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The oxidative coupling of methane to ethane over model MgO catalysts prepared under well-
controlled, ultrahigh vacuum (UHV) conditions has been studied using a combination of surface
science techniques and elevated-pressure kinetic measurements. The utilization of electron energy
loss spectroscopy has allowed us to characterize a variety of defects and to identify the active sites
which are responsible for the methane coupling reaction. The results indicate that {Li" O | centers
are not likely directly involved in the methane activation step, but rather promote the production of
F-type centers in the near-surface region which are responsible for this key step in the methane
coupling reaction. The origin of {Li"0O | and F-type defects and their densities and stabilities are

discussed. ¢ 1993 Acudemic Press. Inc.

[. INTRODUCTION

The oxidative coupling of methane to
ethane over alkali metal promoted alkaline
earth oxide catalysts has recently received
considerable attention due to its technologi-
cal and fundamental importance. So far, a
variety of metal oxides promoted with al-
kali-metal-containing compounds  have
been reported to exhibit the enhanced ac-
tivity for C, production (/), though C,
yields, which vary from 14.8 to 23.9% (2),
are not particularly encouraging at the
present time for commercial utilization of
such a process. The early work of Lunstord
and co-workers (3-35) has indicated that the
primary activation step of methane occurs
at the catalyst surface, yielding methyl radi-
cals. For Li-doped MgO catalysts, it has
been suggested that [Li*O | centers, gener-
ated by the substitution of Li* for Mg>* in
the magnesium oxide lattice, are responsi-
ble for abstracting hydrogen from methane
(2-5). The methane reacts with these cen-
ters in the following manner:

[Li*O"] + CHy — OH; + CH;.

' To whom correspondence should be addressed.
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The original Li-containing centers are re-
generated by the recombination of two
OH., to form water and the reoxidation of
the center.

Although there remains some contro-
versy regarding the extent to which this re-
action involves an O, center, the concept
that the |[Li*O~] center is directly responsi-
ble for methane activation has become
widely accepted (6-9). However, Matsuura
and co-workers ({0, I]) have recently
shown that a 3 mol% Li-promoted MgO
catalyst, which gave a C, yield of 21.5%
at 973 K, exhibited a prominent photo-
luminescence feature at ~450 nm that
was attributed to surface sites of low
coordination. The intensity of this photolu-
minescence feature was observed to paral-
lel the methane coupling activity of the Li/
MgQO catalyst. Further studies using
transmission electron microscopy showed
that these ultrafine crystalline magnesium
oxide catalysts transformed into spherical-
shaped particles upon doping with lithium,
indicating exposure of (111) planes instead
of the usual (100) planes. The authors there-
fore concluded that the role of the lithium is
to promote the formation of unsaturated or
reactive sites on the surface of MgO.
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Hutchings and co-workers (/2) have ex-
amined the relationship between catalyst
morphology and performance in the meth-
ane coupling reaction over MgO catalysts
using transmission electron microscopy. It
was concluded that the edge and corner
sites of MgO particles are not catalytically
significant, and the active sites are likely
located on the (100) plane of MgO. Addition
of lithium into magnesium oxide increased
the production of emergent line defects as
well as point defects (color centers of either
F or V type). These defects may play a sig-
nificant role in methane activation.

In this article, we present a study of the
partial oxidation of methane to ethane over
a model MgO catalyst prepared under well-
controlled, ultrahigh vacuum (UHV) condi-
tions using a combination of surface sci-
ence techniques and elevated-pressure
kinetic measurements. The results indicate
that [Li"O "] centers are not likely directly
involved in the methane activation step, but
rather promote the production of color cen-
ters in the near-surface region which are
considered to be responsible for this key
step in the methane coupling reaction.

II. EXPERIMENTS

The studies were carried out in two UHV
systems. The kinetic data was acquired in a
combined elevated-pressure reactor/UHV
surface analysis chamber equipped with
Auger electron  spectroscopy (AES)
and temperature-programmed desorption
(TPD). A separate UHV system containing
high-resolution electron energy loss spec-
troscopy (HREELS) was employed to in-
vestigate the electronic transitions associ-
ated with a variety of defects. This second
UHYV system also has capabilities for AES,
low energy electron diffraction (LEED) and
TPD. and for sample heating and cooling.

The preparation of pure and Li-doped
MgO films consists of depositing Mg and
codepositing Mg and Li, respectively, onto
Mo(100) in a controlled oxygen atmosphere
and annealing in an oxygen ambient follow-
ing the film synthesis. Magnesium deposi-
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tion was performed via thermal evaporation
of a high-purity ribbon tightly wrapped
around a tungsten filament. Lithium atoms
were deposited onto the surface from a
SAES GETTERS source. The two metal
dosers were mounted close together inside
a cyhindrical tantalum cage located approxi-
mately 3 cm away from the specimen dur-
ing metal deposition. A piece of tantalum
sheet was used to scparate the two dosers
in order to eliminate cross-contamination
during metal evaporation. The flux of Mg
and Li evaporation was directly monitored
by a mass spectrometer which was
mounted in line with the metal sources. The
evaporation rate of the metal vapor was de-
termined by a combination of TPD and
AES measurements which has been de-
tailed elsewhere (/3).

For pure MgO films. our LEED and sur-
face spectroscopic studies (/3) have shown
that the MgO films, prepared under opti-
mum oxidation conditions, grow cpitaxially
on Mo(100} in the 200-600 K substrate tem-
perature range and have essentially a one-
to-one stoichiometry.

Li-promoted MgO films were synthe-
sized under UHV conditions by codeposit-
ing Mg and Li onto a clean Mo(100) surface
at a substrate temperature of 300 K in 2 x
1077 Torr of oxygen. Film stoichiometry
was adjusted by tuning the relative cvapo-
ration flux of Mg and Li. The surface struc-
ture studies using LEED have indicated the
rock salt lattice of MgO is preserved upon
doping with lithium at concentrations rang-
ing from 0-15 at%.

Figure i shows some typical Auger spec-
tra acquired following the synthesis of the
films. The spectrum of a pure MgO film ex-
hibits two prominent features at 32.0 and
505.0 eV which arise from the Mg2*(L:VV)
and O>~(KLL) Auger transitions (/3-16),
respectively. Upon doping with 10 at% Li
(see spectrum b), the intensity of the
Mg>*(L»:VV) Auger transition decreases
relative to the O (KLL) Auger transition.
Spectrum ¢ displays Auger features of an
~10-ML LiO, film.
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F1G. I. Auger spectra obtained from (a) a pure MgO
film, ~20 monolavers: (b) a 10 at% Li-doped MgO
film, ~20 monolayers; and (c) a pure Li-O film, ~10
monolayers.

Upon completion of film preparation and
characterization in the spectroscopic cham-
ber. the model catalyst was transferred in
situ into the reaction chamber through a
double-stage differentially pumped teflon
sliding seal. The reaction was then carried
out at 990 K in 6 Torr of reactants with an
0,:CHj ratio of 1:5. After a 5S-min reac-
tion, the product gas mixture was analyzed
with gas chromatography utilizing a flame
ionization detector. The details of these
experiments including a comparison of ac-
tivities and activation energies between the
Li/MgO films and Li/MgO powders of
Lunsford and co-workers (3-5) are de-
scribed elsewhere (/7).

The HREELS measurements were car-
ried out in the scattering compartment of a
two-tiered chamber (/8). The primary en-
ergy of the electron beam of the spectrome-
ter (LK-2000, Larry Kesmodel Technolo-
gies) can be varied in the 0-250 eV range.
The HREELS instrument is operated rou-
tinely at an energy resolution (full-width at
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half maximum of the elastic peak) of 5-10
meV. However, in order to maximize the
loss intensities which are often several or-
ders of magnitude smaller than the elastic
peak, the spectra were acquired at an en-
ergy resolution of 30 meV. An elastic-peak
count rate of 10° Hz was easily obtained
with this energy resolution.

11I. RESULTS

Figure 2a presents the ethane production
measured at 990 K as a function of sample
pretreatment temperature, 7. The oxide
films were pretreated by heating in oxygen
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FiGg. 2. (a) Ethane formation rate measured as a
function of sample pretreatment temperature. The re-
action was carried out at a sample temperature of 990
K for 5 min and with a partial pressure of CH, and O,
of 5 and 1 Torr, respectively. The Li/MgO films were
grown on Pt(100) for the kinetic measurements. The Li
loading was approximately 10 at%. (b) HREELS in-
tensities of the various defects normalized to the re-
spective elastic peak versus the sample pretreatment
temperature. Open symbols represent the data ob-
tained from pure MgO films. The Li content was 10
at%.
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to various temperatures (700-1300 K) prior
to reaction. A 10-fold increase in the ethane
yield at 990 K is apparent as the pretreat-
ment temperature of the catalyst i1s in-
creased from 1000 to 1250 K. Figure 3 gives
Arrhenius plots obtained from the turnover
frequency of ethane formation versus the
inverse reaction temperature. The apparent
activation energies for pure and [0 at% Li-
promoted MgO films are deduced to be 60
and 50 kcal/mol, respectively.

Model thin films prepared in the same
manner as those used in the kinetic experi-
ments were characterized in the HREELS
system. Figure 4 presents a set of HREELS
spectra acquired from ~20-monolayer MgO
films as a function of sample pretreatment
temperature. The spectra obtained from
pure MgO films exhibit a prominent loss
feature at 6.3 eV. This feature is believed to
be due to a surface-related interband transi-
tion associated with surface atoms of five-
fold coordination (/9) since its energy is
considerably less than the 7.8 band gap of
MgO (20). No loss feature is observed in
the 0-5 eV spectral region, except for the
sharp peaks which occur in the region very

.
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Fi1G. 3. The Arrhenius plots of turnover frequency
versus inverse reaction temperature. The Li-promoted
MgO films were grown on Pt(100) for the kinetic mea-
surements. The apparent activation energies for pure
and 10 at% Li-promoted MgO films of 60 and S0 kcal/
mol. respectively. are approximately the same within
experimental error.
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FiG. 4. HREELS spectra of an ~20 monolayer MgQ
film on Mo(100) acquired subsequent to annealing in 5
x 10 7 Torr of oxygen for 1 min to the temperatures
indicated. The films were prepared at a substrate tem-
perature of 300 K. and the data were collected in the
specular direction using an electron beam with £, = 15
eV at a substrate temperature of 80 K.

near the elastic peak. These features origi-
nate from losses duc to the excitation of the
surface  optical phonon and multiples
thereof.

Upon annealing to =1200 K, three loss
teatures emerge in the bulk band gap region
of MgOQ, as shown in Fig. 4. Detailed stud-
ies regarding identification and character-
ization of these features are described else-
where (21). The ioss features observed at
1.1, 3.6, and 5.3 eV have been attributed to
surface F centers (surface oxygen vacan-
cles containing two electrons), F aggre-
gates, and F centers (near-surface oxygen
vacancies containing two electrons), re-
spectively (2/-24). These intrinsic defects
of MgO are thermally generated only in the
12001400 K temperature range. From the
HREELS and TPD studies (2/), we have



348

concluded that the MgO films synthesized

a Mo(100) surface are thermally stable
and nearly free from defects up to 1100 K,
above which defects in MgO films are gen-
erated. At T = 1400 K, a significant portion
of the MgO films has desorbed as indicated
in our HREELS and TPD spectra (2/). The
desorption of MgO fiims is complete at tem-
peratures above ~ 1500 K.

Thin films prepared by codepositing Mg
and Li onto a clean Mo(100) surface in an
oxygen environment have been character-
ized using HREELS. Figure 5 presents a
set of HREELS spectra acquired subse-
quent to heating the films to various tem-
peratuures, followed by a rapid cooling to
80 K. The as-prepared films containing 10
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FiG. 5. HREELS spectra acquired subsequent to
heating a 10 at% Li-doped MgO film on Mo(100}in 5 x
1077 Torr of oxygen to various temperatures, followed
by a rapid cooling to 80 K: (a) as-prepared at 300 K, (b)
1000 K, {c) 1100 K, and (d) 1200 K. The film thickness
is 20 monolayers. The loss features marked at 1.6, 3.6,
and 5.3 eV in the figure are attributed to [L.-O ] cen-
ters, F aggregates, and F centers, respectively. The
spectral data were collected using an electron beam
with a primary energy of 15 eV at a sample tempera-
ture of 80 K.
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at% lithium exhibit HREELS spectra
which are very similar to those of pure
MgO films. Upon annealing to T = 1000 K,
a distinct loss feature at ~1.6 eV emerges
and saturates in intensity with an increase
in annealing temperature. Two additional
loss features at 3.6 and 5.3 eV developat T
= 1100 K. These latter features have the
same loss energies as those found for pure
MgO films and are thus attributed to F ag-
gregates and F centers. Further studies in-
cluding the electron beam energy depen-
dence of these features indicate that the
species giving rise to these excitations are
in the near-surface region (several mono-
layers below the topmost 1-2 layers of the
fitm) (2/). In Fig. 2b, the intensities of these
losses, together with those obtained from
the pure MgO films, are normalized to the
respective elastic peak and plotted as a
function of annealing temperature.

The evolution of defect features ob-
served in HREELS has also been examined
as film stoichiometry is varied, as shown in
Fig. 6. The pure MgO films exhibit no loss
features within the bulk band gap region fol-
lowing an anneal to T = 1100 K, whereas
three distinct peaks at 1.6, 3.6, and 5.3 eV
occur upon annealing the Li-doped MgO
films to T = 1100 K. The intensities of these
loss features are dependent on the Li con-
centration. Included in Fig. 6¢ i1s the spec-
trum of a pure Li,O film which shows a loss
peak at 5.6 eV.

The centers of the type [M™O] in single
crystals of alkaline earth oxides have been
previously studied by Abraham and co-
workers (25-29) using electron spin reso-
nance (ESR) and optical absorption spec-
troscopy. These authors have shown that
the production of the [Li"O~] centers gives
rise to a characteristic resonance at g, =
2.054 and gy = 2.0043 in ESR spectra, and
to a characteristic feature which maximizes
at 1.8 eV in the optical absorption spec-
trum. The loss feature observed at ~1.6eV
therefore indicates the presence of [Li*O7]
centers in the near-surface region in our
MgO films.
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Fi1G. 6. HREELS spectra versus the Li concentra-
tion: (a) a pure MgO film, T = 1000 K: (b) a 1.7 at% Li-
doped MgO film, T = 1000 K: (b) a 1.7 at% Li-doped
MgO film, T = 1200 K; (c) a 10 at% Li-doped MgO
film. T = 1200 K: (d} a 1§ at% Li-doped MgO film. T =
1200 K and (e} a pure Li,O film, as prepared at 300 K.
The film thickness is 20 monolayers. The spectral data
were collected using an electron beam with a primary
energy of 15 eV at a substrate temperature of 80 K.

IV. DISCUSSION

The conclusion that [LiTO~] centers arc
directly responsible for methane activation
has been derived primarily from experi-
ments in which the number of methyl radi-
cals formed (4) and the rate of ethane for-
mation (5) were found to parallel the
density of [Li*O~] centers as the Li con-
centration was varied. The present studies,
however, show that for a particular Li con-
centration (10 at%). the {Li*O~] HREELS
intensity remains essentially constant in the
1000-1300 K temperature region, whereas
a 10-fold increase is observed in the ethane
yieid. This behavior thus is contrary to the
assumption that [Li*O~] centers play a di-
rect role in the methane activation step. On
the other hand, it is found that the concen-
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tration of F centers (F aggregates) and the
ethane production change in concert. as
shown in Fig. 2, consistent with the F cen-
ters being directly responsible for the meth-
ane activation step. It follows then that the
generation of methyl radicals occurs via
surface F centers, namely, surface sites of
low coordination. These surface sites are
assumed to be in equilibrium with bulk F
centers and F aggregates at the high tem-
peratures typically used for this reaction.
The presence of Li in MgQO apparently in-
creases the production of F-type defects,
an increase that is likely a consequence of
the substitution of Li* for Mg*~ in the mag-
nesium oxide lattice.

This promotion is evident in Fig. 6. in
which the concentration of F defects in
MgO at a particular sample pretreatment
temperature is found to increase with an
increase in the Li content. Furthermore,
Fig. 2b clearly shows the difference be-
tween promoted and unpromoted MgO
films in the production of F centers. The
density of F defects at T = 1200 K, for ex-
ample, is approximately fourfold greater in
the promoted films than in the unpromoted
films. From the above discussion, it is also
clear that although the |Li*O~] concentra-
tion increases with an increase in the Li
content, this increase can not account for
the increase in the ethane production. In-
stead, the enhanced activities of Li-pro-
moted MgO catalysts for ethane production
is a consequence of the increase in the den-
sity of F centers and F aggregates in the
near-surface region which occurs following
the addition of Li to MgO.

Further support for our argument that F
centers rather than [LiTO~] centers are the
key reaction sites is that pure and Li-pro-
moted MgO exhibit approximately the
same apparent activation energies for eth-
ane formation, as shown in Fig. 3. This fea-
ture implies that the methane activation oc-
curs via active sites of the same type over
pure and Li-promoted MgO films because
different sites very likely would give rise to
different activation energies. The 10-fold



350

increase in ethane production is explained
by an increase in the number of active sites
on the surface during the reaction.

The argument for the F center being the
active site is also consistent with the fact
that the maximum density of F-type defects
is much greater than that of [Li*O"] de-
fects. In early ESR and optical absorption
studies (30, 31), the concentration of F~ de-
fects in MgO was found to saturate at a
level of ~10" ¢m * during neutron irradia-
tion. The formation of vacancy aggregates
was suggested to be responsible for this
maximum density (30, 3/). The concentra-
tion of the [Li'O~] defects which arise fol-
lowing the addition of Li into MgO, on the
other hand, was reported 1o be on the order
of 10"-10"7 cm~ (2, 6), which is approxi-
mately 1 ppm of the oxygen ions in MgO.
These centers have been found to be
present largely in the bulk with small sur-
face concentrations (6).

In the present studies, the F defect
HREELS intensity increases as 7T is in-
creased from 1000-1200 K and saturates at
T = 1200 K, as shown in Fig. 2b. This be-
havior. along with the appearance of F ag-
gregates, suggests that the maximum den-
sity of F defects in our MgO films is
obtained at the annealing temperature
above 1200 K. That is, the Li-promoted
MgO films after high-temperature treatment
contain F defects at approximately 10"
cm™?, which is estimated from the satura-
tion density reported in literature (30, 37).
Assuming the cross sections of the F defect
and the [Li"O ] defect for electron excita-
tion are on the same order of magnitude,
the obtained HREELS intensity ratio of the
F center to the [Li"O "] center of ~10: 1 is
consistent with the above estimation in that
the maximum density of F-type defects
greatly exceeds that of [Li-O~] defects.

The [Li*O~} defect in many aspects re-
sembles the V~ center which possesses a
cation vacancy with a hole trapped in an
adjacent lattice oxygen ion. From the cata-
lytic point of view both the centers can be
regarded as an O~ center. Indeed, previous
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optical absorption studies indicated that the
production of the [LiTO "] defect gives rise
to an absorption band with a maximum at
1.8 eV (25-29) which is near the absorption
maximum of the V= center (2.3 eV) (32),
but far away from the absorption maximum
of the F/F* center (5.0 eV) (30, 3/). Both
the [Li*O"} and V' centers were reported
to be highly unstable and can be readily
bleached thermally and optically (25-29,
32), whereas the F-type center exhibits
high thermal stability (24, 30, 3/). In the
absence of multivalent transition metal ion
impurities, such unstable defects of the O~
type can not be produced in MgO because
the excessive charge in the centers has to
be compensated by the impurities in order
to maintain the charge neutrality in the
sample. The density of these unstable cen-
ters thus depends strongly on the content of
the impurities.

In as-grown Li/MgO crystals, the density
of the unstable [Li*O ~] centers was, in fact,
reported to be negligibly small (26-28).
However, a sizable concentration of
{Li"O7] defects can be obtained by high-
temperature or electron irradiation treat-
ment of the specimen (26-28). According to
the model of Abraham and co-workers (26),
the lithium impurities in as-grown MgO
crystals are considered to concentrate pri-
marily in precipitates (probably in the oxide
form of Li-O) with some soluble Li* ions
randomly distributed in the crystal. These
soluble Li~ ions give rise to the unstable
(Li*O | center. Upon high-temperature or
extensive electron irradiation treatment,
cach precipitate generates a microgalaxy of
substitutional Li* ions surrounding the pre-
cipitate, giving rise to a cloud of the stable
[LiTO"] centers. Charge neutrality within
the microgalaxy requires that Li~ ions are
predominantly in the |Li"O] state.

It then follows from the above model that
for every two Li' leaving the Li-O precipi-
tate due to thermal diffusion, only one Mg?~
cation enters to form MgO. From stoichio-
metric considerations, the lack of oxygen
ions in the crystal can result in the forma-
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tion of oxygen vacancies, i.e., F centers.
This is indeed the case in the present stud-
ies and in the work of Abraham and co-
workers (26-28) in which the production of
F-type centers was found to increase with
an increase in the Li content.

The studies of pure MgO films have dem-
onstrated that the generation of F-type de-
fects occurs in the 1200-1400 K tempera-
ture range. In Li-doped MgO films, F
defects may be produced via an additional
route, i.e., the thermal desorption of Li,O
precipitates at high temperatures, which
results in the formation of vacancies in the
bulk of MgQ. Our thermal desorption stud-
ies have shown that pure Li-O films desorb
above 1000 K with a maximum at ~ 1250 K.
It then follows that the desorption of Li,O
results in a decrease in the production of
the stable [Li*O~] centers, whereas the re-
maining  precipitates produces more
[Li"O ] centers due to enhanced thermal
diffusion of Li* at higher temperatures.
This competition process may explain why
the {Li"O | HREELS intensity remains es-
sentially constant over the 1000-1300 K
temperature range. In any of the cases dis-
cussed above the production of F defects is
favored.

In summary, based on the following evi-
dence, the F defects are proposed to be re-
sponsible for the methane activation step in
the coupling reaction: (1) parallel correla-
tion between the density of F defects rather
than that of [Li~O~] centers and the ethane
formation rate with respect to the sample
pretreatment temperature; (2) approxi-
mately the same apparent activation ener-
gies for methane activation over pure and
Li-promoted MgO films: and (3) thermal
stability and maximum density consider-
ations of F defects versus [Li" O] defects.

V. CONCLUSIONS

In conclusion, the oxidative coupling of
methane to ethane over a model MgO cata-
lyst prepared under well-controlled, UHV
conditions have been studied using com-
bined surface science techniques/elevated-
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pressure kinetic measurements. The utiliza-
tion of electron energy loss spectroscopy in
conjunction with elevated-pressure kinetic
measurements has allowed us to character-
ize a variety of defects and to identify pos-
sible active sites which might be responsi-
bie for the methane coupling reaction. The
results indicate that [Li*O ] centers are not
likely directly involved in the methane acti-
vation step, but rather promote the produc-
tion of F-type centers in the near-surface
region which are responsible for this key
step in the methane coupling reaction. The
origin of [Li*O~] centers and F centers has
been discussed, and a comparison of their
maximum densities has been made.
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