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Gas-phase methyl radicals have been long proposed as the key intermediate in catalytic oxidative coupling of
methane, but the direct experimental evidence still lacks. Here, employing synchrotron VUV
photoionization mass spectroscopy, we have directly observed the formation of gas-phase methyl radicals
during oxidative coupling of methane catalyzed by Li/MgO catalysts. The concentration of gas-phase methyl
radicals correlates well with the yield of ethylene and ethane products. These results lead to an enhanced
fundamental understanding of oxidative coupling of methane that will facilitate the exploration of new
catalysts with improved performance.

xidative coupling of methane (OCM) has remained as one of the great but rewarding challenges within

heterogeneous catalysis research since the pioneering work of Keller and Bhasin'. A large economical

interest in the OCM reaction, as well as the associated supremely challenging scientific aspects, has
ensured this topic’s high popularity over the preceding decades*. The goal of OCM catalysts is to achieve a high
selectivity to ethane and ethylene (C, products) at a high methane conversion, with an overall C, yield of 30%’.
Meanwhile, OCM reactions generally take place at 650-800°C to activate the strong C-H bond in methane, the
stability of OCM catalysts is also a great challenge. Although a large number of compounds have been tried, OCM
catalysts are still quite far away from the economical target. Therefore, the exploration of new catalytic materials
must be based on the fundamental question of which properties a well-performing OCM catalyst should possess.
It is thus of high importance and significant scientific interest to elucidate the reaction mechanism and structure-
activity relationship at the molecular level.

The OCM reaction is proposed to be initiated via the activation of methane on the catalyst surface to generate
methyl radicals, and the secondary reactions of methyl radicals either on the catalyst surface or in the gas phase
lead to the C, products®’, however, due to the lack of routine techniques for the detection of methyl radicals, solid
experimental evidence for such a OCM reaction mechanism is very rare®'®. Using a matrix isolation electron spin
resonance (MIESR) system, Lunsford et al. have detected surface-generated, gas-phase methyl radicals in the
OCM reaction catalyzed by various catalysts®'7, but MIESR is not a technique capable of directly detecting gas-
phase radicals. Schlogl’s group developed molecular-beam mass spectroscopy with threshold ionization using the
electron impact ionization technique for the in-situ investigation of gas-phase transient intermediates in hetero-
geneous catalytic reactions'*’. Recently synchrotron VUV photoionization combined with molecular-beam
mass spectroscopy, also referred as synchrotron VUV photoionization mass spectroscopy (SVUV-PIMS), was
developed to study low-pressure premixed laminar flames®'. Comparing with electron impact ionization, syn-
chrotron VUV photoionization possesses the advantages of wide tunability and high energy resolution and thus
can minimize fragmentation interference, distinguish isomers, and detect radicals. The application of SVUV-
PIMS has achieved great success in detecting combustion intermediates and comprehensive measurement of
flame structure for combustion studies****. Several reports also extended the application of SVUV-PIMS to
heterogeneous catalytic reaction systems and chemical vapor deposition systems*>’. In this paper, we report
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Figure 1| Scheme of the SVUV-PIMS system online coupled to a catalytic reactor.

our successful approach to use SVUV-PIMS for the in-situ detection
of gas-phase methyl radicals in the OCM reaction. Our results for the
first time provide direct experimental evidence for the OCM reaction
mechanism. Specially we show, that the reaction is initiated via
activation of methane on the catalyst surface to generate methyl
radicals.

Results

We designed an online catalytic reactor connected to the SVUV-
PIMS system housed in National Synchrotron Radiation Labora-
tory (Hefei, China)**. The experimental set-up is schematically illu-
strated in Figure 1 and consists of three parts: (I) a catalytic reactor
that can be heated up to ~900°C; (II) a differentially pumped cham-
ber; (III) the SVUV-PIMS system with a homemade time-of-flight
mass spectrometer*®”. The SVUV-PIMS system covers the photon
energies from 7.8 to 24.0 eV and is capable of online detecting the
gas-phase components of catalytic reactions operated at a total pres-
sure up to 5~6 Torr.

The OCM catalyst used in our study is Li-doped MgO catalyst, one
of the most intensively studied OCM catalysts**. Two types of Li-
doped MgO catalysts with calculated Li amount of 1.3% and 5.6%
(denoted as 1.3%-Li/MgO and 5.6%-Li/MgO) were prepared by ade-
quately mixing of MgO and Li,CO; finally subjected to calcination in
a Muffle furnace at 800°C for 4 hours. Only diffraction patterns
arising from MgO were observed in the XRD spectra of as prepared
Li/MgO catalysts (Figure S1). Table 1 summarizes specific surface
areas and elemental compositions of Li/MgO catalysts. The specific
surface area of 1.3%-Li/MgO and 5.6%-Li/MgO catalysts is 15.3 and
2.2 m?/g, respectively. The Li amount in 1.3%-Li/MgO and 5.6%-Li/
MgO catalysts is only 0.21% and 1.16%, respectively. This indicates
that Li/MgO catalysts suffer heavy losses of Li during the calcination
process, agreeing with previous observations®>*'. The catalytic per-
formance of Li/MgO catalysts in the OCM reaction was firstly eval-
uated in an ambient-pressure fixed-bed flow reactor. The catalysts
were activated in pure O, at 450°C for 2 hours prior to the catalytic
performance evaluation. As shown in Figure 2A, both Li/MgO cat-
alysts are active in catalyzing the OCM reaction. 5.6%-Li/MgO

catalyst is much more active than 1.3%-Li/MgO catalyst. At 750°C,
the CH, conversion rate is 10.7 and 84.4 umol-min™'-m~ for 1.3%-
Li/MgO and 5.6%-Li/MgO, respectively; and the C, selectivity is
33.2% and 44.4% for 1.3%-Li/MgO and 5.6%-Li/MgO, respectively.
Both catalysts are stable in catalyzing the OCM reaction under the
investigated conditions (Figure 2B).

The OCM reaction catalyzed by both catalysts was then operated
in the online catalytic reactor connected to the SVUV-PIMS system
at a total reactant pressure of 4 Torr. Figure 3A shows SVUV-PIMS
spectra of the gas-phase components of OCM reaction catalyzed by
5.6%-Li/MgO catalyst at 750°C ionized with photons at different
energies. Ionized with photons at 10.0 eV, only a single peak with
m/z = 15 appears in the SVUV-PIMS spectrum. With the increase of
photon energy to 11.6 eV, in addition to the peak at m/z = 15, strong
peaks appear at m/z = 28, 30 and 32 in the SVUV-PIMS spectrum.
With the further increase of photon energy to 14.0 eV, main peaks
appear at m/z = 16, 18, 28 and 32 in the SVUV-PIMS spectrum, but
peaks at m/z = 29, 30 and 44 are also visible. No signal was detected
by SVUV-PIMS ionized with photons at 9.5 eV (Figure S2), dem-
onstrating that no gas-phase product was formed with its ionization
threshold below 9.5 eV. The most important feature of SVUV-PIMS
is the measurement of the photoionization efficiency (PIE) spectrum
for the targeted m/z signal detected in the SVUV-PIMS spectrum™.
The PIE spectrum is able to give the ionization threshold of the
targeted m/z signal that can unambiguously identify the correspond-
ing gas-phase compound by comparing with standard database such

Table 1 | Compositions and specific surface areas of various Li/
MgO catalysts

Catalyst G (Wit%)  GP (wi%) G (Wt%)  Sger (m?/g)
1.3%Li/MgO 0.21 0.17 0.18 15.3
5.6%Li/MgO 1.16 0.17 0.15 2.2

°: as-prepared Li/MgO catalysts.

b: as-prepared Li/MgO catalysts treated in pure O, at 450°C for 2 hours.

<: as-prepared Li/MgO catalysts after the catalytic performance evaluation in the OCM reaction up
to 750°C.
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Figure 2| (A) Catalytic performance of 1.3%-Li/MgO and 5.6%-Li/MgO catalysts in OCM reaction at ambient pressure. (B) Catalytic Stability of
1.3%-Li/MgO and 5.6%-Li/MgO catalysts in OCM reaction at 750°C and ambient pressure.

as NIST online database®. Figure 4 shows the PIE spectra of m/z =
15, 16, 18, 28, 30 and 44 detected in the SVUV-PIMS spectra of the
gas-phase components of OCM reaction catalyzed by 5.6%-Li/MgO
at 750°C. The m/z = 15 signal gives an ionization threshold of
9.80 eV (Figure 4A) that agrees well with the ionization threshold
of methyl radicals®. Thus this species can be unambiguously iden-
tified to be methyl radical (CH;¢). No methyl radical was detected by
SVUV-PIMS for the catalytic reaction at 750°C without Li/MgO
catalysts (Figure 5A). Meanwhile, no signal except m/z = 40 (Ar)
was observed when 5.6%-Li/MgO catalyst was tested at 750°C under
the Ar flow (Figure S3). These observations provide direct and solid
experimental evidence for the formation of gas-phase methyl radicals
during the catalytic OCM reaction and clearly prove that the detected
gas-phase methyl radicals are generated by the activation of methane
on the Li/MgO catalyst surface. The m/z = 16 signal gives an ion-
ization threshold of 12.60 eV (Figure 4B) and thus can be unambigu-
ously identified to methane (CH,). The m/z = 28 signal gives two
ionization thresholds of 10.47 and 14.10 eV (Figure 4C) respectively
corresponding to ethylene (C,H,) and carbon monoxide (CO). The
observed inflection at ~12.2 eV in Figure 4C corresponds to the *Bs4
electronic state of C;H, " ion*. The m/z = 30 signal gives two ion-
ization thresholds of 10.86 and 11.53 eV (Figure 4D) respectively
corresponding to formaldehyde (HCHO) and ethane (C,Hg). The
observed inflection at ~12.5 eV in Figure 4d corresponds to the °E,
electronic state of C;Hg™ ion*. The m/z = 32 signal gives two ion-
ization thresholds of 10.82 and 12.05 eV (Figure 4E) respectively

corresponding to methanol (CH;OH) and oxygen (O,). The m/z
= 44 signal gives an ionization threshold of 13.84 eV (Figure 4F)
corresponding to carbon dioxide (CO,). The m/z = 29 signal in the
SVUV-PIMS spectrum acquired with photon energy of 14.0 eV
results from the fragmentation of C,Hg due to the photodissociation
of one C-H bond that requires a photon energy of 12.40 eV*. Thus
identified by SVUV-PIMS, the gas-phase components of the OCM
reaction catalyzed by Li-MgO catalysts include not only methane,
oxygen, methyl radical, ethylene, ethane, carbon monoxide, carbon
dioxide, but also formaldehyde and methanol. Formaldehyde and
methanol were previously reported as trace products of OCM reac-
tion catalyzed by Li/MgO catalysts®.

Besides gas-phase methyl radical, other likely species with m/z of
15 included gas-phase Li,H with the ionization threshold is 4.5 eV*’,
but its formation can be excluded by the experimental observation
that no signal was detected by SVUV-PIMS ionized with photons at
9.5 eV (Figure S2). Thus the m/z = 15 peak in the SVUV-PIMS
spectra ionized with photons at 10.0 eV is exclusively contributed
by gas-phase methyl radical and its peak intensity represents the gas-
phase concentration of methyl radical. The gas-phase concentration
of ethylene can be represented by the integrated intensity of the m/z
= 28 peak in the SVUV-PIMS spectra ionized with photons at
11.6 eV. The m/z = 30 peak in the SVUV-PIMS spectra ionized with
photons at 11.6 eV is contributed by ethane and formaldehyde, and
the ethane/formaldehyde ratio can be calculated from the corres-
ponding PIE spectrum®. Figure S4 shows SVUV-PIMS spectra of
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Figure 3| (A) SVUV-PIMS spectra of the gas-phase components of OCM reaction catalyzed by 5.6%-Li/MgO at 750°C ionized with photons at
different energies. (B) Integrated SVUV-PIMS peak intensity of gas-phase methyl radicals, ethylene and ethane during OCM reaction catalyzed by

5.6%-Li/MgO at 650, 700 and 750°C.
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Figure 4 \ Photoionization efficiency spectra of m/z = 15 (A), 16 (B), 28
(©), 30 (D), 32 (E) and 44 (F) in the SVUV-PIMS spectra of the gas-phase
components of OCM reaction catalyzed by 5.6%-Li/MgO at 750°C.

the gas-phase components of OCM reaction catalyzed by 5.6%-Li/
MgO catalyst at various temperatures ionized with photons at 10.0
and 11.6 eV, and Figure 3B compares the concentrations of gas-
phase methyl radical, ethylene and ethane. The concentrations of
gas-phase methyl radical, ethylene and ethane simultaneously
increase with the reaction temperature. Figure S5 shows SVUV-
PIMS spectra of the gas-phase components of OCM reaction cata-
lyzed by 1.3%-Li/MgO and 5.6%-Li/MgO catalysts at 750°C with
photons at 10.0 and 11.6 eV, and Figure 5B compares the concentra-
tions of gas-phase methyl radical, ethylene and ethane. 5.6%-Li/MgO

%OO -

1501

5.6%-Li/MgO

catalyst is more catalytically active than 1.3%-Li/MgO, and the con-
centrations of gas-phase methyl radical, ethylene and ethane in the
OCM reaction catalyzed by 5.6%-Li/MgO are larger than those cat-
alyzed by 1.3%-Li/MgO.

We analyzed the composition of Li/MgO catalysts after the activa-
tion in pure O, at 450°C for 2 hours and those after the catalytic
performance evaluation in the OCM reaction up to 750°C (Table 1).
After the activation in pure O, at 450°C for 2 hours, the Li amount in
1.3%-Li/MgO only slightly decreases from 0.21% to 0.18% but the
Li amount in 5.6%-Li/MgO substantially decreases from 1.16% to
0.17%. This demonstrates that the treating condition strongly affects
the composition of Li/MgO catalysts. The Li amount in Li/MgO
catalysts after the O, activation does not decrease much even after
the catalytic performance evaluation in the OCM reaction up to
750°C. Thus 1.3%-Li/MgO and 5.6%-Li/MgO catalysts under the
working condition actually have similar amounts of Li. We employed
TEM and HRTEM to examine the morphology and microstructure
of as prepared Li/MgO, Li/MgO activated in pure O, at 450°C for
2 hours, and Li/MgO after the catalytic performance evaluation in
the OCM reaction up to 750°C. TEM images (Figure S6) dem-
onstrate that the grain size of catalyst particles in 5.6%-Li/MgO are
larger in 1.3%-Li/MgO. This agrees with the observation that the
specific surface area of 1.3%-Li/MgO is larger than that of 5.6%-Li/
MgO catalyst. As seen in the HRTEM images and the corresponding
Fourier-transformed patterns (Figure 6), as prepared 1.3%-Li/MgO
and 5.6%-Li/MgO catalysts exhibit similar morphologies. After the
oxygen activation and catalytic performance evaluation, 1.3%-Li/
MgO catalysts exhibit quite regular morphologies mainly consisting
of stepped terraces with the lattice fringe corresponding to
MgO(200); 5.6%-Li/MgO catalysts are with irregular morphologies
within which the lattice fringe corresponding to MgO(111) is visible.
Thus, although 1.3%-Li/MgO and 5.6%-Li/MgO under the OCM
reaction condition are with similar Li amounts (~0.16%), they
exhibit different morphologies and microstructures.

Discussion

The SVUV-PIMS spectroscopy online detects the presence of species
with m/z = 15 in the gas-phase components during the OCM reac-
tion catalyzed by Li/MgO catalysts, and by measuring its ionization
threshold, unambiguously identifies this species to be methyl radical.
Without the catalysts, no methyl radical was detected by SVUV-
PIMS under the same reaction condition. These results clearly prove
the generation of gas-phase methyl radicals by the activation of
methane on the Li/MgO catalyst surface during the OCM reaction.
Comparing previous MIESR results®* ", our SVUV-PIMS results rep-
resent a direct and unambiguous detection of surface-generated,

mm vz =15 (CHsy)
mmmz=28(CH,)

mm m/z = 30 (C,H,)

8- 1.3%-Li/MgO

lonintensity (arb. unit)
b
—

04 "
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m/z

without catalyst 1.3%LiMgO  5.6%-LilMgO

Figure 5| (A) SVUV-PIMS spectra of the gas-phase components of OCM reaction catalyzed by various catalysts at 750°C ionized with photons at
10.0 eV. (B) Integrated SVUV-PIMS peak intensity of gas-phase methyl radicals, ethylene and ethane during OCM reaction catalyzed by various catalysts

at 750°C.
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Figure 6 | High-resolution TEM images of as prepared 1.3%-Li/MgO (a) and 5.6%-Li/MgO (b), as-prepared 1.3%-Li/MgO (c) and 5.6%-Li/MgO
(d) activated in pure O, at 450°C for 2 hours, as-prepared 1.3%-Li/MgO (e) and 5.6%-Li/MgO (f) after the catalytic performance evaluation in the OCM
reaction up to 750°C. The inset shows the Fourier-transformed pattern of HRTEM image.

gas-phase methyl radicals in the OCM reaction catalyzed by Li/MgO
catalysts. Moreover, the simultaneous analysis of gas-phase compo-
nents by SVUV-PIMS spectroscopy enables the clear correlation
among the concentrations of gas-phase methyl radical, ethylene
and ethane in the OCM reaction catalyzed by Li/MgO catalysts.
Our results show that the gas-phase concentration of ethylene and
ethane varies in the same trend to the gas-phase concentration of
methyl radical, suggesting that ethylene and ethane should be pro-
ducts of secondary reactions of methyl radicals. Meanwhile, the gas-
phase concentration of ethylene and ethane detected by SVUV-PIMS
spectroscopy in the OCM reaction operated under a total pressure of
4 torr varies in the same trend to the yield of ethylene and ethane
measured in an ambient-pressure catalytic reactor, indicating that
the results acquired by the SVUV-PIMS study of the OCM reaction
under a total pressure of 4 torr should be applicable for the practical
OCM reaction. Thus, our SVUV-PIMS results provide direct and
unambiguous experimental evidence for the OCM reaction mech-
anism that the OCM reaction is initiated via the activation of meth-
ane on the catalyst surface to generate methyl radicals followed by the
secondary reactions of methyl radicals®”.

Although 1.3%-Li/MgO and 5.6%-Li/MgO under the OCM reac-
tion condition are with similar Li amounts (~0.16%), 5.6%-Li/MgO
exhibits a much better catalytic performance in the OCM reaction
than 1.3%-Li/MgO. Two schools of thought exist in assigning the role
of Li in Li/MgO catalysts for the OCM reaction: forming Li*O~ sites’
or forming MgO defect sites such as F centers®**. Recently the
segregation Li in Li/MgO catalysts and the subsequent desorption
of Li from Li/MgO catalysts during the OCM reaction were observed
to strongly affect the morphology and microstructure of MgO®**.
Our TEM and HRTEM results demonstrate that 1.3%-Li/MgO and
5.6%-Li/MgO exhibit different morphologies and microstructures.
5.6%-Li/MgO exhibits a more irregular morphology than 1.3%-Li/
MgO and thus likely exposes more defect sites; meanwhile, 1.3%-Li/
MgO mainly exposes {100} crystal planes whereas crystal planes

other than {100}, such as {111} crystal planes, are exposed on
5.6%-Li/MgO. Among various crystal planes of fcc MgO,
MgO(100) surface is thermodynamically most stable. Thus, high-
energetic crystal planes and a high density of defect sites exposed
on Li/MgO catalyst are beneficial for the OCM reaction. The restruc-
turing process resulting in the different morphologies and micro-
structures of 1.3%-Li/MgO and 5.6%-Li/MgO catalysts likely occurs
during the activation process in pure O, at 450°C for 2 hours. After
the activation process, as-prepared 1.3%-Li/MgO catalyst containing
only 0.21% adopts quite regular morphologies mainly consisting of
stepped terraces exposing thermodynamically most stable {100}
crystal planes, but as-prepared 5.6%-Li/MgO catalyst containing
1.16% Li adopts irregular morphologies exposing high-energetic
crystal planes and a high density of defect sites, and the Li amount
decreases to 0.17%. These observations suggest that the presence of
sufficient amount of Li in Li/MgO during the oxygen activation
process and its segregation and subsequent desorption play a critical
role in forming the morphology exposing high-energetic crystal
planes and a high density of defect sites. The amount of Li, the oxygen
pressure and the temperature seem to the major factors affecting the
restructuring process of Li/MgO catalyst. Thus it deserves further
efforts to optimize the condition of oxygen activation process to
engineer the morphology and microstructure of Li/MgO active in
the OCM reaction.

In summary, employing synchrotron VUV photoionization mass
spectroscopy, we have directly and unambiguously detected methyl
radicals in the oxidative coupling of methane catalyzed by Li/MgO
catalysts and confirmed the OCM reaction mechanism that the OCM
reaction is initiated via the activation of methane on the catalyst
surface to generate methyl radicals. We have also revealed the critical
role of Li additive in forming Li/MgO catalyst exposing high-
energetic crystal planes and a high density of defect sites that are
beneficial for the OCM reaction. These findings greatly deepen our
fundamental understanding of the reaction mechanism and

| 3:1625 | DOI: 10.1038/srep01625

5



structure-activity relationship of the OCM reaction and will help to
design new well-performing OCM catalytic materials.

Methods

MgO (AR, > 98.5%) and Li,COs (AR, >98.5%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. and used as received. Distilled water was made by Water
Purifier lab pure water system. All gases were with ultrahigh purity and were obtained
from Nanjing Shangyuan Industrial Gas Factory, China.

Li/MgO catalysts were prepared by addition of 2.5 g MgO and calculated amounts
of Li,CO; into 100 mL distilled water. The mixture was adequately stirred at 60°C for
4 hours. The resulting precipitate was collected by centrifugation, baked at 60°C, and
calcined in a Muffle furnace at 800°C for 4 hours.

Compositions of catalysts were analyzed by an Optima 7300 DV inductively
coupled plasma atomic emission spectrometer (ICP-AES). N, adsorption-desorption
isotherms were measured on a Beckman Coulter SA3100 surface area analyzer.
Catalysts were degassed at 300°C in N, atmosphere prior to the measurements. XRD
spectra were acquired on a Philips X’Pert PRO SUPER X-ray diffractometer with a
Ni-filtered Cu Ko x-ray source (wavelength: 0.15418 nm) operating at 40 kV and
50 mA. Transmission electron microscopy (TEM) measurements were preformed on
a JEOL-2100F microscope.

Catalytic performance of Li/MgO catalysts in oxidative coupling of methane was
evaluated with an ambient-pressure fixed-bed flow reactor. 1 g catalyst (40-60 mesh)
was loaded in a quartz reactor. The catalyst was activated in pure O, (flow rate:

50 mL/min) at 450°C for 2 hours and then switched to the reactants consisting of 8%
CH, and 4% O, balanced with Ar (flow rate: 150 mL/min). The catalyst was heated to
desired reaction temperatures and then kept for 30 min until the catalytic reaction
reached a steady state. Then the composition of effluent gas was analyzed with two
online GC-14 gas chromatographs. One was equipped with carbon-zeolite column
and TCD detector for the separation and detection of CH,, CO and CO,; the other
with Porapak Q column and H,-flame ionization detector for the separation and
detection of C,H, and C,Hs. The conversion of CH, was calculated from the change
in CH, concentration in the inlet and outlet gases. The selectivity of C,H, and C,Hs
was calculated the twice amount of produced C,H, or C,Hg divided by the amount of
converted CH,.

Synchrotron VUV photoionization mass spectroscopy (SVUV-PIMS) experi-
ments were performed on the combustion station of National Synchrotron Radiation
Laboratory (Hefei, China)"*. A quartz catalytic reactor was designed to online connect
the SVUV-PIMS spectrometer (Figure 1). The OCM reaction in this reactor was
operated at a total pressure of 4 Torr, and the reactants, catalysts (2 mm X 2 mm)
and the pretreatment are same as those employed in the ambient-pressure reactor.
After the catalytic reaction reached a steady state at the desired temperature, the
composition of effluent gas was analyzed by the online SVUV-PIMS spectrometer.
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