted the energy profile
of CH4 partial oxidation on the surface with about 2.5% oxygen
concentration as shown in Fig. 10. For comparison, the energy
profile of CH4 complete oxidation is also plotted in Fig. 10.

We can see that the barriers of CH4 hydrogenation are higher
than the barriers of lattice oxygen diffusion in both the partial
oxidation and the complete oxidation of methane. In addition,
it clearly shows that 2.5% oxygen vacancies can lower 0.5–0.6 eV
barriers in the CH4 dehydrogenation process which greatly
facilitates CH4 activation. 2.5% oxygen vacancies also lower
about 0.15 eV of cleavage energy of the Fe–C bond, slightly
facilitating CH4 oxidation in the second stage. For the complete
oxidation of methane, the highest barrier is 1.96 eV while
it is 1.42 eV for the partial oxidation of methane. They
both are within the range of the reported experimental values
(150–270 kJ mol�1).52 We have found an inert support TiO2

previously, which can lower the vacancy formation energy, and
thus can lead to oxygen vacancy formation.53 Therefore, we can
increase the activity of oxygen carriers by adding suitable
inert support materials and increase CLPO efficiency by adjust-
ing the suitable methane oxidation time in the chemical
looping cycle.

4. Conclusion

Ab initio DFT+U calculations and experimental studies on
complete oxidation of methane to CO2 and H2O, and partial
oxidation of methane to syngas on iron oxide oxygen carriers
were carried out to elucidate the reaction mechanism and the
oxygen vacancy effects on the reactivity of oxygen carriers. We
found that Fe(s+1)–O(s)–Fe(s�1)� is the dominant termination
of the a-Fe2O3(001) surface at 1000 1C, and the oxygen vacancy
prefers to form on the top surface with this termination. CHx

species interacts with lattice oxygen on the stoichiometric
surface leading to CH4 complete oxidation with the formation
of CO2 and H2O, as well as surface vacancies. The lattice oxygen
atoms prefer outward diffusion to heal the surface vacancies
instead of horizontal diffusion on the same layer. In the presence
of oxygen vacancies on the top surface and the subsurface,
methyl (CH3) dehydrogenated from CH4 binds to the vacancy

Fig. 9 The TGA results of the iron oxide reacted with methane at 1000 1C.

Fig. 10 CH4 oxidation energy profile through complete oxidation and partial oxidation on the a-Fe2O3(001) surface with 2.5% oxygen vacancies.
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site and evolves into CO and H2. The increase in oxygen vacancy
concentration will facilitate the CH4 partial oxidation by low-
ering the activation barriers of C–H bonds and the cleavage
energy of the Fe–C bond. However, when the oxygen vacancy
concentration is higher than 2.5%, increasing the oxygen
vacancy concentration cannot continue to lower the oxidation
barriers. Based on the vacancy effect on the oxidation process
and the intermediate examination, the energy profile of partial
oxidation of methane to syngas promoted by oxygen vacancies
was proposed. We found that the CH4 initial dehydrogenation
into CH3 radicals is the rate-limiting step of both the partial
oxidation pathway and the complete oxidation pathway. In the
beginning of oxidation of CH4, CO2 and H2O will be produced
because the initial iron oxide oxygen carrier has been fully
oxidized in the air reactor resulting in CH4 molecules that are
adsorbed onto the Fe atop sites with no neighboring vacancies
and the subsequent reactions will proceed via the complete
oxidation pathway and create oxygen vacancies, and then the
CO and H2 can be produced by partial oxidation with these
oxygen vacancies. These findings based on the proposed
mechanism are in good agreement with the results obtained
by the TGA test. The fundamental insight into the oxygen
vacancy promoted CH4 partial oxidation on iron oxide oxygen
carriers can be applied to design and develop more efficient
metal oxide systems and reaction conditions in a wide variety of
chemical looping applications.
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