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ABSTRACT: The transformation of CO2 to chemicals and fuels offers a means of CO2 utilization while mitigating the global
carbon footprint. An attractive strategy involves the CO2 reforming of methane with oxygen carriers. In this strategy, methane is used
as the reducing agent to provide hydrogen for CO2 reduction. This study aims to investigate the reactivity of the ilmenite-based
oxygen carrier undergoing a redox reaction for CO2 reduction coupled with methane reforming and the underlying mechanism using
combined experimental study and density functional theory calculations. The enhanced activity for the methane conversion and CO2
reduction with FeTiO3 was revealed under the CH4/CO2 ratio of >8.75 with CO2 conversion of >95%. The mechanistic probe
indicated that the oxygen vacancies and hydrogen atoms from the successive dissociation of CH4 are crucial for CO2 activation and
reduction. In the dominant formate pathway, the CO2 molecule is hydrogenated to the HCOO* intermediate species and then
decomposes to CO via the C−O and C−H cleavage at the oxygen vacancy site with a low barrier of 62.5 kJ/mol. These results shed
light on the fundamental understanding of hydrogen-assisted CO2 reduction over ilmenite-based oxygen carries and open up future
research on potential strategies to improve CO2 utilization for redox reactions.

1. INTRODUCTION
CO2 emissions, primarily from the combustion of fossil fuels,
have continued to steadily increase over the past decade.1−3

There has been much effort to develop efficient approaches for
CO2 capture or conversion.

3−8 The CO2 conversion to value-
added chemicals is a solution that is widely considered to both
address the concerns over the decreasing supply of fossil fuels
and reduce CO2 emissions.9,10 However, using CO2 as a C1
feedstock via direct dissociation has been challenging because
its molecular structure is very stable.11

Photochemical, electrochemical, biological, and thermo-
chemical approaches have been applied for converting CO2
into useful products, such as CO, CH3OH, and HCOOH.

12−14

In addition to these commodity-scale chemicals, catalytic
cycloaddition of CO2 to form cyclic carbonates has also been
investigated that shows CO2 utilization capability at low
temperatures.15,16 Among these products, the conversion of
CO2 into CO, as a part of syngas, through the dry reforming of
methane (DRM) has attracted growing attention because it
can simultaneously convert CH4 and CO2. Typically, a noble-
metal-based catalyst is used for DRM to achieve a high CH4
conversion and a high CO2 utilization for an extended period
of time.17 However, many challenges need to be addressed
before this technology can be applied. The main disadvantage
of DRM is the significant production of carbon that becomes
deposited on the catalyst surface. The carbon deposition
impairs the activity of the catalyst in the reaction and reduces
its useful life.18,19

In addition to improving the catalyst activity for DRM,
different configurations of this chemistry have been envisioned
for improving the overall efficiency. This ranges from
electrochemical CO2 separation coupled with DRM,20

“super-dry” reforming using a catalyst, an oxygen carrier, and
a CO2 sorbent21 to chemical looping reforming.6,22−24

Thermodynamics dictate that Fe-based oxygen carriers,
under certain oxidation states, have the ability to reduce
CO2.

6,25,26 Particularly, this innovative CO2 reduction
technology with the chemical looping concept has attracted
much attention and been investigated recently.22,26−29

Chemical looping reforming of methane coupled with CO2
reduction (CLR-CR) is a novel technology for CO and H2
production, which is developed and established on the basis of
the chemical looping partial oxidation process and CO2
reduction process, as shown in Figure 1.
The CLR-CR technology can simultaneously convert CH4

and CO2 into syngas in the fuel reactor using oxygen carriers.
The oxygen carrier donates oxygen from its lattice for CH4
oxidation, leading to the reduction of the oxygen carrier with
the formation of oxygen vacancies. The reduced oxygen carrier
is then oxidized in the air reactor. In contrast to the
conventional DRM process, the CLR-CR system can be
operated autothermally, without the need for an external heat
source. The CLR-CR system can also directly produce high-
quality syngas (CO + H2).

22−24,26,27,30 The CLR-CR systems
with concurrent moving bed reactors have not only shown a
high CO2 utilization capability but also the ability to
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modularize the CLR-CR system for a higher reforming
capacity with Fe−Ti composite metal oxides as oxygen
carriers.6,31 For this system, CO2 was used as a partial
substitute to CH4, reducing the CH4 feed by 23% to produce
the same amount of liquid fuel compared to the baseline gas to
liquid technology.22 This increased CO2 reduction is attributed
to the unique interaction of CH4, CO2, and the ilmenite-based
oxygen carrier, which has not yet been studied. For ilmenite, it
was of great importance to understand the active solid phase
that determines the improved CO2 reduction and CH4
conversion to syngas. For syngas production without CO2,
the formation of FeTiO3 has been deemed to be the active
phase that determined the quality of syngas.32 For the CLR-
CR, the thermodynamic gas- and solid-phase profile across the
concurrent moving bed reducer is shown in Figure 2.
At the top of the fuel reactor, MOx is fed in with CH4 and

CO2, where MOx is Fe2TiO5. The reducer bottom that has
MOy as a product stream can be represented by reduced
FeTiO3. Figure 2 tracks the evolution of the gas phase and the
solid phase as they move through the fuel reactor. As seen in
Figure 2a, the gas phase transforms from CO2 and H2O to a
low-purity syngas to a high-purity syngas, with the onset of the
latter represented by the dotted line across the graphs in the
gas-phase plot. Correspondingly, this can be attributed to the

FeTiO3−Fe solid-phase transition, as seen in Figure 2b. This
profile confirms the link between the high syngas purity and
the reduction of FeTiO3

32 and couples its reduction with the
improved CO2 utilization as well. However, the factors
determining the CO2 utilization capability of the CLR-CR
system are unclear, and the reaction mechanism for enhancing
the activity of FeTiO3 still needs to be discussed. In the present
work, the reactivity of FeTiO3 for CO2 conversion at various
CH4/CO2 ratios was investigated using the thermogravimetric
analyzer (TGA) and differential bed reactor. Afterward, density
functional theory (DFT) calculations were performed to
explore the activity/structure relationship and the reaction
pathway of the CLR-CR. Additionally, the phase composition
of FeTiO3 was also characterized.

2. EXPERIMENTAL SECTION
2.1. Experimental Procedure. Iron−titanium composite materi-

als used as oxygen carriers in this study are commercial FeTiO3, which
were purchased from Sigma-Aldrich (99.9% purity, 100 mesh). The
thermogravimetric tests were performed in a Setaram SETSYS
Evolution TGA. These tests were run by taking 10−15 mg of
FeTiO3 powder in a crucible and subjecting it to reduction under 50%
CH4 with balance N2. Solid conversion of FeTiO3 is defined as stated
in eq 1, which is directly correlated to the amount of oxygen donated
or the reforming activity. A solid conversion of 0% represents the
FeTiO3 phase, and a solid conversion of 100% represents the Fe
phase.

solid conversion
weight change of the sample

(weight of FeTiO )
100%

3
molecular weight of O

molecular weight of FeTiO3

=
×

×

(1)

The schematic for the differential bed reactor is portrayed in previous
studies.33,34 A ceramic reactor with 38.1 cm length and 12.7 cm
internal diameter was used for this study. A heated section of 15.2 cm
was obtained through external heaters by a Watlow ceramic fiber full
cylinder heater. A 1 g sample of FeTiO3 was loaded in the middle of
the heated zone for all of the studies involving the differential bed
reactor. This bed corresponded to 0.625 cm3 in volume, which was
used to calculate the gas hourly space velocity (GHSV) of the gases.
For all of the experiments, the GHSV of CH4 was maintained at 2400
h−1 and the GHSV for CO2 was varied between 240 and 2400 h

−1. All
differential bed tests were performed at 950 °C and 1 atm. Blank runs

Figure 1. Schematic representation of the CLR-CR.

Figure 2. Profile across the length of the reducer starting from the top of the fuel reactor to the bottom for the (a) gas-phase and (b) solid-phase.
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were performed for all of the experiments to account for any activity
or carbon deposition as a result of the reactor. A micro-gas
chromatography (micro-GC) analyzer was applied to analyze the
composition of the outlet gas from the differential bed reactor. A
Varian 490 micro-GC with two channels was employed for this study.
The micro-GC was calibrated at three points around the gas
composition expected from the outlet gas.
The X-ray diffraction (XRD) analysis was used to identify the

phases of ilmenite samples as the co-feed composition was changed.
For all five samples from this study, a Rigaku SmartLab X-ray
diffractometer integrated with a diffracted beam monochromator was
used. These scans were run between 2θ of 20 and 60 with an
accelerating voltage of 40 kV and filament current of 44 mA. Raman
spectroscopy was carried out on the co-feed samples to analyze the
carbon deposition on the metal oxides post-reaction. A Renishaw
Smiths combined Raman/infrared (IR) microprobe was used to
analyze the Raman spectra of the five samples at a wavelength setting
of 514 nm. The objective and gradient of 50× and 1800, respectively,
were used for all of the samples. Mössbauer spectroscopy was used to
characterize the state of Fe in the post-reaction FeTiO3 metal oxide
samples from the co-feed studies. The See Co. Mössbauer instrument
with the Jains SHI-4 cryostat was used to collect this data. The
instrument was calibrated with α-Fe foil (<25 mm thick) at room
temperature. The spectra of each sample were collected at 4.2 K,
corresponding to the boiling point of liquid He at ambient pressure.
Additionally, pure FeTiO3 spectra were also collected that gave the
basis for verifying the fitting parameters.
2.2. Computational Procedure. DFT calculations were

performed using the Vienna Ab Initio Simulation Package
(VASP).35,36 Generalized gradient approximation (GGA) of Perdew,
Burke, and Ernzerhof (PBE)37 was adopted to represent the
exchange-correlation energy. The projector-augmented wave (PAW)
method38−40 was used to describe the wave functions of the atomic
cores with a 400 eV energy cutoff. The tetrahedron method with
Blöchl corrections41 was used to set the partial occupancies, and a
Monkhorst−Pack k-point mesh of 6 × 6 × 1 was used for surface
calculations. The structures of FeTiO3 bulk and surface were
optimized until the energy converged to 1 × 10−5 eV per atom and
the force converged to 0.01 eV Å−1. The Hubbard U parameter was
employed for self-interaction correction. U values of 5 and 1 eV were
used for Fe ions and Ti ions, respectively.42,43

The oxygen vacancy formation energy per vacancy was calculated
using the following expression:

E E
n

E E n
2

/f V O tot2
= + −

Ä

Ç
ÅÅÅÅÅÅÅÅÅ
i
k
jjj

y
{
zzz

É

Ö
ÑÑÑÑÑÑÑÑÑ (2)

where Etot and EV are the total energy of the FeTiO3 surface and the
reduced surface, respectively, EO2

is the energy of isolated O2, and n is
the number of oxygen vacancies.
The adsorption energy of the adsorbate (Ead) is the total energy

difference between before and after the molecular adsorption at each
surface

E E E Ead A surf (A surf)= + − + (3)

where Esurf is the total energy of the clean FeTiO3 surface, EA is the
total energy of an isolated adsorbate in the gas phase, and E(A+surf) is
the total energy of the surface with adsorbed species. The climbing-
image nudged elastic band (CI-NEB) method was used for reaction
barrier calculations.44,45

3. RESULTS AND DISCUSSION
Figure 3 depicts the reduction profile of FeTiO3 with CH4 at
temperatures ranging from 900 to 1000 °C. The reduction was
performed until the start of a sudden increase in weight as a
result of carbon deposition on the sample. Across all of the
temperatures, the reduction profile depicts a sigmoidal profile,
with a slow initial rate followed by an increase in the reaction
rate and finally slowing before the reduction was stopped.

Moreover, increasing the temperature raises the reduction rate,
with the sigmoidal curve being less pronounced at 1000 °C.
This reduction curve gives insight into the changes that

occur on the FeTiO3 sample as the reduction progresses. The
slow reduction rate could be initially attributed to the lower
rate of CH4 activation on fully oxidized FeTiO3. Because CH4
reduces the oxygen carrier surface by abstracting lattice oxygen,
the resulting oxygen vacancy is healed by outward or
horizontal diffusion of lattice oxygen. However, as the oxygen
carrier becomes reduced further, the oxygen diffusion rate
decreases, giving rise to the formation of oxygen vacancy.46

Once the oxygen vacancies form and are stable on the surface,
they can act as active sites for CO formation, which, in turn,
creates more oxygen vacancies, leading to a cascading effect.
This sharp increase continues as FeTiO3 reduces to metallic
Fe, which also catalyzes the CH4 decomposition. As lattice
oxygen depletes from the sample, the reduced oxygen carrier
becomes prone to carbon deposition. The onset of carbon
deposition on the sample is signified by the slowdown of the
rate of reduction, which is seen toward the end of the
sigmoidal curve. As the reduction temperature increases, the
lattice oxygen diffusion rate increases, thereby enhancing the
solid conversion before the carbon deposition occurs.
To further analyze the sigmoidal curve portrayed by the CH4

reduction of FeTiO3 in the TGA, a differential bed reactor was
employed. The differential bed reactor was run at 950 °C to
represent the different aspects of the sigmoidal curve and
provide insight about the product gas distribution as the
reduction progresses. Figure 4 depicts the reaction profile of
FeTiO3 reduction under a constant flow of CH4 at 950 °C.
CH4 conversion is plotted against time, as shown in Figure 4a,
where the trend resembles the sigmoidal curve seen in Figure
3. CH4 conversion is low up to ∼15 min, after which the CH4
conversion increases up to 40 min. After 40 min, the CH4
conversion has a small increase, followed by the curve leveling
off until the end of the run. Correspondingly, the product gas
composition was also captured for this run, as shown in Figure
4b. During the low CH4 conversion region (0−15 min), the
majority of the product gas coming out was CO2. As the CH4
conversion increases, the concentration of syngas also increases
with a simultaneous decrease in the CO2 concentration. The
CO concentration reached a maximum at the 20 min mark,
followed by a gradual decrease to zero. In ∼40 min, H2 was the
only product exiting the reactor.
Initially, CH4 conversion is low as a result of the low activity

of the FeTiO3 surface that does not have enough oxygen
vacancies, which agrees with the trend of the TGA reduction

Figure 3. FeTiO3 reduction with CH4 at temperatures between 900
and 1000 °C and 1 atm in the TGA.
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curve. After 15 min, the surface of FeTiO3 has stable oxygen
vacancies, which results in the sharp increase in CH4 reactivity.
During this transition, the product composition shifts from
producing combustion products, such as CO2, to producing
CO and H2. This shift can be associated with the oxygen
vacancy formation facilitating CH4 dissociation.

46−49 After 20
min, the CO concentration starts to drop but the H2
concentration keeps increasing, which signifies the advent of
carbon deposition on reduced FeTiO3. From this point, the
lattice oxygen diffusion in FeTiO3 decreases with time,
eventually going to zero. Thus, after ∼42 min, CH4
decomposes to carbon and H2 on a completely reduced
FeTiO3 sample, which consists of metallic Fe and TiO2. This
differential bed test along with the TGA test indicates that the
CH4 dissociation is critically dependent upon the reducibility
of FeTiO3.
The CH4−CO2 co-feeding test was also conducted in the

differential bed reactor. Five ratios of CH4−CO2 co-feed were
investigated, which ranged from CH4/CO2 = 1 to 10, as seen
in Figure 5. Because CH4 and CO2 are reducing and oxidizing

gases, respectively, any composition of CH4 and CO2 created a
dynamic kinetic equilibrium between the metal oxide reduction
and oxidation. This equilibrium depends upon the composition
of the co-feed gas. Figure 5 portrays the equilibrium
performance under steady-state conditions for the different
co-feed ratios. In these experiments, the CH4 concentration in
the feed was kept constant and the concentration of CO2 was

decreased while maintaining the total flow rate at 100 mL/min
by adding N2. This was performed to maintain the residence
time of the gas and keep a constant GHSV of CH4 across all
runs. As the CO2 concentration drops in the co-feed mixture,
both the CH4 conversion and CO2 reduction increase in a
sigmoidal pattern. CH4 conversion and CO2 reduction show a
lower performance up to a CH4/CO2 ratio of 7.5, after which
the CH4 conversion levels off at ∼50% and the CO2 reduction
increases to >95%.
Because CH4 conversion is a descriptor for oxygen vacancy

formation on the surface, the plot in Figure 5 can be divided
into two sections. The first section is from a CH4/CO2 ratio of
1 to 7.5. This section displays a lower performance, where the
CH4 conversion is low (<10%). The second section is from a
CH4/CO2 ratio of 8.75 to 10, where the CH4 conversion is
relatively high. Interestingly, CO2 reduction follows the same
trend as CH4 conversion, indicating that the CO2 reduction is
also critically dependent upon the reducibility of FeTiO3.
The XRD spectra depict the phase composition of the post-

reaction FeTiO3 metal oxide samples from the five co-feed
experiments at 950 °C, as seen in Figure 6a. In the low CH4
conversion and CO2 reduction section (CH4/CO2 = 1−7.5),
the XRD shows FeTiO3 as the dominant metal oxide phase.
However, in the high CH4 conversion and CO2 reduction
section (CH4/CO2 = 8.75−10), the XRD shows α-Fe, TiO2,
and carbon as the solid crystalline phase. The formation of
carbon on the surface can also be observed from the Raman
spectra of the samples, as shown in Figure 6b. The G and G′
bands seen at wavelengths of 1580 and 2715 cm−1 for the
CH4/CO2 ratio of 8.75−10 resemble graphitic carbon. An
additional peak was seen at 2328 cm−1. It corresponds to
entrapped or adsorbed N2, which was a common feature across
all of the spectra.50,51 The abrupt change in phase with a
relatively minor change in composition is consistent with the
reactivity change that is seen with the differential bed tests in
Figure 5.
To further analyze the samples, Mössbauer spectra was

collected on these five samples post-reaction, as seen in Figure
6c. The objective with this technique was to use its fine
resolution toward detecting changes in Fe coordination in the
solid phase and give more insights than the XRD analysis. As
seen from Figure 6c, metal oxides corresponding to the CH4/
CO2 ratio of 1−7.5 co-feed composition show the formation of
only the FeTiO3 sextet.52,53 Because the CO2 concentration
was reduced in the case of the CH4/CO2 ratio of 8.75 and 10,

Figure 4. (a) CH4 conversion plotted as a function of the reaction time and its corresponding (b) product composition as a function of the reaction
time for the reduction of FeTiO3 with CH4 at 950 °C in a differential bed reactor.

Figure 5. CH4 conversion and CO2 utilization over the FeTiO3
oxygen carrier in a differential fixed bed reactor operated at different
CH4/CO2 ratios at 950 °C and 1 atm.
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the spectra showed a α-Fe sextet with a small quantity of the
FeTiO3 sextet.

54 For the CH4/CO2 ratio of 8.75, FeTiO3 was
4.56% of the total solid phase, and for the CH4/CO2 ratio of
10, FeTiO3 was 3.33% of the total solid phase, with the balance
being α-Fe in both of the cases. The phases seen in the
Mössbauer spectra correlate well with the XRD spectra in
Figure 6a. The Mössbauer spectra also indicated the presence
of FeTiO3 in the second section (CH4/CO2 ratio of 8.75−10).
The difference of 1.23% between the two conditions
corroborates well with the slight increase in the CO2 utilization
seen in Figure 5. The change in the gas composition from the
CH4/CO2 ratio of 1 to 7.5 indicates an increase in the number
of active sites on the oxygen carrier surface. However, because
the phase does not change during the reaction, these active
sites correspond to the oxygen vacancies in FeTiO3.
To gain mechanistic insight into CO2 reduction with

chemical looping reforming of methane, DFT calculations
were performed to study the adsorption, activation, and
dissociation of CO2 and CH4 on the FeTiO3 surface. In
FeTiO3, the Fe and Ti atoms are octahedrally coordinated to
the oxygen atoms of hexagonally close-packed oxygen
layers.55,56 According to this structure, the FeTiO3 (0001)
slab was modeled as shown in Figure 7a.
Because TGA and differential bed tests have indicated that

CH4 dissociation and CO2 reduction are critically dependent
upon the reducibility of FeTiO3, a reduced FeTiO3 (0001)
surface with various oxygen vacancies was modeled to
investigate the surface interaction and possible elementary
reactions. O3c represents 3-fold bridging oxygen (O3c).
Removing O3c causes the formation of an oxygen vacancy in

the top surface (VO1), as shown in Figure 7b. Similarly, VO2
and VO3 can be created by removing 4-fold bridging oxygen

Figure 6. (a) XRD patterns, (b) Raman spectra, and (c) Mössbauer spectra of the co-feed samples for the CH4/CO2 ratio ranging from 1 to 10.

Figure 7. (a) Optimized structure of the FeTiO3 (0001) surface and
reduced FeTiO3 (0001) surface with oxygen vacancy (b) VO1, (c)
VO2, and (d) VO3. Fe3c and Fe6c denote 3- and 6-fold coordinated Fe
atom, respectively. O3c and O4c denote 3- and 4-fold coordinated
oxygen atom, respectively.
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(O4c) in the subsurface, as shown in panels c and d of Figure 7,
respectively. The formation energies for VO1, VO2, and VO3 are
236.29, 287.15, and 327.52 kJ/mol, respectively. Thus, the
oxygen vacancies on the top surface VO1 are more stable than
VO2 and VO3, located in the subsurface of FeTiO3. This results
is different with titanium oxide, where the oxygen vacancy
formation in the subsurface is more stable.57

The optimized structures of CH4 and CO2 adsorbed on the
FeTiO3 (0001) surface and reduced surface with VO1 are
shown in Figure 8a, and the relationship between their
adsorption energies and the oxygen vacancy concentration are
given in Figure 8b. CH4 shows a weak interaction with the
FeTiO3 surface. However, the adsorption energy of the CO2

molecule significantly increases upon the formation of oxygen

vacancies. For the stoichiometric FeTiO3 (0001) surface, the
most favorable configuration is found to be CO2 adsorbed
parallel between two Fe3c atoms with an adsorption energy of
3.2 kJ/mol. For the reduced FeTiO3 (0001) surface with the
VO1 oxygen vacancy, the most favorable adsorption geometry
consists of CO2 adsorbed vertically to the surface at the oxygen
vacancy site with an adsorption energy of 19.5 kJ/mol. Because
the lowest unoccupied molecular orbital of a CO2 molecule
can accept electrons, a Bader charge analysis was performed on
the FeTiO3 (0001) surface with an adsorbed CO2 molecule.
The analysis shows that a charge of 0.785|e| transfers to the
CO2 molecule from the surface. However, the distance
between the surface and adsorbed CO2 is 2.229 Å, indicating
that the charge transfer does not lead to the formation of
carbonate species. Figure 8b shows that the adsorption energy
of CO2 increases to ∼28 kJ/mol when the concentration of
oxygen vacancies increases to ∼7%.
Because CO2 adsorption on the oxygen vacancy site is

stronger than CH4 adsorption, the oxygen vacancies created by
the CH4 reforming on the FeTiO3 surface will be quickly
occupied by CO2 if the CH4/CO2 ratio is low. It results in a
low CH4 conversion as a result of the lack of active sites for
CH4 dissociation.

58 If the CH4/CO2 ratio is high, the surface
will have enough oxygen vacancies for CH4 dissociation, thus
leading to a higher CH4 conversion, which agrees with the
plots in Figure 5.
CO2 decomposition over the FeTiO3 surface is promoted by

adsorbed hydrogen atoms, which are from CH4 dissociation,
and the single O atom produced in this process may directly
bind to the oxygen vacancy site, leading to oxygen vacancy
healing.59 In this study, three reaction pathways are proposed
for the CO2 decomposition: (i) direct reduction of CO2 to
CO, (ii) CO2 hydrogenation to COOH* and then dissociation
to CO, and (iii) CO2 hydrogenation to HCOO* and then
dissociation to CO. There is a large number of possible
reaction steps during the CLR-CR reaction, which makes it
difficult in determining the reaction mechanism. An energy
barrier screening approach was applied to explore the favorable
reaction path.46 CH3 is the first intermediate from CH4
dissociation. The barrier analysis shows that CH3 oxygenation
to CH3O needs to overcome a barrier of 137.62 kJ/mol.
However, the energy barrier required for CH3 dehydrogen-
ation is only 108.15 kJ/mol. Therefore, CH3 dehydrogenation
to CH2 is more favored than CH3O formation on FeTiO3.
Similarly, in the step of CH* conversion, two possible paths
were considered: CH* + O* → CHO* and CH* → C* + H*.
The energy barrier calculations indicate that CH* from CH2*
decomposition prefers to further dissociate to the C radical (Ea
= 106.38 kJ/mol) rather than abstracting one lattice oxygen
atom from the surface (Ea = 154.19 kJ/mol). Therefore, the
CH* → C* + H* path is chosen as the route to produce the
next intermediate. The direct dissociation of CO2 on FeTiO3
was also investigated. It was found that the cleavage of the C−
O bond of CO2 to yield CO* + O* needs to overcome a
barrier of 185.39 kJ/mol. It is much higher than that of CO2
hydrogenation; thus, direct CO2 decomposition on FeTiO3 is
kinetically inhibited. On the basis of this screening approach,
the reaction network for CLR-CR is obtained as shown in
Figure 9.
For the HCOO* (formate) route, the C−O bond of CO2 is

weakened by the addition of H, leading to the formation of
HCO*, subsequently healing the oxygen vacancy. Considering
that the hydrogenation barrier of HCO* is 115.75 kJ/mol, it

Figure 8. (a) Front view and top view of CH4 and CO2 adsorption on
the FeTiO3 (0001) surface and reduced surface with VO1 and (b)
adsorption energy of CH4 and CO2 plotted as a function of the
oxygen vacancy concentration.
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would prefer to undergo decomposition with a low barrier of
64.36 kJ/mol. For the step of CO2 hydrogenation to HCOO*,
both the mono-HCOO* and bi-HCOO* have been
considered. However, it was found that bi-HCOO* is unstable
as a result of the long distance between two surface Fe3c sites.
For the carboxylate route, the energy barrier required for the
COOH* formation is 102.17 kJ/mol, which is 45.32 kJ/mol
higher than that of the HCOO* formation in the formate
route. It is attributed to the larger distance between the
migrating hydrogen atom and the oxygen atom of CO2. The
calculated energy profile of the CLR-CR is given in Figure 10.
It shows that CH4 dehydrogenation to CH3 is the rate-limiting
step with a barrier of 160.29 kJ/mol. Four hydrogen atoms will
be generated after methane full dissociation. These hydrogen
atoms promote CO2 activation and conversion to the HCOO*
intermediates. Overall, the methane dissociation enhances the
competitiveness of the HCOO* formation to the COOH*
formation on reduced FeTiO3. Subsequently, higher CO2

conversion is achieved with the fast decomposition of the
HCOO* intermediates at oxygen vacancy sites. Therefore,
both the oxygen vacancies and hydrogen atoms are verified to
be responsible for enhancing CO2 reduction and can improve
the reactivity of FeTiO3 oxygen carriers in CLR-CR.

4. CONCLUSION

Chemical looping CH4 reforming coupled with CO2 reduction
over ilmenite has been studied by combining redox experi-
ments and DFT calculations. The thermogravimetric analysis
on the reactivity of FeTiO3 for CH4 conversion showed a
sigmoidal behavior across five temperatures between 900 and
1000 °C, which was also confirmed by the differential bed test.
At the CH4/CO2 ratios of 1−7.5, both the CH4 and CO2
conversions were low. However, increasing the CH4/CO2 ratio
to 8.75 significantly improves the activity of FeTiO3, which
achieves CO2 reduction of ∼95%. It was found that the oxygen
vacancies and hydrogen atoms from CH4 are crucial to the
activity of FeTiO3. The successive dissociation of CH4 on
FeTiO3 results in the formation of oxygen vacancies. CO2
prefers to be hydrogenated to the HCOO* species at these
oxygen vacancy sites rather than being hydrogenated to
COOH* or direct splitting to CO. It indicates that the formate
pathway is the dominant mechanism for the CLR-CR. In this
pathway, HCOO* is converted to CO via the C−O and C−H
cleavage at the oxygen vacancy site, with a low energy barrier
of 62.5 kJ/mol. Therefore, the FeTiO3 surface with a high
concentration of oxygen vacancies and dissociative CH4 is
favorable for CO2 conversion. The results indicate that the
economical iron−titanium composite material can realize near
100% CO2 reduction through the CLR-CR process and deepen
the fundamental understanding of the role of oxygen vacancies
on hydrogen-assisted CO2 activation and reduction, which can
be applied to design highly efficient oxygen carriers for CO2
utilization in chemical looping systems.
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