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1. Introduction

Highly active and selective Li/MgO catalysts for
methane transformation to C, hydrocarbons:
experimental and DFT studyf
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Rahul Sharma® and Rajaram Bal (2 *2°

The development of energy-efficient and economically attractive ways of utilization of methane for the
production of chemicals/liquid fuels remains one of the long-standing challenges in catalysis. Li/MgO
catalysts synthesized by a successive deposition—sublimation method show high activity and stability
during the oxidative conversion of methane to olefins. A surfactant-assisted solvothermal method was
used to synthesize the MgO support and then Li was deposited onto the support MgO by applying a
successive deposition—-sublimation method, where the initially deposited Li was sublimated and stabilized
at 900 °C and this process was done for two consecutive times to prepare the final Li-doped MgO
catalyst. For comparison purposes, several Li loaded catalysts were also prepared by the deposition
method only. Different analytical techniques were used to characterise the prepared catalysts in order to
understand and relate their physico-chemical properties to their catalytic activity. The catalyst prepared
by the deposition—sublimation method (3.6Li/MgOP®*~*"®) showed high methane conversion and C,
selectivity compared to the catalysts prepared by only deposition method. The 3.6Li/MgOPP~5¢ catalyst
showed ~38% CH,4 conversion with 55% ethylene selectivity and 23% ethane selectivity with a total C,
selectivity of 78% at 700 °C, and the catalyst was highly stable without losing its activity even after 24 h
time on stream. It was found that the catalyst prepared by the deposition method deactivates rapidly
with time and the activity is also low. DFT studies showed that Li doping to MgO has a significant pro-
motional effect on the methane C-H activation. The C—-H activation barrier was reduced by nearly
85 kcal mol™ over the Li-doped MgO surface, Li,—MgO(100), compared to the undoped MgO(100) surface.

methods for converting methane into transportable liquid
products are required. Oxidative dimerization of methane

Methane, a primary component of natural gas, is an abundant
resource of hydrocarbons mainly used as an inexpensive and
clean-burning fuel. Because of the abundance of natural gas
globally, it is economically beneficial to convert methane into
more valuable products. Natural gas reserves are sometimes
located far from the place of being used. Because it is not
always cost-effective to transport liquefied natural gas, efficient

@ Light Stock Processing Division, CSIR-Indian Institute of Petroleum, Dehradun,
248005, India. E-mail: raja@iip.res.in; Fax: +91 135 2660202;
Tel: +91 135 2525917
b Academy of Scientific and Innovative Research (AcSIR), Ghaziabad, 201002, India
¢ Indian Institute of Technology, Jammu, NH-44, PO Nagrota, Jagti,
Jammu and Kashmir, 181221, India
4 GAIL (India) Ltd, GAIL Training Institute Plot No. 24, Sector 16-A, Noida,
Uttar Pradesh, India
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ya00096b

180 | Energy Adv, 2023, 2,180-197

followed by oligomerization of C, products becomes a positive
approach for this. For more than a decade, scientists around
the globe have been trying to develop suitable methods to
convert methane to ethane, ethylene, methanol, etc. Methane
can be transformed into value-added C, hydrocarbons like
ethane and ethylene by heating it in two conventional ways."
One is called “oxidative coupling of methane” (OCM), where heat
treatment of methane is performed in the presence of oxygen, and
the other one is called “non-oxidative coupling of methane”
(NOCM), where methane is heat-treated in the absence of
oxygen.” The non-oxidative process involves the coupling of
methane to olefins, and the process is thermodynamically limited
and hence requires higher energy for large-scale applications.
Therefore, most of the research for direct conversion is focused on
the OCM process.> OCM in the presence of an oxidant is an
exothermic process. The OCM is expressed by the following
chemical reaction:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2CH, + 1/20, —» C,Hg + H,O
C,H¢ + 1/20, — C,H, + H,0

Spectroscopic studies conducted by several researchers have
confirmed the presence of different surface oxygen species
present in the catalysts, such as peroxide (0,”"), lattice oxygen
(0*7), carbonate (CO3>"), superoxide (O, ), and hydroxide ions
(OH™).>* Among all these, surface lattice oxygen (O*>7) and
superoxide anions (O, ") play an important role in the selective
C, hydrocarbon formation.* On the other hand, surface elec-
trophilic anions usually result in the overoxidation of alkane to
COx products.>® After the pioneering work by Keller and
Bhasin,” a large number of catalysts were tested for the OCM
reaction. But none of the catalysts has yet to find a successful
path in the industry due to a failure to suppress combustion
reactions at relatively high CH, conversions.®*> Nanowire
catalysts by the Siluria group are the only catalysts that have
gained some popularity, reaching a pilot plant level."*'* Earlier
studies were carried out to maximize C, yield by varying the
composition of the catalyst and reaction parameters, but eco-
nomic evaluation revealed that the selectivity of C, hydrocar-
bons is more important than C, yields.*'> Studies say that
catalysts play the primary role in producing C, hydrocarbons
that affect methane conversion and C, selectivity in OCM. To
date, several catalysts have been developed; including lantha-
nide series oxides,'®® Na-W-Mn mixed metal oxides,"® and
alkaline-earth metal oxides®* > for OCM reaction. It is reported
that the surface basicity of the catalysts, especially inter-
mediates and strong basic sites, contributes to better C,
hydrocarbon selectivity by a synergistic effect.'®*"?* The
Li-MgO catalysts were extensively studied for OCM, but their
low stability due to the vaporization of Li is a major
concern.>**® Recently, Huang et al. reported that a single-site
Li-MgO catalyst exposes fourfold-coordinated Mg>" sites (i.e.,
Mg,C,") of MgO (110) facets which efficiently catalyze methane
activation by the methyl radical route.*’ They have reported
35.2% methane conversion and 58.2% C, selectivity but the
drawback is that the catalyst is stable for only 5 hours. Weaver
et al. investigated the OCM reaction using rare earth oxide
catalysts supported on nanoparticle magnesium oxide doped
with alkali and alkaline earth metals (Li, Na) (Mg, Ca), where it was
found that Li-TbO,/MgO performed better than all other combina-
tions of rare earth oxide.>* There are recent reports that indicate that
the amount of Li in Li-MgO catalysts affects the MgO microstructure,
which can be demonstrated by measuring the methyl radical inter-
mediates during catalysis.>**** The Li" ions were incorporated into
the MgO lattice as substitutional ions on magnesium sites with
oxygen vacancies for charge compensation. As a result, lithium
promotion does not create additional active sites but increases the
concentration of defect sites in MgO. This is in agreement with
previous work that lithium cations (Li") and oxygen vacancies at the
MgO surface tend to separate at steps and corners, improving the
number of low-coordinated Mg> 0> sites. As a result, catalyst activity
and selectivity can be improved.® Sweeney et al. proposed that there
were two forms of Mg: Mg”" at a Li site and a Mg* complex.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In the present work, we have prepared a stable Li/MgO
catalyst via a successive deposition-sublimation method and the
catalyst shows ~38% conversion with 55% ethylene selectivity
and 23% ethane selectivity and by combining them a total C,
selectivity of 78%, and the catalyst was highly stable without
losing its activity even after 24 h time-on-stream.

2. Experimental section

2.1. Materials

LiNO; (99.8%) and Mg(NO;),-6H,0 were purchased from Alfa
Aesar, and cetyltrimethylammonium bromide (CTAB) was pur-
chased from Sigma Aldrich. All chemicals were used without
further purification.

2.1.1. Catalyst synthesis. The catalyst was synthesized by a
method that consists of two steps. First, the MgO support was
synthesized by the solvothermal method using cetyltrimethyl-
ammonium bromide (CTAB) as a template, and Li was then
supported on the MgO support following a sequential wet
impregnation method modified by us.

2.1.2. Synthesis of MgO. In a typical preparation
method, in a 1 L round-bottom (RB) flask, 300 mL of ethanol,
CTAB, and magnesium nitrate hexahydrate were mixed
together stoichiometrically. After that, RB was placed on a
hot plate with magnetic stirring and was heated at 50 °C. After
2 hours of continuous stirring, the plate was heated to 80 °C
and maintained for 18 hours. Afterwards, the ethanol was
evaporated, and the gel was dried overnight at 90 °C. To
produce magnesium oxide, the dried powders were calcined
in ambient air for 6 hours at 800 °C with a 5 °C min "
heating rate.

2.1.3. Li-loading on the MgO support by the deposition
method. We used a surfactant CTAB-induced preparation
method to load the desired wt% of Li on the synthesized
MgO support. For a typical synthesis of 5% Li/MgO catalyst,
5 g of synthesized MgO support was first dispersed in 200 mL of
ethanol and sonicated for 2-3 hours. In a separate beaker,
50 mL of ethanol was mixed with distilled water, 25 mL, then
3.281 g of CTAB was added to it and stirred until it dissolved
completely. Then, 2.483 g of LiNO; was added to it and stirred
until dissolved completely, followed by the dropwise addition
of this solution to the support solution in which MgO was
dispersed using sonication. The resultant solution was dried at
60 °C in an oil bath while stirring was maintained, and the
powder was then dried at 100 °C for 6 h followed by calcination
at 800 °C for 6 hours at a ramp rate of 1 °C per minute in a
quartz tube in air to obtain a 5% Li/MgO catalyst. The catalyst
was denoted as 1.9Li/MgO"°P,

In a similar manner, 10% and 15% Li/MgO catalysts were
synthesized by varying the LiINO; amount and the catalysts are
denoted as 3.8Li/MgOPP and 7.4Li/MgO"°P.

2.1.4. Synthesis of the Li/MgO catalyst by the deposition-
sublimation method. We used a successive deposition-subli-
mation method to synthesize this Li/MgO catalyst. In a typical
preparation method, initially 5% Li was deposited on the
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MgO support in the same way as the catalyst prepared by the
deposition method, and then the catalyst was sublimed at
900 °C in a flow of zero-air for 12 h followed by heating at
900 °C in N, flow for 12 h. Then on the as-prepared material,
again 5% Li was loaded in the same way as for the deposition
method followed by sublimation at 900 °C in the flow of air
for 12 h followed by heating at 900 °C in N, flow for 12 h. The
finally obtained catalyst is denoted as 3.6Li/MgOPPSP,

2.2. Catalyst characterizations

All the synthesized fresh and spent catalysts were characterized
by various analytical techniques. Details of characterization
techniques are given in the ESIL{

2.3. Catalytic activity study

Details of the catalytic activity measurements are given in
the ESI. T

3. Results and discussion

3.1. BET surface area and ICP-AES analysis

The Li amounts present in the catalysts were determined from
the ICP-AES analysis of all the fresh and spent catalysts and the
results are shown in Table 1. The MgO support showed a
surface area of 62.8 m? ¢~ and the surface area was decreased
after Li loading due to the surface coverage of Li.>” The ICP
analysis shows that during high-temperature heat treatments, a
significant amount of Li loss was also noticed (Table 1). All the
samples (1.9Li/MgOPP, 3.8Li/MgO"P, 7.4Li/MgO"P) show a
considerable decrease in Li amount after high temperature heat
treatment in air. From the ICP analysis, 1.9Li/MgOP*P contains
only 1.9% Li, i.e. 3.1% (~62%) loss from the actual loaded Li%
(5%) was noticed during the calcination process, while 3.8Li/
MgOP*P contains 3.8 wt% Li, and 7.4Li/MgO"P has 7.4 wt% of
Li after the calcination from the actually loaded Li (10%, 15%
respectively). The catalyst prepared by deposition-sublimation
(Li/MgOPP™5"%) contains 3.6% Li. It has to be noted that the
3.6Li/MgOPPS"" catalyst showed almost negligible loss of Li
(0.1% loss after 24 h reaction) after the OCM reaction as
compared to the catalysts prepared by the deposition method,
suggesting that the Li species are stable for the 3.6Li/MgQ PSP
catalyst as compared to the higher loading Li catalyst (3.8Li/
MgOPP and 7.4Li/MgOPP catalyst) prepared by the deposition
method.

Table 1 The amounts of Li and the BET surface areas of various Li/MgO
catalysts

Li% BET surface area (m> g™7)

After After reaction After After reaction
Catalyst calcination at 700 °C calcination at 700 °C
MgO — — 62.8 48.6
1.9Li/MgO”® 1.9 1.1 23.4 22.1
3.8Li/MgOP®? 3.8 2.6 16.6 13.1
3.6Li/MgOPSP 3.6 3.6 13.3 13.2
7.4Li/MgOP? 7.4 4.8 5.3 3.4
182 | Energy Adv., 2023, 2,180-197

View Article Online

Paper
# Mgo > (JCPDS card 79-0612)
+ Li,CO, > (JCPDS card 87-0729) (2;"0)
(220)
#
(111) l l (311()22:
7.4Li/MgO°®
* MR #
S |3.6Limgo®es® l A
8
=
2 |3.8Li/mg0"" . Al
]
2
- L
1.9Li/MgO°*® " l =k
MgO A 1 l A
) o I * ) b )

v — — .
10 20 30 40 50 60 70 80
20 (in degree)

Fig.1 XRD pattern of MgO and the Fresh Li/MgO Catalyst.

3.2. XRD analysis

Fig. 1 shows the XRD patterns of the synthesized MgO support
and Li/MgO catalysts. All the XRD patterns exhibited sharp
peaks with the highest intensity peak at a 26 value of 42.88° for
the (200) plane of MgO (JCPDS Card 79-0612) indicating higher
crystalline nature of the catalysts. The XRD pattern of all the
lithium supported on MgO catalysts shows additional peaks
corresponding to Li,CO; (JCPDS Card 87-0729). This is because
Li is highly basic in nature and Li,O decomposed from LiNO;
reacted quickly with acidic CO, in air to generate Li,CO; at
room temperature. Above 500 °C, Li,COj; dissociates into Li,O
and CO,,*® implying that Li,O should be in the predominant
state at reaction temperatures above 600 °C.*° The XRD pattern
also showed that as the Li loading increases, the peaks corres-
ponding to Li,CO; were intensified, showing the higher Li,CO;
formation. In addition, the peak width of all Li-supported
catalysts decreases slightly compared to the parent MgO.

It was noticed that the peak for the [200] plane of MgO at
42.88° shifted to a higher value at 43.00°. Vegard’s law states
that if the doping element (Li) is smaller than the replaced
element (Mg), the lattice parameter will decrease for the parent
material (MgO). In fact, a decrease in the lattice parameter from
2.1037 A for pure MgO to 2.0987 A for all Li doped samples
confirms Li substitution in the MgO matrix.***! This observation
revealed that some of the Li atoms replaced Mg atoms in
the MgO crystal lattice and decreased the lattice size of
MgO.42‘43

XRD of the spent catalysts were also analysed (Fig. S1, ESIT)
and all the spent catalysts have similar XRD patterns to that of
the fresh catalysts. All the spent catalysts show peaks corres-
ponding to Li,COj3, which suggests that Li is still present in the
catalyst in the form of Li,COj; after the catalysis; however, a
decrease in the intensity of Li,CO; peaks in all the catalysts
except the 3.6Li/MgOPP™5"" catalyst was observed, indicating
Li sublimation during catalysis. We also calculated the crystal-
lite size of the catalyst and tabulated the results in Table S1
(in ESIY).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A-C) STEM images, and (D) SAED pattern of 3.6Li/MgOP®*~"* catalyst.

3.3. STEM-EELS analysis

Using STEM, the morphologies of the prepared 3.6Li/MgO PP
catalyst were examined, and the images obtained from the direct
beam contrast bright field image STEM analysis (This is high
magnification bright field image) are provided in Fig. 2A. The
FFT image is also shown in the inset of Fig. 2A. The high-
resolution phase contrast images of the same region are also
included in Fig. 2B and C. Lattice fringes with d spacing value of
0.245 nm, corresponding to MgO [111] facets can be seen.
Additionally, 0.149 nm lattice fringes can also be observed in
the catalyst, which correspond to the MgO [220] plane.

The d spacing (2.25 A) calculated from the SAED pattern
(Fig. 2D) confirms the presence of lithium corresponding to the
(310) plane of Li,CO;. Also, the EELS spectra have been
obtained from the region and shown in Fig. S9 (in the ESIY).
The low loss region of the spectrograph confirms the presence
of lithium in the 3.6Li/MgOP®P™5"" catalyst where the signature
of 55.1 eV energy loss for Lithium is observed.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.4. CO,-TPD analysis

According to XPS measurement (discussed later), there was a
carbonate species present on the catalyst surface and hence
carbon dioxide was strongly adsorbed on the catalyst surface,
suggesting that the catalyst surface is basic. That’s why surface
basic properties of catalysts were investigated by CO,-TPD
analysis. Fig. 3 represents the CO, desorption profiles of
catalysts with different Li-loaded MgO catalysts. There is almost
no difference in the shape of the desorption peak in the
temperature range between 50 and 800 °C for all the prepared
catalysts. The temperature interval at which the CO, chemi-
sorbed on the basic sites is desorbed can be used to describe
the strength of a certain group of basic sites. The area under the
TPD curve of the basic sites was used to estimate their basic
strength. Furthermore, the CO,-TPD profile of the Li/MgO
catalysts (Fig. 3) shows only two types of peaks, mostly known
as weak and moderate basic sites, whereas the third kind of site
(strong basic sites) appeared to be absent or present only in

Energy Adv., 2023, 2,180-197 | 183
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Fig. 3 CO,-TPD spectra of different Li/MgO catalysts.

negligible amounts. The peak in the temperature range below
250 °C, which corresponds to weak basic sites, might be assigned
to the metal-oxygen pair, i.e. Mg-O in this case, as well as
surface oxygen anions. The higher temperature peak (between
250 and 550 °C) corresponding to moderate basic sites may be
ascribed to the presence of unsaturated oxygen (O, ) ions and
the lattice oxygen anions.’®** The amounts of different basic
sites are tabulated in Table 2. It was found that the total
amount of basic sites was maximum in the case of the 7.4Li/
MgOP®P catalyst. The strength of basic sites is found to vary
with the substitution of Mg>" with the alkali metal cation Li".
As previously stated, low-coordination oxygen anions are
responsible for the high amount of basic sites; the greater the
electron-donating ability of anionic oxygen, the stronger its
basicity.*>*® It has to be noted that alkali metal cations such as
Li" have a lower electronegativity than alkaline earth metal ions
like Mg>*, so by introducing alkali metal cations Li" to the
vicinity of Mg>", the electron-donating properties of oxygen

Table 2 Amount of CO, desorbed during CO,-TPD experiments

Amount of basic sites (cm® g ™)

Catalyst Weak basic sites Medium basic sites Total basic sites
1.9Li/MgO°P  1.09 8.81 9.90
3.8Li/MgODeP 3.36 10.71 14.07
3.6Li/MgODep7 4.84 11.84 16.68

Sub

7.4Li/MgOP?  2.30 17.50 19.80

184 | Energy Adv, 2023, 2,180-197

anions adjacent to Mg>" increases, which increases the basic
strength.

CO,-TPD study could provide useful information on catalytic
performance because the generation of methyl radicals is likely
related to the basicity of the catalyst. As shown in Fig. 3 and
Table 2, the CO,-desorption signals and the amount of moderate
as well as total basic sites of the 3.6Li/MgOP®P " catalyst are
greater than those of the catalyst prepared by the deposition
method (1.9Li/MgOPP and 3.8Li/MgOP°P). The OCM activity is
closely correlated with the number of basic sites derived from
CO,-TPD data (Table 2). Despite its significantly stronger basicity
than other prepared catalysts, the 7.4Li/MgO"P catalyst was
shown to be less OCM active than the other catalysts. We believe
that the competitive deep oxidation or larger crystallite size
could be responsible for the 7.4Li/MgOP catalyst’s poor OCM
performance showing less C, selectivity. Furthermore, the lack of
activity and selectivity of this catalyst would be explained by the
loosely bound surface active oxygen species and lattice oxygen.

In the case of the 3.6Li/MgO """ catalyst, a sufficient amount of
moderate basic sites is responsible for its high activity and selectivity.
In addition, the active oxygen species (O, and lattice oxygen)
responsible for the basicity of the catalyst are tightly bound to its
surface due to high temperature heat treatment during the synthesis
procedure, explaining why it shows stable activity during the reaction.

3.5. XPS analysis

Fig. 4 shows Mg 2p, Mg 1s, Li 1s and O 1s peaks of all the
prepared catalysts. The position of the Mg 1s peaks is similar in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS analysis of the fresh catalyst: (A) Mg 2p spectra, (B) Mg 1s spectra, (C) Li 1s spectra and (D) O 1s spectra.

all samples at approximately 1303.3 eV, which is the typical
B.E for Mg 1s,*! this implying that the status of Mg-O bonds
is unaffected by the doping of Li. The Mg 1s peak in the Li-MgO
catalysts becomes weaker with increasing Li loading, and
a similar pattern is also observed with the Mg 2p peak at
49.9 eV.

Furthermore, in all the catalysts, the peak of Li 1s appears at
around 55.4 €V, which is almost around the typical B.E for Li.*!
The deconvoluted O 1s peaks are shown in Fig. 5. It was found
that three types of oxygen species, i.e. superoxide species (O, ),
negatively charged oxygen species (lattice oxygen; O*7), and
hydroxyl species (OH™) or carbonate species (CO;>") are pre-
sent over all the catalysts. It was found that the relative super-
oxide species concentration (O, ) follows the order: 3.6Li/
MgOPPSUP > 3 81i/MgO P > 1.9Li/MgOP? > 7.4Li/MgO"°P.
So, it is evident that the formation of superoxide species (O, ")
is higher in the case of the 3.6Li/MgO PSP catalyst and this
species is responsible for activating methane by showing higher
activity than all others.

If we look at the O 1s peak in all the prepared catalysts, we
observe that all show the O 1s peak between 528 and 533 eV and
that the intensity of the O 1s peak is highest for the 3.8Li/

© 2023 The Author(s). Published by the Royal Society of Chemistry

MgOPP catalyst as compared to the 1.9Li/MgOP°P, 7.4Li/
MgOPP and 3.6Li/MgOPPS"" catalyst, which may be due to
higher Li loading on the MgO support.

Furthermore, Fig. 5 shows the deconvoluted spectra of O 1s
peaks for all the prepared catalysts, which shows the peak
at B.E ~ 529.8 eV which corresponds to lattice oxide O*~,
~530.5 eV corresponding to the superoxide species (O, ) and
~531.7 eV which may correspond to carbonates (CO;>~) or may
be hydroxide species (OH™).*”*® Formation of carbonate spe-
cies might be due to carbon dioxide adsorbed from the atmo-
sphere and also it is indicative of the highly basic nature of the
prepared material, which is also shown by CO,-TPD analysis.
The presence of significant hydroxide species from the XPS
analysis could be explained by the fact that Li and MgO are very
hygroscopic in nature and formed hydroxide species by adsorb-
ing water from the air.

Moreover a slightly positive shift from 529 eV to 529.8 eV
of the metal oxide peak (O*>") is observed in the deconvoluted
O 1s XPS spectra. This shift has been determined to be a
true chemical effect, rather than a result of charging or instru-
mental error. Such a shift represents the slightly more
oxidised environment of oxygens existing in the near-surface

Energy Adv., 2023, 2,180-197 | 185
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Fig. 5 O 1s XPS deconvoluted pattern for all the prepared Li/MgO catalysts.

region.” This chemical effect, which may arise due to the
different metal to oxygen bond environment, appeared after
Li loading.

3.6. Raman analysis

Raman analysis results are shown in Fig. 6. The results show
that pure MgO has a Raman-active mode due to surface effects,
which can lead to surface modes, and these are expected in
nanostructured catalysts, as proven by DFT experiments on
MgO nanotubes.’® When the Raman spectrum of commercial
MgO was compared with the prepared MgO support, it was
observed that the commercial MgO has only minor G-band at
around 1500 cm ™' and a D-band at 1931 cm ™" which could be
due to the lack of Raman activity in the commercial MgO.
Literature reports also suggest that crystal symmetry is respon-
sible for the inactivity of Raman for bulk MgO.>"** Fig. 6 reveals
that all the Li doped samples have essentially identical Raman
spectra to the pure MgO support, which could be owing to the
lack of active Raman modes for Li,O or Li,COs. For all samples,
a weak peak is observed around 1088 cm ™" and surface phonon
modes are responsible for this peak.”>>* For all the prepared
catalysts, a broad peak at 1261 cm ™' is due to the D-band and

186 | Energy Adv., 2023, 2,180-197

additionally there is also a sharp peak at about 1500 cm ™" due
to the presence of the G-band.”*”> Similarly, a broad band at
about 2360 cm™ " represents a G-band and a strong D-band can
also be seen at lower frequencies at ~1931 ecm™ . It is reported
that these peaks appear because carbon is bonded to MgO
forming MgCO;.>® The Raman spectra of all Li-doped catalysts
are nearly identical to those of pure MgO, although the D and G
bands shift slightly to lower wavelengths as the Li loading
increases.

We also conducted an in situ Raman investigation of
the 3.6Li/MgO"P™S"" catalyst in CH; + O, flow at various
temperatures to obtain information about any structural
changes in the catalyst during reaction. As can be observed in
Fig. 7, the intensity or integrated peak area of the peaks
corresponding to the D and G bands decreased as the tempera-
ture increased. Increased disorder in the structure of MgO and
partial decomposition of MgCO; present in the catalyst at
higher temperatures could explain this decrease in peak inten-
sity with increasing temperature.’® It is noteworthy that in
the reaction environment (CH, + O,) at 800 °C, the same
bands with comparable peak shapes but with a decreased
intensity still exist, indicating that some changes are occurring

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Raman spectra of the different Li/MgO catalysts.

in the catalyst, but these changes do not affect its catalytic
activity.

3.7. In situ DRIFTS analysis

Fig. 8 shows the in situ DRIFTS spectra for the pure MgO
support and 3.6Li MgO P S"" catalysts under N, + CH; + O,
conditions. The spectral bands attributed to carbonate species
and CO, species have variations in the DRIFTS spectra (asso-
ciated by reaction feed) (Fig. 9). It was found that a band at
around 1620 cm ™" (between 1530 and 1650 cm ™) is present on
the 3.6Li/MgO PS"P catalyst and this peak is missing over
support MgO. This band is due to the C=C stretching fre-
quency of olefinic species formed during reaction.’” Peaks at
1304 and 3016 cm ™' are attributed to free CH,, whereas a peak
at 1343 cm ™' is assigned to bidentate carbonate species. Three
additional peaks at 1080, 1435 and 1495 cm " are found over
the 3.6Li/MgOP®P™"" catalyst due to the formation of mono-
dentate carbonate species.*®>® Monodentate carbonate species
are generated by the presence of basic O,  ions, which are not
present in the case of support MgO. When methane is chemi-
sorbed in a dissociative manner, the stronger O~ ions cause
the C-H bond to break.’® So, in the case of the 3.6Li/MgOPP~5"P
catalyst, the presence of stronger O>~ ions helps to break the C-
H bond of methane easily compared to the MgO support. The
band at 3770 cm ' in Fig. 8 is the OH stretching vibration
region implying the existence of hydrogen bound hydroxyl

© 2023 The Author(s). Published by the Royal Society of Chemistry

species on the catalyst surface under the reaction conditions.>
It was also noticed that the band at 3770 cm ™' is prominent in
the case of the 3.6Li/MgOP®P™"P catalyst indicating the for-
mation of hydroxyl species compared to the MgO support. It
has to be noted that water is formed during the OCM reaction.

It was also noticed that in the case of the 3.6Li/MgO P S"" catalyst
an additional peak at 2350 cm ™! is observed, which is characteristic
of adsorbed CO,,> and this peak is absent in the case of MgO.

Bands near 3000 cm ' can also be found due to the gas-
phase methane adsorbed over the catalysts.>

3.8. Electron paramagnetic resonance (EPR) analysis

An Electron Paramagnetic Resonance (EPR) spectrum recorded
at room temperature (Fig. S7 in ESIt) characterized the freshly
prepared 3.6Li/MgOP®P™5"" catalyst showing g values at 2.07,
2.04, 2.00 and 1.99. It has to be noted that EPR is an amenable
method to detect species having unpaired electrons, such as
O, and O™ species and electrons trapped by oxygen vacancies.
The g values obtained from the spectrum of the 3.6Li/MgO PSP
catalyst can be compared well with O, signals reported by
Lunsford et al. at gy, = 1.994, gy, = 2.006, g, = 2.040 on La,0;;*°
and Wang et al. at gy, = 2.0001, g,,, = 2.0045, g,, = 2.0685 on SrF,/
La,0;.°* Thus signals on the 3.6Li/MgOP®P™"" catalyst in this
investigation can be attributed to surface electrophilic O,
species. A signal that appeared at a g value of 2.07 can also
be attributed to the superoxide species coordinated to Mg**
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ions as reported by Lunsford et al°® Additionally, some
researchers attribute the signal that appeared at a g value of
2.00 to anionic vacancies or oxygen vacancies.®*®* Earlier
reports suggest that oxygen-centred radicals (such as °O,,
*OH, and *OOH) can be formed on the surfaces of metal oxides
having oxygen vacancies and could be detected by EPR and
owing to the coordinatively unsaturated character of metal
oxides, oxygen vacancies on the catalyst surface might act as
sites for molecular oxygen activation via adsorption.®***

4. Catalytic activity

The conversion of methane to ethane and ethylene is carried out
at temperatures ranging between 600 and 800 °C for all the
prepared catalysts including the support MgO. It was found that
the synthesized MgO showed negligible activity, where the C,
selectivity was only 23.8% at 700 °C and this activity was due to the
presence of defects in the MgO crystals.®® Fig. 9(b) shows that
methane conversion increases after Li loading, and the selectivity
of the C, products also increases. It has to be noted that various Li
doping catalysts resulted in the displacement of Mg>" by Li",
leading to the formation of a negatively charged O centre and
formation of the defect in the MgO matrix, which accounts for the
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increased activity of the different Li-MgO catalysts compared to
pure MgO.>* The activity of our prepared Li-MgO catalyst is high
compared to the earlier reported catalysts in the literature (see
Table S2, ESIt). Fig. 9 shows the activity of the catalysts at
different temperatures. At 700 °C, a higher methane conversion
was observed for Li-doped MgO than for undoped MgO, and the
C, selectivity was greater than 80%. These findings show the
generation of active species resulting from Li doping on MgO for
the OCM reaction. In the case of methane conversion, all the Li-
doped catalysts show low conversion at 600 °C and conversion
increases with increasing temperature up to 800 °C. It was found that
the activity of the catalyst follows the order: 3.6Li/MgO P> > 1.9Li/
MgOPP > 3.8Li/MgO°?P > 7.4Li/MgOP? catalyst at 700 °C, as
shown in Fig. 9. C, selectivity was high at 600 °C for all Li-doped
MgO catalysts and decreases with increasing temperature up to
800 °C, whereas CO, (CO and CO,) selectivity increases with
increasing temperature indicating that at high temperatures, over-
oxidation of C, products into CO, occurs.

4.1. Effect of GHSV on CH, conversion, C, selectivity and C,
yield as a function of temperature

In order to optimize the catalytic system, we tested the effect
of GHSV with respect to the temperatures for all the catalysts.
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The results show that the 3.6Li/MgOP®P"" catalyst is more
active and selective than other catalyst systems (Fig. 10). Over
the 7.4Li/MgOP°P catalyst, the high Li content decreases the
conversion of methane because of the fact that a high amount
of Li could agglomerate resulting in increased particle size. The
3.6Li/MgOPPS"P  catalyst provides the highest C, yield
(29.48%) by showing methane conversion of 37.8% with a C,
selectivity of 78% at 700 °C. The effect of GHSV on C, selectivity
and C, yield with respect to temperature for all the tested
catalysts is also shown in Fig. S3 (ESIt).

As we can see from the graph (Fig. S4, ESIY), at lower
temperatures (600 °C), ethane selectivity is higher than
ethylene, and with increasing temperature, ethane selectivity
decreases and ethylene selectivity increases. This is most
probably because at higher temperatures, dehydrogenation of
ethane occurs simultaneously on the catalyst surface.

4.2. Stability of the 3.6Li/MgOP*P~5" catalyst on TOS

Time-on-stream study of the prepared catalysts at 700 °C is
shown in Fig. 11, and it was found that the 3.6Li/MgOQPP~5uP
catalyst is stable even after 24 h reaction time; on the other
hand 1.9Li/MgOPP catalyst deactivates continuously with time-
on-stream. We believe that during high-temperature reactions,

190 | Energy Adv., 2023, 2,180-197

loosely bound Li species in the deposition-method catalysts
were lost, resulting in a decrease in catalytic activity of the
1.9Li/MgOP°P catalyst; additionally, the stabilised Li active sites
in the 3.6Li/MgOP"P catalyst due to its high temperature
heat treatment prior to catalytic activity are responsible for its
stability and high activity.

It was observed that the superoxide (O,”) species on the
catalyst surface (analysed by XPS analysis) has a linear relationship
with the selectivity of C, hydrocarbons in the OCM reaction. From
Fig. 12 it is evident that the catalyst with more O,  species has
higher selectivity for C, hydrocarbons.

4.3. Density functional theory (DFT) study

The DFT optimized geometry of the MgO(100) surface is shown
in Fig. 13(a). The Li,~MgO(100) catalyst surface was obtained by
replacing two Mg (+2) with two Li (+1) and removing one oxygen
(—2) in order to balance the total charge, shown in Fig. 13(b).®®
The position of the oxygen vacancy is also shown in Fig. 13(b)
with the red designated circle.

The activation of the methane first C-H bond is known to be
the rate limiting step in oxidative methane coupling reaction.
To understand the effect of Li doping in the OCM reaction as
observed in experiments, the activation of CH, molecules was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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studied over the MgO(100) and doped Li,-MgO(100) surfaces,
as shown in Fig. 14 and 15, respectively. As shown in Fig. 14(a),
the CH, molecule adsorb physically over the MgO(100) surface.

The TS for C-H activation at the MgO(100) surface has been
shown in Fig. 14(a’), where the C-H bond elongated from 1.1 A
in the reactant state (Fig. 14(a)) to 3.7 A in the TS (Fig. 14(a")).
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Fig. 12 Graph of superoxide (O,7) area% vs. C; selectivity.
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Fig. 14 Methane C—H bond activation over the MgO(100) surface, (a) reactant (CH4), (@) TS (CHz—H) and (b) product (CHz + H). Color code: Mg (green),
O (red), C (black) and H (white).
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Fig. 15 Methane C-H bond activation over the Li,—MgO(100) surface, (a) reactant (CHy), (@’) TS (CHz—H) and (b) product (CHs + H). Color code:

Mg (green), O (red), Li (purple), C (black) and H (white).

Table 3 Methane C—H bond activation barrier and reaction energy over
pure and Li-doped MgO catalyst surfaces

Activation barrier
(kcal mol ™)

Reaction energy

Catalytic system (keal mol ™)

MgO(100) 114.1 55.5
Li,-MgO(100) 29.0 7.6
Li;-MgO(100) 64.3 15.3
Li;~MgO(100) 86.9 25.9

The Mg-C and O-H bond distances at the TS (Fig. 14(a’)) were
measured to be 3.3 A and 2.2 A, respectively. The activation
barrier for methane C-H bond activation over the MgO(100)
surface was calculated to be 114.1 kcal mol™" (Table 3). In the
product state, the C-H bond of CH, is completely dissociated to
CH; + H, as O-H bonds (1.0 A) and Mg-C (2.2 A) bonds were
formed, as can be seen in Fig. 14(b). Based on our calculation,
the CH, dissociation to CH; + H has an endothermic reaction
energy of 55.5 kcal mol ™" (Table 3).

To understand the promotional effect of Li doping to MgO
in the OCM reaction, the CH, dissociation to CH; + H was
performed over the Li,-MgO(100) surface, as shown in Fig. 15.
The CH, molecule physically adsorbs at the Li,~-MgO(100)
surface, as shown in Fig. 15(a), where the C-H bond length
was calculated to be 1.1 A, similar to the undoped MgO(100)
surface. In the TS, the C-H bond was elongated to 1.4 A,
whereas the O-H bond length was calculated to be 1.3 A
(Fig. 15(a’)), much smaller compared to the undoped
MgO(100) surface (3.7 A and 3.3 A, respectively), indicating
higher stabilization of the TS in the Li,-MgO(100) surface.
The activation barrier for the CH, C-H activation over the

© 2023 The Author(s). Published by the Royal Society of Chemistry

Li,~MgO(100) surfaces was calculated to be 29.0 kcal mol™*
(Table 3), nearly 85 kcal mol™ " lower compared to the undoped
MgO(100) surface. The reaction energy for CH, dissociation
to CH; + H at the Li,-MgO(100) surface was also calculated
to be less endothermic by 7.6 kcal mol™" (Table 3), nearly
50 kecal mol ' lower than that of the MgO(100) surface. The
lower C-H activation barrier and low endothermic reaction
energy indicate the higher OCM activity of the Li,~MgO(100)
catalyst surface compared to the undoped MgO(100) surface as
seen in the experiments in Fig. 9.

To understand the effect of Li-loading on the OCM reaction,
Li-MgO(100) surfaces with three Li atoms (Li3-MgO(100)) and
four Li atoms (Li;—~MgO(100)) were modelled to represent the
MgO catalyst with high Li loading. Two different configurations
were studied for the Li;-MgO(100) surface, as shown in Fig. S8
(ESIt), where Li added close to the oxygen vacancy site
(Fig. S8(a), ESIt) was found to be more stable by ~50 kJ mol ™",
than where Li was added away from the oxygen vacancy site
(Fig. S8(b), ESIT). Following same principle in the Li,~MgO(100)
surface the fourth Li atom was also kept near the oxygen
vacancy site. Methane C-H activation was studied over Lis-
MgO(100) and Li,~MgO(100) surfaces, as shown in Fig. 16 and
17, respectively.

During the C-H bond activation over the Li;-MgO(100)
surface, the C-H bond in methane (1.1 A, Fig. 16(a)) was
elongated to 2.2 A in the TS (Fig. 16(a)), and the O-H bond
length was calculated to be 2.4 A (Fig. 16(a’)), which are much
higher compared to the Li,-MgO(100) surface (1.4 A and 1.3 A,
respectively), indicating destabilization of the TS in the Li;-
MgO(100) surface due to the additional Li atom. The activation
barrier for C-H activation over the Liz;—~MgO(100) surfaces was

Energy Adv., 2023, 2,180-197 | 193
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Fig. 16 Methane C—H bond activation over the Liz—MgO(100) surface, (a) reactant (CHy), (@’) TS (CHz—H) and (b) product (CHs + H). Color code:
Mg (green), O (red), Li (purple), C (black) and H (white).

also calculated to be much higher (64.3 kcal mol ') compared at the Li;-MgO(100) surface was also calculated to be less
to the Li,-MgO(100) surface (29.0 kcal mol™ '), as given in endothermic by 15.3 kcal mol~"' (Table 3), neatly 8 kcal mol *
Table 3. The reaction energy for CH, dissociation to CH; + H higher than the Li,~MgO(100) surface. Methane C-H activation

top-view

side-view

> NPy A
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Fig. 17 Methane C—H bond activation over the Li4,—MgO(100) surface, (a) reactant (CHy), (@’) TS (CH3z—H) and (b) product (CHs + H). Color code:
Mg (green), O (red), Li (purple), C (black) and H (white).
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over the Li;-MgO(100) surface, shown in Fig. 17, shows similar
trends. The activation barrier for the CH, C-H activation over
the Li,~MgO(100) surfaces was also calculated to be even higher
(86.9 kecal mol %, Table 3), due to higher deactivation of the TS
due to the presence of two extra Li atoms (Fig. 17).

The amount of Li doping was found to be an important
factor in determining the OCM activity of the Li/MgO catalyst
system, where the methane C-H bond activation barrier was
found to decrease on Li doping on the MgO(100) surface;
however, higher Li addition lead to an increase in methane
activation barrier, which can cause a decrease in the overall
OCM activity, as also observed in the experimental findings.
The methane C-H bond activation barrier was found to follow
the trend: Li,-MgO(100) < Liz-MgO(100) < Li,~MgO(100) <
MgO(100). A BEP relationship was also observed for the
MgO(100) and Li-doped MgO(100) surfaces, where the activa-
tion barrier and the reaction energies of the methane C-H bond
dissociation reaction were found to follow a linear relationship,
as shown in Fig. 18.

5. Conclusions

Li/MgO catalysts synthesized by a successive deposition-sub-
limation method showed high activity and stability during the
oxidative conversion of methane to olefins. The XRD analysis of
the Li-MgO catalyst showed Mg>" displacement by Li" in its
crystal lattice and the formation of superoxide species (O, ")
and lattice oxygen species (O”7) that trigger the methane

© 2023 The Author(s). Published by the Royal Society of Chemistry

activation. The substitution of Li* by Mg>" in the crystal lattice
of MgO, resulting in the formation of active O negative sites,
and the formation of a larger number of these defect sites
played a significant role in the methane activation. Higher
methane conversion was attributed to surface Li species, but
higher C, selectivity was attributed to Li-MgO defect sites and
negatively charged oxygen species. It is found that the amount
of Li in the Li/MgO catalyst affects the catalytic activity during
the methane oxidative coupling reaction. According to our
results, the conversion and selectivity of methane to C,H,
and C,Hg increased as the Li loading increased, reached its
highest value at 3.8%, and then decreased further with an
increased Li loading. Active site Li'O~ dispersion, which results
from replacing Mg>* with Li* in the magnesium oxide lattice,
depends on the amount of Li loaded. On the highly dispersed
active sites Li'O~, methane activation is controlled thermo-
dynamically, favouring the production of ethane and ethylene,
whereas the kinetic factor dominates when the poorly dis-
persed Li'O~ active sites dominate the reaction, resulting
in low selectivity for ethane and ethylene and high selectivity
for other by-products such as COx. The activation barrier for the
C-H activation of CH, over the Li,-MgO(100) surfaces was calcu-
lated to be 29.0 keal mol™", which is nearly 85 kcal mol™" lower
compared to the undoped MgO(100) surface (114.1 kcal mol ).
However, as the Li doping was increased, the activation barrier for
CH, dissociation was increased by 35 kecal mol " and 57 kecal mol *
for Li;-MgO(100) and Li,~MgO(100), respectively. The lower
activation barrier and lower endothermicity of the methane
C-H activation obtained from DFT indicate the higher OCM
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activity of the Li-MgO(100) catalyst compared to the undoped
MgO(100) surface, as also seen in the experimental catalytic
activity studies. The best C, yield was obtained over our 3.6Li/
MgOPPSU catalyst. Although the C, selectivity was sufficient
above the 3.8% Liloaded catalyst (7.4Li/MgO"°P) due to
increasing defect sites, methane conversion was reduced due
to a decrease in the active surface area of the catalyst.
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