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ABSTRACT: Chemical looping oxidative coupling of methane (CLOCM)
is a promising process for direct methane conversion to C, products. Under
the chemical looping approach, the oxygen carrier that provides lattice
oxygen, in place of molecular oxygen, is used for methane oxidation. This
study performs redox experiments that probe the C, selectivity enhance-
ment properties of a Mg—Mn composite oxygen carrier through the use of a
low concentration of Li dopant. It was found that the C, selectivity of the
Li-doped oxygen carrier in CLOCM is universally higher than that of the
undoped MgMnO; oxygen carrier with a maximum improvement in
selectivity of ~50% Density functional theory simulation reveals that the Li
dopant has a short-range effect on the formation of oxygen vacancies. The
Li-doping-induced oxygen vacancy reduces the adsorption energy of methyl
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radicals and increases the C—H activation barrier. These findings provide a catalytic dopant screening strategy for
CLOCM, which will substantially enhance the C, selectivity with desired oxygen carrier recyclability.

T he conversion of methane to value-added chemicals
has long been recognized as an important subject in
energy and catalysis research concerning methane
utilization."”” Enormous efforts have been devoted to
identifying efficient methane conversion routes and developing
technologies required to accomplish them.”* With the
abundant supply of shale gas in recent years, industrial interest
in methane conversion has intensified with even more studies
conducted on this subject.”~’ Among many possible
conversion routes, oxidative coupling of methane (OCM)
appears to be promising as it can convert methane to C,
hydrocarbons (ethane and ethylene) in a single step.””

The typical OCM is based on the co-feed approach where
methane and molecular oxygen are co-fed to a reactor
containing catalyst particles.'’ It is generally understood that
co-feed OCM occurs through a heterogeneous—homogeneous
reaction pathway.'' Because the desired homogeneous gas-
phase reactions compete with heterogeneous reactions
associated with the formation of thermodynamically stable
products such as CO and CO,, hydrocarbon selectivity and
methane conversion follow an inversely proportional relation-

-4 ACS Publications  © 2018 American Chemical Society

1730

ship. The key parameter that affects this relationship in co-feed
OCM is the partial pressure of gaseous oxygen.'” Several
microkinetic models for co-feed OCM indicate a greater
dependence of oxygen partial pressure for producing CO/CO,
than that for producing C, hydrocarbons.''*

Unlike the co-feed OCM using molecular oxygen as an
oxidant, chemical looping oxidative coupling of methane
(CLOCM) utilizes onléy lattice oxygen of oxygen carriers as
the oxygen source.'”'® In CLOCM, the oxygen carrier is
circulated between a fuel reactor and an air reactor. Methane is
directly converted to C, hydrocarbons with oxygen carrier
reduction. The reduced oxygen carriers can be regenerated by
air to complete a full cycle of the redox reaction.'”'® This
process has several advantages over the co-feed approach. The
major advantages of CLOCM are the elimination of a capital-
and energy-intensive air separation step and no direct contact
between methane and molecular oxygen, thereby avoiding the
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Figure 1. (a) XRD spectra for MgiMnOy and Li—MgMnOy; inset: high-resolution spectra of the peak corresponding to the (111) plane. (b)
SEM images for fresh and activated MgsMnOg and Li—Mg,MnOg. “Fresh” sample refers to the oxygen carrier that is obtained right after
calcination, and “activated” sample refers to the oxygen carrier that has undergone several redox reactions reaching steady performance. (c)
XPS spectra for Mn(2p;/,) and Mg(1s) for Mg;MnOg and Li—MgMnOg.

risk of a potentially explosive methane—oxygen mixture.'” The
major challenge for this approach is the requirement of the
oxygen carriers to possess properties of high oxygen carrying,
recyclability, and C, selectivity. Extensive efforts have been
spent over the past decades on selection of a suitable oxygen
carrier that can achieve high C, selectivity.”"~>* However, the
CLOCM mechanism and the factors affecting the selectivity of
oxygen carriers remain unclear.”> New insights into the oxygen
vacancy effect on methane conversion to C, hydrocarbon are
needed, particularly in light of recent studies on methane
partial oxidation that showed that the oxygen vacancy could

improve methane activation in the absence of molecular
26,27
oxygen.”

In recent times, novel OCM catalysts have been developed
and studied on the basis of the kinetics of C, production
pathways and catalyst composition optimization. Hedrzak and
Michorczyk designed a Mn—Na,WO, catalyst using acrylic
templates coupled with different methods of loading the active
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phases.”® Hou et al. examined La-based oxides and developed a
La,0,CO; catalyst via a hydrothermal and precipitation
method with different morphologies.” Elkins et al. investigated
rare-earth oxides for OCM and found that Li—TbO,/MgO can
achieve high C, selectivity at temperatures above 600 °C, but
its activity was not sustained.’’Compared with these catalysts
for co-feed OCM, a Mg—Mn composite oxygen carrier,
MgeMnOy, is suitable for CLOCM due to the stable reactivity
during multiple redox cycles and the high oxygen release
capacity.31

This study investigated the enhanced C, selectivity of
MgMnOyg in CLOCM using a low concentration (~1%) of Li
dopant. A higher concentration of Li dopant may modify the
crystal phases, leading to a decrease in the oxygen carrying
capacity of the carrier.”” Li was selected as the dopant because
of its high catalytic function in OCM and its similar ionic radii
to Mg’ An enhancement mechanism was proposed and
demonstrated by redox experiments and density functional
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Figure 2. (a) Selectivity of hydrocarbon products (C,H;, C,H,, C,,) and the partial oxidation product (CO) with reduction time over
MgMnOy; and Li—MgMnOjg oxygen carriers at 850 °C. Gas samples were taken at S s intervals, and the gas composition was plotted against
the average sample time. (b) Normalized solid conversion profiles of MgsMnOg and Li—Mg,MnOjg over 15 redox cycles at 850 °C.

theory calculations. It reveals how the doping-induced oxygen
vacancy affects the selectivity of the oxygen carrier, thereby
providing a dopant-screening strategy with the aim of
facilitating systematic design of high-performance catalytic
oxygen carrier for CLOCM.

MgMnO;g has a cubic murdochite-type structure that is
derived from the rock-salt structure of MgO by replacement of
1/8 of the Mg2+ ions with Mn*" ions and another 1/8 with
vacancies. the XRD image in Figure la indicates that the
undoped MgMnO; sample can be identified as a pure
MgcMnOg phase. There is a blue shift in peaks in the XRD
spectra of Li-doped MgsMnOg (Li—MgeMnOyg), which
demonstrates the incorporation of Li in the MgsMnOg lattice.
SEM suggests a uniform grain size distribution in both
undoped and doped samples, with an average grain size of 1
and 2 um in freshly prepared MgiMnO;g and Li—MgMnOy,
respectively, as shown in Figure 1b. The grain size slightly
increased to 3 and 4 um after redox reactions, which reflects
grain boundary migration and solid-state diffusion. The XPS
results from Figure lc show the spectra for Mn(2p;/,) and
Mg(1s). These spectra have been calibrated with respect to
adventitious carbon at a binding energy of 284.8 eV. The
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Mn(2p;/,) spectra for both the undoped and the doped
samples show multiplet splitting corresponding to the +4
oxidation state of Mn.”* The Mg(ls) spectra, on the other
hand, has an additional component in the Li—MgsMnOg
sample as compared to that in the undoped MgsMnOyg sample,
which is shown by an arrow in Figure lc. This additional
component is seen at a binding energy of 13044 eV as
compared to 1303.2 eV for the undoped Mg(1s) spectra. The
reason for the shift to higher binding energy is mostly
attributed to the Li-doping-induced electron holes being filled,
thus forming charged defects, as seen in similar systems®>*°
The selectivity toward C, was examined over the 25 s
reduction time in the redox fixed bed experiments, and CO,
selectivity was the balance out of 100%. From Figure 2a, it can
be seen that the C, selectivity of the Li-doped MgsMnOg
oxygen carrier in CLOCM is universally higher than that of the
undoped oxygen carrier, with a maximum improvement in
selectivity of 50.4% at 22.5 s prior to the start of carbon
deposition. The solid conversion profile versus redox cycles
was determined by thermogravimetric analysis (TGA) for both
the doped and undoped samples, as seen in Figure 2b. After an
initial activation period, both MgsMnOg and Li—MgMnOq
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Figure 3. (a) Side view of the Mg,MnOg(111) slab used in the calculations. The outmost layer is labeled as the s layer. Side view of the
MgMnOg(111) slab with the Li dopant in the s layer, s—2 layer, and s—4 layer shown in (b—d), respectively. E; represents the oxygen
vacancy formation energy where the oxygen vacancy is adjacent to the Li dopant or away from the dopant.

oxygen carrier particles give consistent reactivity across 15
redox cycles, which demonstrates good recyclability. The
methane conversion profile with time is given in the
Supporting Information (Figure S1). The conversion at 2.5 s
is ~90% for both the doped and the undoped samples,
following the inverse relationship between selectivity and
conversion.

To gain mechanistic insight into the role of the Li dopant in
C, selectivity enhancement of the Mg,MnOy oxygen carrier,
first-principles calculations were performed within the frame-
work of density functional theory (DFT) using the Vienna Ab
Initio Simulation Package (VASP).”” On the basis of surface
free energy calculations, the MgsMnOg4(111) surface was
chosen as the slab model with a Mg—Mn termination, where
the outermost layer was labeled as the s layer, as shown in
Figure 3a. The doped system Liy)—MgsMnOg was built by
replacing one Mg atom in the s layer with one Li atom.
Because Li has a lower valence than the Mg cation, the
substitution creates an electron deficit in the system that
results in Mg—O bond weakening. To test whether the doping
has an intriguing consequence in oxygen vacancy formation in
the Li()—MgsMnOy system, the formation energies of oxygen
vacancies (Ey) at different positions were calculated. Two types
of oxygen vacancies were considered: one adjacent to the
dopant and one away from the dopant. The former was created
by removing a five-fold-coordinated lattice oxygen atom in the
s—1 layer, which is directly bound to the Liy dopant. This
oxygen vacancy is denoted as Vo(,_y), The latter was created
by removing a five-fold-coordinated lattice oxygen in the s—1
layer, which is near the Vo(,_,),; but is not bound to the Li,
dopant. It is denoted as Vo(,_j,,. The distance between
VO(._1)ay and Li(,) dopant is 4.58 A. If the dopant has a long-
range effect, the energy of forming an oxygen vacancy far from
the dopant will be different from that of forming an oxygen
vacancy on the undoped oxygen carrier. If there is a short-
range effect, E; for forming a vacancy adjacent to the dopant is
not equal to the energy of forming an oxygen vacancy away
from it. The calculations show that E; values for Vo(,_;),; and
VO(s—1)aw are 210.34 and 371.47 kJ/mol, respectively, as shown
in Figure 3b. In contrast, the formation energy of the oxygen
vacancy in the s—1 layer of undoped MgsMnOy is 375.33 kJ/
mol. It indicates that the Li dopant has a short-range effect and
affects only the lattice oxygen atoms adjacent to the dopant.
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In order to further confirm the dopant effect on oxygen
vacancy formation, Li doping was modeled in the subsurface of
the MggMnOgs slab by replacing one Mg atom in the s—2 layer
with one Li atom, Lij_,). Vo(_3), represents the oxygen
vacancy adjacent to the dopant Liy_,), while Vo(,_3,,
represents the oxygen vacancy away from the dopant Li(_,),
as shown in Figure 3c. The energies for forming Vo(,_3),; and
VO(s—3)aw are 256.65 and 408.13 kJ/mol, respectively. In
undoped MgiMnOg, the formation energy of the oxygen
vacancy in the s—3 layer is 411.03 kJ/mol, which is almost
equal to the formation energy of Vo(,_j),, in Lij_,)-doped
MgeMnOg. For substitution in the s—4 layer, the energy of
forming Vo, s),; is 150.51 kJ/mol lower than that of forming
VO(s_s)aw as depicted in Figure 3d. Therefore, the doping using
low-valence dopant Li can significantly reduce the energy of
removing one local lattice oxygen atom and induce the
formation of an oxygen vacancy that is adjacent to the dopant.

Because the formation energy of oxygen vacancy in the s—1
layer is lower than that of the subsurface oxygen vacancy,
Li(;—MgeMnOg with Vo(,_;),; was chosen as the surface model
to investigate the influence of the induced oxygen vacancy on
methane adsorption and activation. It is found that CH,
adsorption at the Li site is the most stable CH, adsorption
configuration, with an adsorption energy of 54.03 kJ/mol. For
the undoped Mg,MnOj surface, the strongest CH, adsorption
configuration resides at the surface Mg site with an adsorption
energy of 61.22 kJ/mol. Therefore, Li doping has not
significantly affected CH, adsorption. The methyl radical
(CH;) is the first intermediate during CH, activation and
dehydrogenation. On the basis of CH; adsorption calculations
using Li)—MgeMnOg with Vo(,_yy,, it is found that the
induced oxygen vacancy is the most favorable CH; adsorption
site and the corresponding adsorption energy is 110.96 kJ/mol.
However, CH; adsorption on the undoped Mg¢MnOy surface
and on Li(,)—MgeMnOyg without Vo(,_;), is found to be nearly
identically stable, with adsorption energies of 147.83 and
145.35 kJ/mol. It clearly indicates that the Li-doping-induced
oxygen vacancy can destabilize the adsorbed CHj radicals and
promote their dimerization to C, hydrocarbons in homoge-
neous gas-phase reaction.

An alternative pathway for CHj; reaction is CH; dehydro-
genation to the methylene radical (CH,), which will cause a
decrease in C, selectivity. To investigate the effect of the
induced oxygen vacancy on CH; dehydrogenation, the energy
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Figure 4. Proposed CH, activation and dehydrogenation mechanism for C, hydrocarbon formation on the Li—MgsMnOj; oxygen carrier. The
inset shows the calculated energy profiles in kJ/mol. (ad) denotes the adsorbed species, and TS denotes the transition state. The reaction
cycle corresponds to the energy profile for MggMnOj; with a Li-doping-induced oxygen vacancy, which is shown by the blue line in the inset.

The red line shows the energy profile for undoped MgMnOj.

profiles of the CH, dehydrogenation path on the undoped
MgeMnOj surface and on Lii)—MggMnOg with Vo,_;),; were
mapped using the climbing-image nudged elastic band (CI-
NEB) method,* as shown in Figure 4. It is observed that the
CH, radical remains at the induced oxygen vacancy site when
the extracted H migrates to the surface Mn site during CH;
dehydrogenation on Li\)—MgeMnOg with Vo(,_;),. The
calculated energy barrier (E,) is 131.25 kJ/mol, which is
34.13 kJ/mol higher than that of CH; dehydrogenation on the
undoped MgMnOjg It indicates that the Li-doping-induced
oxygen vacancy Vo(,_i),; not only weakens the adsorption of
CH; radicals but also inhibits their C—H bond activation. In
addition, H adsorption is found to be enhanced when the
extracted H atom from CH; moves toward the lattice oxygen
in the s—1 layer. It results in the formation of OH species,
which will bind another H atom to form a H,O molecule. On
the oxygen carrier surface with Vo(,_,,, the CH radical also
shows preferential adsorption on the induced oxygen vacancy
site. The dehydrogenation of CH, on Li,)—MgsMnOy with
Vo(,_),; needs to overcome an activation barrier of 97.43 kJ/
mol, which is 42.85 kJ/mol higher than that on the undoped
MgcMnOy surface. Similarly, it is found that the activation
barrier of hydrogen abstraction from CH on Li,)—Mg¢MnOg
with Vo(,_;y, is 76.01 kJ/mol, which is 14.69 kJ/mol higher
than that on the undoped MgsMnOj surface. It demonstrates
that the Li-doping-induced oxygen vacancy also inhibits the
activation of CH, and CH radicals. This is because the local
charge transfer between the adjacent oxygen vacancy and the
Li dopant annihilates the O,, hole states, thereby lowering the
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activity of the oxygen vacancy for CH; adsorption and
activation. In contrast, the energy barrier of CH; dehydrogen-
ation via the oxygen vacancy Vo(,_;),, is 76.22 kJ/mol, which
is lower than that on the undoped surface (97.12 kJ/mol). It
indicates that the oxygen vacancy away from the dopant is
favorable for CHj; full dehydrogenation and CO formation
because it can reduce the activation barrier of CH;.*" A recent
study found that the addition of copper dopant to iron-based
oxygen carriers could improve the chemical looping partial
oxidation for CO production and affect the formation energies
of oxygen vacancies, even vacancies not close to the dopant.*’
It agrees with the findings obtained in this study in which an
adjacent oxygen vacancy is favorable for the formation of C,
hydrocarbons while the oxygen vacancy away from the dopant
favors the CO formation path. Thus, the Li dopant having only
a short-range effect on the oxygen vacancy formation can serve
as an efficient dopant for C, selectivity enhancement in
CLOCM, which has been substantiated by the experimental
test shown in Figure 2a.

In summary, a low concentration of lithium dopant can
dramatically enhance the C, selectivity of a Mg—Mn composite
oxygen carrier in CLOCM while maintaining the recyclability
of the oxygen carrier. The redox experiments show that the C,
selectivity of MggMnOg with ~1% Li dopant achieves an
enhancement of 50.4% compared to the undoped MggMnOj at
850 °C in the absence of molecular oxygen before the carbon
deposition starts. DFT simulations are performed to system-
atically examine the active sites of Li-doped MgsMnOj, for CH,,
radical adsorption and dehydrogenation. It is found the Li
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dopant can facilitate the formation of one adjacent oxygen
vacancy. The Li-doping-induced oxygen vacancy not only
reduces the adsorption energy of the CHj radical but also
increases the activation barrier of CH, radicals, leading to C,
selectivity enhancement of the Li—MgeMnOjg oxygen carrier. It
indicates that an ideal dopant for the oxygen carrier of
CLOCM should have a short-range effect on the oxygen
vacancy formation. On the basis of activation energy
calculations, a catalytic cycle for CLOCM over the Li—
MgsMnOg oxygen carrier is proposed where hydrogen
abstraction occurs near the induced oxygen vacancy. The
newly proposed cycle differs significantly from the existing
Ito—Lunsford mechanism for co-feed OCM that involves
chemisorbed molecular oxygen and dissociative adsorbed
oxygen. This study reveals the relationship between the
dopant-induced oxygen vacancy and C, selectivity of the
oxygen carrier and provides a catalytic dopant screening
strategy for C, selectivity enhancement in CLOCM. These
findings will contribute to the systematic design of a high-
performance catalytic oxygen carrier for direct methane
conversion to C, hydrocarbons.
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