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A detailed study of the oxidative coupling of methane over magnesium oxide and lithium-doped 
MgO catalysts is presented. The morphology of a number of different catalysts has been examined 
by detailed transmission electron microscopy and the results have been correlated with catalyst 
performance, in particular selectivity to C2 hydrocarbons. Three samples of magnesium oxide have 
been prepared by different methods. Magnesium oxides prepared from the hydroxide, (ex OH), 
and from burning magnesium ribbon in air show similar morphology, exposing largely {100} planes; 
they also show very similar catalytic selectivity and specific activity. The ribbon residue material, 

• however, has a cube length which is greater than that of the ex OH material by a factor of 5-10. 
Steps and corner sites are therefore present in much greater density on the ex OH sample than on 
the ribbon residue, and, since catalyst performance is unchanged, it is clear that these sites play no 
significant part in the catalysis over these materials. The active site is therefore located on the 
planar {100} surfaces. The most selective magnesium oxide catalyst was prepared by thermal 
decomposition of magnesium hydroxycarbonate and exposed a greater proportion of higher index 
mean crystal planes, e.g., {l 11}, than the less selective forms of magnesium oxide. It is suggested 
that an additional selective site is present in this form of magnesium oxide, with density related to 
morphology but not directly to surface area, perhaps a "bottom step" site. The morphology/ 
performance relationship has also been examined for lithium-doped magnesium oxide catalysts. In 
agreement with previous studies, addition of lithium causes a loss of surface area and of the 
morphology characteristic of the precursor magnesium oxide; the grain size also increases, grain 
boundary dislocations become evident, and dislocations are also observed in the bulk of the grains. 
These are immobile and of the type ½(110), pinned by the presence of lithium ions. The emergence 
of a dislocation at the surface of the crystallite provides a locus for [Li+O -] centres, thought to be 
the active site in methyl radical generation in methane coupling. Similar dislocations are observed 
in Au/MgO catalysts, which are much less selective to C2 hydrocarbons than is pure MgO. © 1992 
Academic Press, Inc. 

INTRODUCTION 

The instability of the crude oil price as 
a result of geopolitical considerations has 
recently highlighted the requirement for 
suitable alternative technologies to those 
based on oil. One such possible process is 
the oxidative coupling to methane to pro- 
duce Cz hydrocarbons. Considerable re- 
search interest has been given to this topic, 
since many large deposits of natural gas are 
found in remote locations (1, 2). Early work 
concentrated on the identification of suit- 
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able catalytic materials, and virtually all ox- 
ides display some catalytic activity for this 
reaction (3-14). 

A number of studies have considered as- 
pects of the reaction mechanism and consid- 
erable attention has been directed at the 
complex homogeneous/heterogeneous na- 
ture of the reactions involved (15-17). In 
general, it is considered that methane under- 
goes homolytic activation at the catalyst 
surface, with the generation of a methyl rad- 
ical, and studies of the isotope effect have 
suggested that this step is rate determining 
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for Li/MgO catalysts (18). The subsequent 
reactions of the methyl radicals occur pri- 
marily in the gas phase (15-17, 19, 20). 

To date, very limited attention has been 
given to the importance of catalyst morphol- 
ogy for this reaction or to searching for 
structure sensitivity. Early studies on 
Sm203 catalysts indicated that different 
crystal structures could give rise to different 
catalytic performances (21, 22). More re- 
cently it has been demonstrated that the 
morphology of La203 has an important ef- 
fect on the catalytic performance for meth- 
ane activation (23). Lunsford et al. have 
concluded that the morphology of magne- 
sium oxide does not influence its catalytic 
performance or that of lithium-doped cata- 
lysts (24). The lack of interest in structural 
aspects of coupling catalysts is somewhat 
surprising, in view of the generally accepted 
importance of surface structure and surface 
defects in a number of oxidation reactions 
(25). In this paper we present a detailed 
study of the effects of catalyst morphology 
for MgO and Li/MgO catalysts. 

The morphology of magnesium oxide, 
which has the sodium chloride crystal struc- 
ture, has been well studied (26-28). Electro- 
static considerations dictate that the only 
stable, exposed surface is the {100} face, 
which contains equal quantities of magne- 
sium and oxygen ions. Magnesium oxide 
crystallites are thus typically aggregates of 
small cubes, perhaps 50-100 A in length, 
each exposing only the {100} face. When 
other crystal planes are apparently present, 
they are made up of{100} microfacets. Thus 
the {100} plane is built up of very long but 
narrow steps and terraces of { 100} structure, 
with many four-coordinate atoms, while the 
mean {111} surface offers many corner 
three-coordinate sites. In contrast to zinc 
oxide, for example, differences in catalytic 
performance between different samples 
may result, not from the different structures 
of different surface planes, but from the rela- 
tive numbers of magnesium and oxygen ions 
at corners and edges and in fiat planes. 

Quite large, nearly perfect cubes of mag- 

nesium oxide can be prepared by burning 
magnesium ribbon in air, and in this study 
these are compared with magnesium oxide 
from two other sources, namely decomposi- 
tion of a basic carbonate and of a magnesium 
hydroxide. The latter two methods give 
much less ordered forms of magnesium ox- 
ide. In addition, the effect of Li doping is 
also described and we demonstrate that the 
morphological features of MgO and Li/MgO 
are of considerable importance with respect 
to the catalytic efficacy of these oxides for 
the oxidative coupling of methane. 

EXPERIMENTAL 

Catalyst Preparation 

Magnesium oxide catalysts. Magnesium 
ribbon (99%, Aldrich) was burned in air and 
the resultant powder is referred to as "rib- 
bon residue," or RR. The white ash was 
collected and heated in static air at 800°C 
for 24 h to destroy any magnesium nitride. 
This catalyst could only be tested in powder 
form. 

Magnesium hydroxide (Merck, ultrapure) 
was calcined in static air at 450°C for 24 h 
and subsequently at 800°C for 24 h. Prior to 
calcination the magnesium hydroxide was 
pelleted without addition of binder and 
sieved to give particles to size 600-1000/zm. 
The resultant material is referred to as "ex 
OH."  

Magnesium hydroxycarbonate (Merck, 
heavy, extrapure) was suspended in distilled 
water (750 ml), stirred at 70-90°C for 30 min, 
and then filtered and dried at 150°C for 16 h. 
The resulting material was pelleted without 
addition of binder, sieved (600-1000/zm), 
and calcined at 450°C for 24 h in static air, 
and at either 800 or I100°C for a further 
24 h. These materials are referred to respec- 
tively as "ex BC (800)" and "ex BC 
(11o0)." 

Lithium-doped magnesium oxide cata- 
lysts. To prepare ca. 5% Li2COJMgO, lith- 
ium carbonate (0.25 g, AR, BDH) was dis- 
solved in distilled water (40 ml) with cooling. 
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MgO ex BC (800) or ex OH (5.00 g) was 
then impregnated with the lithium carbonate 
solution using a number of impregnation and 
drying stages. The resultant material was 
dried at 150°C for 16 h and then calcined in 
static air at 800°C for 3 h. 

Gold-doped magnesium oxide catalysts. 
Au/MgO ca. 0.65% was prepared by impreg- 
nating MgO ex OH (5.00 g) with an aqueous 
solution of chloroauric acid (0.06 g/20 ml 
water, Johnson-Matthey). The resultant 
mixture was dried at 150°C for 16 h and then 
calcined at 800°C in static air for 3 h. 

Catalyst Characterisation 

Elemental compositions were determined 
using inductively coupled plasma optical 
emission spectroscopy (ARL 3520 sequen- 
tial spectrometer) and the results are given 
in Table 1. Surface areas were determined 
by nitrogen physisorption using a Micro- 
meritics ASAP 2400 instrument. Transmis- 
sion electron microscopy (TEM) was per- 
formed using a Philips 400T electron micro- 
scope operating at 120 kV in combination 
with a VG501 STEM. Two imaging tech- 
niques were used throughout this study, 
namely phase contrast to delineate surface 
details and diffraction contrast to show mi- 
crostructural features, e.g., dislocations and 
grain boundaries. Two types of specimen 
preparation, according to the imaging tech- 

nique utilised, were performed. For phase 
contrast micrographs (Fig. Ib), the sample 
was ultrasonically dispersed in Arklone and 
then applied to a copper support grid (Agar 
Scientific; 200 mesh, 3.05 mm diameter). 
The grid was dried in air prior to use. For 
other micrographs, the samples were pre- 
pared by sprinkling dry catalyst powder 
onto a carbon-coated copper support grid 
(Agar Scientific) and removing the excess 
by shaking. 

Catalyst Testing 

Catalyst were evaluated for the oxidative 
coupling of methane using a fixed-bed labo- 
ratory microreactor constructed from 
quartz glass. The method of catalyst testing 
has previously been described (29), using a 
catalyst bed mass of 2.0 g and on-line gas 
chromatographic analysis. The gas compo- 
sition was 46% CH4, 8% 02, balance helium, 
and the reaction was carried out at I bar total 
pressure and T --- 750°C unless otherwise 
stated, with the gas flow adjusted so that the 
oxygen conversion was in the range 
95-99%. When hydrogen production was 
being measured, an argon diluent and carrier 
was used and the analysis was carried out 
off line. At the reaction conditions used, a 
negligible reaction was observed in an 
empty tube (oxygen conversion <2% at 
750°C). 

TABLE I 

ICP Analysisof MgO Catalysts 

Catalyst Metal ion concentration (wt%)" 

AI Ca Fe Ni Na K Li 

MgO ribbon residue 0.05 0.03 0.02 0.11 <0.01 <0.01 
MgO ex BC (800) 0.03 0.24 0 0 0.06 0 
MgO ex OH 0.02 0.01 0 0 0 0 
MgO ex BC (H20) <0.05 0.26 <0.01 <0.02 0.06 <0.01 
Li/MgO ex BC 0.01 0.23 0 0 0.06 0 
Li/MgO ex OH 0.01 0.01 0 0 0.01 0.01 

0 
0.01 
0 
0 
0.63 
0.56 

Cu, Ti, and Zn all below limit of detection, ca. 0.01%. 
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The data were calculated in the following 
way: 

CH4 conversion (%) -- I00 • E(nCn)/CH4~°, 

where Cn is the molar yield of carbon-con- 
taining products possessing n carbon atoms 
and CH4~n is the mol% CH4 in the reactor 
feed. 

02 conversion (%) = 100 • ( O 2 i  n - O2out)/O2in, 

where O2i. and O2out are mol% 02 in reactor 
feed and product gas streams, respectively. 

Selectivity (%) = 100- nCn/'ZnC., 

where the molecule contains n carbon 
atoms. 

RESULTS 

Electron Microscopy 

MgO ribbon residue. Electron micro- 
graphs of MgO ribbon residue after use as a 
catalyst are shown in Fig. 1. As expected, 
the crystallites in these micrographs exhibit 
cubic morphology and predominantly ex- 
pose large {100} faces. The average side 
length of the cubes is ca. 1000-2000 A and 
there is a fairly broad size distribution, as 
has been noted in previous studies of magne- 
sium oxide smoke (26). 

Phase contrast transmission electron mi- 
croscopy allows surface detail to be studied. 
This technique was used to obtain Fig. lb 
and it is apparent that the corners of the 
crystallites are rounded. 

All samples of MgO, irrespective of their 
preparation method, were examined before 
and after use as catalysts for methane cou- 
pling and no changes in morphology were 
observed. 

MgO from the hydroxide. The crystallites 
of magnesium oxide prepared by the thermal 
decomposition of magnesium hydroxide are 
shown in Fig. 2; their size is ca. 200-400 A. 
In many cases there appears to be some 
degree of crystallite alignment, with the 
{I00} face predominantly exposed, as is ob- 
served for the ribbon residue sample. Some 

noncrystalline regions were also observed 
for this material. The structure is consistent 
with previous studies of decomposed bru- 
cite (magnesium hydroxide) (30, 31). 

MgO from the basic carbonate. The crys- 
tallites of ex BC (800) MgO shown in Fig. 3 
are similar to those obtained from the hy- 
droxide (Fig. 2). They are smaller and ex- 
hibit a less regular shape than those for the 
MgO ribbon residue (Fig. 1). The average 
size is ca. 200-400 A. Samples prepared by 
calcination of magnesium hydroxycarbo- 
nate have been previously studied using 
TEM by Moodie and Warble (26), who ob- 
tained very similar micrographs. Ex BC 
(800) MgO exhibits a greater preponderance 
of microfacetted, higher index planes (e.g., 
{111} and {110}) than are observed with the 
MgO ribbon residue sample. 

The influence of calcining the ex BC mate- 
rial at I100°C is shown in Fig. 4. The crys- 
tallites now show similar morphology to the 
ribbon residue sample (Fig. 1), and the aver- 
age crystallite size has increased to ca. 
2000-4000 A. 

Water-treated samples. To assess the 
possible role of impurities in the catalysts, 
both ex hydroxide and ex basic carbonate 
materials were treated with distilled water, 
using the impregnation technique described 
above for the preparation of lithium-doped 
catalysts. Electron micrographs are shown 
in Fig. 5 (ex OH) and Fig. 6 (ex BC) and the 
samples are referred to as "ex OH (H20)" 
and "ex  BC (H20)." In both cases this im- 
pregnation changes morphology and in- 
creases surface area (cf. Table 6), although 
the changes are more marked for the ex BC 
material, which now resembles the original 
ex OH morphology. 

The ex BC material after water treatment 
displays a higher preponderance of {100} 
planes when compared with its precursor 
(see Fig. 3). The structure of the ex OH 
(HzO) sample (Fig. 5) is consistent with pre- 
vious observations of decomposed brucite 
(magnesium hydroxide) (30, 31). Both ex 
BC (H20) and ex OH (H20) samples are 
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Fro. 1. (a) Transmission electron micrograph of MgO ribbon residue (noncalcined) after use as a 
coupling catalyst. Note the predominant cube morphology of the crystallites and the rounding off of 
the cube corners. (b) Phase contrast electron micrograph of MgO ribbon residue after use as a coupling 
catalyst. A high index surface composed of {100} type microsteps is arrowed. 



OXIDATIVE COUPLING OF METHANE 581 

FIG. 2. Transmission electron micrograph of MgO ex OH prior to use as a coupling catalyst. Note the 
distinctive "blocky" morphology of the individual crystallites. 

composed of hexagonal disc structures; the 
substructure apparent within the hexagonal 
discs is possibly a result of the process of 
forming polycrystals, which occurs when 
Mg(OH)2 is decomposed. 

Lithium-doped magnesium oxide. Repre- 
sentative micrographs of the lithium-doped 
samples, prepared from ex OH and ex BC 
precursors, are shown in Figs. 7 and 8. In 
contrast to the magnesium oxide samples, 
the morphologies of the two lithium carbon- 
ate-doped catalysts are similar. A number 
of features are observed, common to both 
types of lithium carbonate-doped catalyst. 

(i) Compared to the parent magnesium ox- 
ide, the doped catalysts show a large in- 
crease of the catalyst particle size, which 
is consistent with the observed decrease in 
surface area (Table 7). The average grain 
diameter for the unused sample is ca. 
2000-4000 A in both cases. During catalyst 
use the grain growth continues, the average 
size rising to 3000-5000 A, but without any 

significant morphological modification. The 
grain growth is probably a consequence of 
oxygen vacancies being introduced in order 
to maintain charge balance when Li ÷ substi- 
tutes for Mg 2+. The presence of such vacan- 
cies facilitates diffusion within the lattice, 
thereby aiding the sintering process. 

(ii) The grains have lost the shape charac- 
teristics of hydroxycarbonate or hydroxide 
precursors. In many cases the shape has 
become almost spherical, exposing mean 
higher index planes. 

(iii) Examination of polycrystalline elec- 
tron diffraction ring patterns of these materi- 
als showed no evidence for second phase 
formation, confirming that cubic magnesium 
oxide was the major phase present. 

(iv) Irregular grain boundary dislocation 
arrays were observed (see Fig. 7). 

(v) Dislocations are also observed in the 
bulk of the grains, which by systematic dis- 
location contrast imaging were identified to 
be predominantly of the type ½(110) (32). 
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FIG. 3. (a) Low magnification electron micrograph ofMgO ex BC (800) calcined in reaction atmosphere. 
(b) High magnification transmission electron micrograph of MgO ex BC (800) calcined in reaction 
atmosphere. The individual crystallites are now seen to be much more irregularly shaped. 
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FIc. 4. Transmission electron micrograph of MgO ex BC (1100) prior to use as a coupling catalyst. 

FIG. 5. Transmission electron micrograph of a wet impregnated MgO ex OH prior to use as a coupling 
catalyst. The crystallites are now arranged so as to form hexagonal platelets. 
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FI6. 6. Transmission electron micrograph of wet impregnated MgO ex BC (800) prior to use as a 
coupling catalyst. 

FI6.7. Electron micrograph of ca. 5 wt% LizCO 3 doped MgO ex OH prior to use as a coupling catalyst. 
A grain boundary dislocation array (labelled G) and individual dislocations within the bulk of the crystal 
(labelled D) are clearly visible. 
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p 

FI~. 8. Electron micrograph of ca. 5 wt% Li2CO 3 doped MgO ex BC (800) after use as a coupling 
catalyst. Again, notice the dislocations present within individual grains. 

Examples of this are shown in Figs. 7 and 
8. These are not annealed out by high-tem- 
perature treatment and are immobile under 
electron beam irradiation, suggesting that 
they might be pinned by lithium segregation 
to the dislocation core. 

(vi) During analysis of samples in the 
VG501 STEM instrument, mobile surface 
films were observed on many grains, which 
may contain lithium salts. 

(vii) No evidence was found for the pres- 
ence of lithium oxide inclusions in the used 
or unused samples. In addition, no LizO was 
observed in a sample of magnesium oxide 
that had been calcined for 3 h at 1000°C 
(average grain size 9000 A). This is in con- 
trast to the observation of Narayan et al. 
(33), of Li20 large precipitates in bulk MgO 
crystallites, for 5% lithium carbonate-doped 
samples prepared by arc fusion and heated 
to 1200°C. 

Gold-doped magnesium oxide catalysts. 

Representative micrographs of the Au/MgO 
sample are shown in Fig. 9. By comparison 
with the micrographs of the undoped ex OH 
material (Fig. 2), it is apparent that doping 
with gold has not changed the crystallite size 
significantly. However, the crystal mor- 
phology is less regular than that of ex OH 
MgO and in addition, ½ {110} dislocations are 
apparent, which again seemed to be pinned 
in position. In this respect the morphology 
and dislocation behaviour of Au/MgO is 
similar to that of lithium-doped MgO (Figs. 
7 and 8). No evidence for metallic gold parti- 
cles was found, suggesting that the gold is 
present in a highly dispersed form. 

Catalyst Performance in the Oxidatioe 
Coupling of  Methane 

Magnesium oxide catalysts. Three differ- 
ent preparations of magnesium oxide were 
investigated for the oxidative coupling of 
methane at 750°C, and the results are shown 
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FIG. 9. (a) A bright field transmission electron micrograph of an unused Au/MgO catalyst. Dislocation 
contrast is once more in evidence. (b) Weak beam micrograph taken in a g = 220 reflection showing 
dislocation tangles within a grain of unused Au/MgO catalyst. 
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TABLE 2 

Oxidative Coupling of Methane at 750°C over Magnesium Oxide Catalysts Prepared by Different Methods 

Catalyst Surface GHSV CH4/ Conversion (%) Product selectivity (%) 
area ~ (h t) O2 

(m 2 . g -  I) CH 4 02 C2H 6 C2H 4 CO CO 2 

(C2H 6 + C2H4)/ 
(CO + CO 2) 

H2 

MgO ribbon 5.2 714 5.5 13.8 97.0 18.6 10.0 18.0 53.4 9.6 0.40 
residue a 5.2 I429 5.4 12.4 85.9 20.9 8.4 21.3 49.4 - -  0.41 

MgO ribbon 5.2 1500 5.3 14.1 92.7 18.3 9.8 20.5 51.4 9.3 0.39 
residue b 5.2 3000 5.4 10.9 66.9 19.4 7.0 31.1 42.5 14.8 0.36 

5.2 6000 5.5 9.8 51.9 21.9 6.4 37.6 34.1 16.7 0.39 

MgO ex 21 882 5.9 17.1 99.4 26.3 23.4 9.4 40.9 19.9 0.99 
BC (800) c 21 1765 5.6 18.3 100 29.2 20.7 12.2 37.9 - -  1.00 

21 3529 5.5 19.2 100 30.6 19.2 16.8 33.4 - -  0.99 
21 7059 5.5 23.2 97.8 31.9 31.1 14.7 22.3 13.5 1.70 

MgO ex OH ̀ / 32 11300 5.5 15.8 99.4 15.7 14.2 24.3 45.8 21.6 0.43 
32 2000 5.6 16.3 98A 16.6 11.8 28.2 43.4 21.5 0.40 

2.03 g MgO ribbon residue, volume = 4.2 ml; b 1.01 g MgO ribbon residue, volume = 2.0 ml; e 2.04 g MgO ex BC (800l, volume = 3.4 ml; a 2.04 
g MgO ex OH, volume = 3.0 ml; CH 4 : diluent 1 : 1, temperature 750°C, pressure 101 kPa. 

e Refers to materials before use. 

in Table 2. At comparable reaction condi- 
tions the ex BC (800) material is more selec- 
tive to C2 hydrocarbons and is somewhat 
more active than the other two samples, 
which have similar catalytic performance. 
The three samples have different surface 
areas and precise activity comparison is 
therefore difficult, since coupling is known 
to involve a combination of surface and gas 
phase chemistry (15-17). Table 2 demon- 
strates that total selectivity to C2 hydrocar- 
bons does not depend markedly on space 
velocity, which is representative of resi- 
dence time in the reactor. 

It was not possible to pelletise the ribbon 
residue sample, which was therefore studied 

in powder form. To test if the performance 
was influenced by particle size, ex BC (800) 
and ribbon residue samples were tested in 
powder form under the same reaction condi- 
tions. The results, shown in Table 3, indi- 
cate that the differences in selectivity re- 
main. The oxygen conversions are not 
strictly comparable, but Table 2 shows that 
the combined C2 selectivity of the ribbon 
residue is independent of oxygen con- 
version. 

The effect of reaction temperature on the 
oxidative coupling of methane over an ex 
OH catalyst was investigated and the results 
are shown in Table 4. As noted for other 
coupling catalysts (20), methane conversion 

T A B L E  3 

T h e  O x i d a t i v e  C o u p l i n g  P e r f o r m a n c e  o f  P o w d e r e d  M a g n e s i u m  O x i d e  C a t a l y s t s  ~ 

Cata lys t  G H S V  CH4/O 2 Convers ion  (%) Product  se lect iv i ty  (%) 
(h ~) 

C H  4 02 CzH 6 C~H4 CO CO- 

MgO ex BC (800) 1250 5.4 21.L 98.6 24,8 25.6 16.4 33.2 
M g O  r ibbon 1500 5.3 14.1 92.7 18.3 9.8 20.5 51.4 

1.01 g M g O  ex BC (800), vo lume ~ 2.4 mL; L.01 g MgO ribbon res idue ,  volume = 2.0 mL; totaL flow rate  50 ml - min ~; 
CH4:  di luent  L : 1; t empera tu re  750°C, p ressure  101 kPa.  
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T A B L E  4 

T e m p e r a t u r e  D e p e n d e n c e  o f  O x i d a t i v e  C o u p l i n g  P e r f o r m a n c e  o f  M a g n e s i u m  O x i d e  C a t a l y s t s  ~ 

Catalyst Surface GHSV Temp. Ctt4/O 2 Conversion (%) Product selectivity 
area (h - 1) (°C) 

(m 2 . g I) CH4 02 C2H 6 C2H 4 CO CO 2 

Mg ex OH 32 

MgO ex BC (800 in situ) 29 

938 700 5.5 14.6 93.8 10.0 5.1 38.9 46.0 

938 750 5.5 16.8 99.8 16.0 14.8 24.8 44.4 

938 800 5.5 18.8 100 19.l 24.2 16.1 40.6 

682 720 5.7 14.5 100 22.8 15.4 7.4 54.3 

682 750 5.7 15.7 100 24.7 21.0 7.5 46.8 

682 800 5.7 19.9 100 21.1 26.9 10.3 41.7 

2.04 g (3.2 rnl) MgO ex OH; 2.00 g MgO ex BC (800, in situ); CH 4 : diluent 1 : 1; flow rate 50 ml . min-I; pressure 101 kPa. 

and combined C2 selectivity both increase 
with temperature. Table 4 demonstrates an- 
other general feature of the methane cou- 
pling reaction, namely that the ethene/eth- 
ane ratio increases with temperature. Table 
4 also shows the performance of an ex BC 
catalyst which had been calcined only at 
450°C before exposure to the reaction mix- 
ture. This procedure produces a higher sur- 
face area magnesium oxide but leads to a 
worse catalyst. 

Although there are clear differences be- 
tween the catalytic performance of different 
magnesium oxide samples, quantitative 
analysis indicates that there are also differ- 
ences in the impurity content (Table 1). In 
particular, the ex BC (800) catalyst, which 
exhibits the best coupling performance, also 
contains the highest concentration of cal- 
cium and sodium impurities. Two ap- 
proaches were adopted to normalise the 
contribution of impurities and to assess the 

importance of the catalyst morphology, viz. 
examining the role of calcination tempera- 
ture and of treatment with water. The cata- 
lytic performance of the hydroxycarbonate- 
derived sample calcined at 1100°C (ex BC 
(1100)) is indicated in Table 5, which in- 
cludes data for a ribbon residue catalyst for 
comparison. Calcination at I100°C, when 
compared to that at 800°C, decreases the 
surface area of the resultant oxide consider- 
ably and the catalytic performance is signfi- 
cantly changed; in particular the C2 selectiv- 
ity is decreased. Under conditions of similar 
oxygen conversion, the C2 hydrocarbon se- 
lectivities of ex BC (1100) and ribbon resi- 
due are similar. 

Treatment with water does not alter the 
impurity levels in the ex BC catalysts (Table 
1) but does change the morphology, as can 
be seen by comparing Figs. 3 and 6. The 
performance of the resulting catalysts is 
given in Table 6, which shows that the selec- 

T A B L E  5 

E f f e c t  o f  C a l c i n a t i o n  T e m p e r a t u r e  o n  t h e  C a t a l y t i c  P e r f o r m a n c e  o f  M g O  e x  B C "  

Catalyst Surface GHSV CH4/O 2 Conversion (%) Product selectivity (%) 
precursor area (h 1) 

(m 2 . g -  i) CH4 02 C2H6 C2H 4 CO CO 2 

MgO ex BC (1100) 3 1034 5.7 14.7 88.9 19.2 12.5 26.6 41.7 
M8 O ribbon residue 5 714 5.5 12.4 97.0 18.6 10.0 18.0 53.4 

a 2.0 g catalyst, CH¢ : diluent 1 : 1 ; flow rate 50 ml • rain- 1; 750oc, 101 kPa. 
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TABLE 6 

Oxidative Coupling of Methane Over Magnesium Oxide Catalysts after Treatment with Water a 
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Catalyst  Surface  G H S V  
precursor  a rea  (h -  i) 

(m 2 , g-L) 

CH4/O~ Convers ion  (%) Product  Selectivity (%) 

C H  4 02 C2H6 C2H 4 CO CO 2 

MgO ex BC (H20)  40 1000 5.5 17.1 
MgO ex BC (800) 21 882 5.9 17.1 
MgO ex O H  (H20)  52 1034 5.7 14.7 
MgO ex O H  32 1000 5.5 15.8 

100 19.8 14.7 18.5 47.0 
99.4 26.3 23.4 9.4 40.9 
100 13.5 10.6 25.4 50.5 
99.4 15.7 14.2 24.3 45.8 

" 2.0 g catalyst ,  CH4: He  1 : 1; 750°C, 101 kPa. 

tivity of the ex BC (H2O) material falls to a 
value similar to that of the ex hydroxide 
catalyst. 

Lithium-doped MgO catalysts. The oxi- 
dative coupling of methane was investigated 
for two samples of magnesium oxide doped 
with ca. 5 mass% Li2CO3, derived respec- 
tively from the hydroxycarbonate and the 
hydroxide and denoted Li/MgO ex BC and 
Li/MgO ex OH. The elemental analysis of 
these catalysts is given in Table 1 and the 
catalytic data are given in Table 7. The activ- 
ities and selectivities of the two lithium- 
doped catalysts are very similar, although 
the MgO precursors were different. In 
agreement with numerous previous studies 
(20), the addition of lithium carbonate to 
MgO significantly decreases the surface 
area but increases both the specific activity 
and the selectivity for C2 hydrocarbon pro- 
duction. 

Gold-doped MgO catalysts. The oxida- 
tive coupling of methane was investigated 
for MgO ex OH doped with 0.65% by weight 
of gold, and the results are given in Table 

8. Addition of gold markedly decreases the 
selectivity to C2 hydrocarbons and some- 
what reduces the activity, although the sur- 
face area also decreases. The major prod- 
ucts with the Au/MgO catalyst are carbon 
oxides. 

D I S C U S S I O N  

Morphology~Function Relationship for 
Magnesium Oxide Catalysts 
The results presented show that magne- 

sium oxide catalysts prepared by burning 
magnesium ribbon or from the hydroxide 
have similar performance in the oxidative 
coupling of methane at 750°C, which is dif- 
ferent from that of the more selective, ex 
basic carbonate material. As can be seen 
from the figures, catalysts prepared by the 
different methods exhibit distinctly different 
morphologies but in no case is the morphol- 
ogy significantly changed by exposure to the 
reaction atmosphere at 750°C. This is per- 
haps surprising, in view of the presence of 
water and carbon dioxide, each of which 

T A B L E  7 

O x i d a t i v e  C o u p l i n g  P e r f o r m a n c e  o f  L i t h i u m - D o p e d  M g O  C a t a l y s t s  ° 

Catalyst Surface GHSV CH4/O 2 Conversion (%) Product selectivity (%) 
precursor area (h 1) 

(m 2 . g I) 
CH 4 02 C2H 6 C2H 4 CO CO 2 H 2 

Li/MgO ex BC 3 1667 5.5 23.9 98.8 36.1 36.1 0.4 27.4 5.2 
Li/MgO ex OH 3 1667 5.5 25.2 98.9 35.8 37.6 0.3 26.3 5.1 

'~ 2.0 g (I.8 ml) catalyst, CH4:diluent 1 : 1: 750°C, 101 kPa. 
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TABLE 8 

The Oxidative Coupling Performance of Au/MgO and MgO ex OH Catalysts ~ 

Catalyst Surface GHSV Temp. CH4/O2 Conversion (%) Product Selectivity (%) 
area b (h-t)  (°C) 

(m 2 . g- l )  CH4 02 C2H 6 C2H ~ CO CO2 

Au/MgO 21 1071 600 6.1 0.4 5.1 0 0 0 100 
21 1071 650 6.2 1.0 18.5 0 0 tr 100 
21 1071 700 6.3 4.3 41.9 tr tr 40.9 59.1 
21 107t 750 6.4 7.4 67.9 5.5 2.5 36.1 55.9 
21 1071 800 5.9 10.3 95.9 7.2 5.1 27.0 60.7 

MgO ex OH 32 938 700 5.5 14.6 93.8 10.0 5. t 38.9 46.0 
32 938 750 5.5 16.8 99.8 16.0 14.8 24.8 44.4 
32 938 800 5.5 18.8 100.0 19.1 24.2 16.1 40.6 

2.04 g Au/MgO, volume = 2.8 ml; 
pressure 101 kPa. 

b Surface area of unused catalyst. 

2.04 g MgO ex OH, volume = 3.2 ml; CH4 : diluent 1 : 1; total flow rate 50 ml • rain- ~; 

can etch magnesium oxide (34). The micro- 
graphs of the ribbon residue cubes (Fig. I) 
show that there is some rounding of the cor- 
ners during reaction, and it has been sug- 
gested (34) that water and carbon dioxide, 
when present together, etch MgO smoke to 
a significantly lesser extent than either com- 
ponent alone. 

The catalysts have been tested under 
what have become accepted conditions for 
methane coupling (20), namely, near 100% 
oxygen conversion, so it is not easy to make 
meaningful specific activity comparisons. 
However, from studies with varying space 
velocity (35) it is known that there are only 
small differences in the specific rates of 
methane conversion among the catalysts, 
although the ex BC (800) catalyst appears 
somewhat more active than the ribbon resi- 
due material. 

Table 2 shows that, where measurements 
at different space velocities have been 
made, the ratio of ethane to ethene increases 
with space velocity, as does that of carbon 
monoxide to carbon dioxide. However, for 
each catalyst the ratio 

(Total C2 hydrocarbons)/ 
(Total carbon oxides) 

appears to be broadly independent of space 
velocity. The decrease in the ethenelethane 
ratio as the space velocity increases is not 

unexpected, since we have shown else- 
where that ethene, from the thermal crack- 
ing of ethane, is a secondary product over 
magnesium oxide catalysts (29, 35). The 
amount produced is therefore expected to 
fall as the reactor residence time is de- 
creased. Similarly carbon dioxide is a sec- 
ondary product (29, 35) from the catalysed 
water gas shift reaction, and its production 
again falls with increasing space velocity. 
The constant ratio of C2 hydrocarbons to 
carbon oxides for the RR and ex OH cata- 
lysts is thus of considerable mechanistic sig- 
nificance. Either there is only one type of 
active site, which catalyses formation of 
C2's and carbon oxides to the same extent, 
or there are equal numbers of two different 
sites on both catalysts, respectively respon- 
sible for coupling and total oxidation. In 
view of the very similar catalytic perfor- 
mances of RRand ex OH materials, we sug-' 
gest that there is only a single catalytic site, 
which is responsible for both the selective 
and the nonselective reactions effected by 
the catalyst. While we cannot firmly rule 
out the possibility of two sites with equal 
numbers in both materials, this seems im- 
plausible, in view of the considerable differ- 
ences in particle sizes. Evidence for the ex- 
istence of only one type of site on 
magnesium oxide, in comparison to the two 
sites thought to be active on lithium-doped 
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oxides (20, 36), is also provided by a study 
of the effect of adding nitric oxide to the 
reaction (37). Addition of NO over MgO 
and Li/MgO during reaction is found to have 
different effects, which are indicative of the 
different natures of the active sites. For Li/ 
MgO, NO causes an immediate decline in 
the production of C2 hydrocarbons, together 
with a corresponding increase in CO2. On 
removal of NO, C2 hydrocarbon increases 
temporarily to a level significantly higher 
than that observed prior to NO addition. 
Such observations can be explained in terms 
of two active sites being present in Li/MgO. 
For MgO, no effect in CO2 or promotion in 
C2 hydrocarbon production was observed 
on removal of NO, although a slight de- 
crease in C2 hydrocarbons is observed on 
NO addition; these observations are more 
consistent with the presence of a single ac- 
tive site. 

The ex OH and RR samples have similar 
morphologies, both exposing predomi- 
nantly {100} faces. As noted in the Introduc- 
tion, any structure sensitivity of different 
magnesium oxide samples is likely to reflect 
the different numbers of low-coordination 
sites present. Although ex OH and RR sam- 
ples have similar morphologies, they have 
markedly different particle sizes and there- 
fore will have different absolute and relative 
numbers of three-, four-, and five-coordi- 
nate ions. The cube size of the RR material 
is 1000-2000 A, 5 to 10 times that of the 
ex OH material, which is 200-400 A. This 
difference is well reflected in the sixfold dif- 
ference in surface areas. If both samples 
were composed of perfect cubes, the num- 
ber density of three-coordinate corner sites 
in the ex OH material would be 100-1000 
times that of the ex RR (between 53 and 
103), while that of four-coordinate edge sites 
would be 25-100 times greater in the ex OH 
(52-102). The phase contrast and other dif- 
fraction contrast micrographs of the RR ma- 
terial show that the cubes which compose it 
are not perfect. However, comparison with 
the ex OH material indicates a much greater 
degree of perfection, so that the number of 

edge and corner sites per unit area is clearly 
less on the RR samples. 

The conclusion to be drawn from this is 
obvious and interesting: the site involved 
in the rate-determining step on these two 
materials may not involve the lowest coordi- 
nation, edge, or corner ions; otherwise, the 
ex OH catalysts would have a much greater 
specific activity. Similarly, the selectivity of 
these catalysts cannot be determined by the 
participation of these edge or comer sites. 
The active sites must instead be located ei- 
ther on the planar faces or at special sites 
whose numbers do not correlate with the 
crystallite size of the catalyst. The result 
that edge and corner sites do not play a 
significant role in methane coupling cataly- 
sis is at variance with the theoretical study 
of Mehandru et al. (38), which considered 
an MgzlO~ cluster, corresponding to the 
presence of one O- species. These authors 
concluded that rougher magnesium oxide 
surfaces would promote less selective reac- 
tions via methyl radical oxidation associated 
with ion pairs containing Mg~ species. If 
this were correct, we would expect the ex 
OH catalyst to be markedly less selective 
than the RR material. 

There have been few detailed studies of 
the reaction mechanism over magnesium 
oxide, since most investigators have been 
concerned with the more selective lithium- 
doped catalyst. The consensus for Li/MgO 
is that methane reacts at oxygen vacancies 
on the catalyst surface to form methyl radi- 
cals, which desorb immediately, dimerising 
in the gas phase to form ethane. Carbon 
oxides result from subsequent interactions 
of methyl radicals or product molecules with 
the surface or in the gas phase. Activation of 
C H  4 o n  Li/MgO is thus a homolytic process, 
and the introduction of a radical scavenger, 
NO, significantly decreases methane con- 
version for this catalyst (37). For MgO, NO 
addition similarly was found to decrease Cz 
hydrocarbon when oxygen was utilised as 
an oxidant (37), indicating that radical pro- 
cesses are also important for the undoped 
catalyst. It is probable that the mechanism 
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of methane activation is via methyl radicals 
in both systems and that methane activation 
on magnesium oxide occurs at oxygen va- 
cancies on planar {100} surfaces. 

The most selective magnesium oxide for 
the production of C2 hydrocarbon was that 
prepared by thermal decomposition of the 
basic carbonate, as indicated in Table 2. 
This material comprises a large number of 
higher index mean crystal planes, e.g., 
{111}, whereas the less selective materials 
(ex hydroxide and ex ribbon residue) ex- 
posed mainly the {100} plane. Table 1, how- 
ever, shows that the ex BC samples also 
have the highest concentration of calcium 
and sodium impurities, both of which have 
been shown to enhance the C2 selectivity of 
magnesium oxide catalysts. Ex BC and ex 
OH catalysts have been studied by X-ray 
photoelectron spectroscopy, using a VG 
ESCA 3 spectrometer. In each case the sur- 
face concentrations of sodium and calcium 
were close to the limits of detectability, esti- 
mated at -0.05% of a monolayer. These 
concentrations are much lower than those 
known to be necessary to enhance C 2 selec- 
tivities (39). Two additional types of experi- 
ment which change catalyst morphology 
without altering impurity content have been 
conducted, and each has shown that mor- 
phology, rather than impurity content, is re- 
sponsible for the increased selectivity of the 
ex BC catalysts. Calcining the ex BC mate- 
rial at 1100°C rather than 800°C produced a 
material with morphology similar to that of 
the ribbon residue catalysts, as can be seen 
by comparing Figs. 3 and 4. The catalytic 
performance of the ex BC oxide also 
changed, resulting in both the selectivity 
and the activity becoming very similar to 
that of the RR catalyst, as can be seen from 
Table 5. 

A sample of the ex BC 800 catalyst was 
treated with water, which changed both the 
morphology and the catalytic performance, 
as shown in Figs. 3 and 6 and Table 6. The 
morphology became similar to that of the 
ex OH catalyst, and at the same time the 
selectivity to C 2 hydrocarbons decreased. 

Since Table 1 shows that the impurity con- 
tent of the ex BC (800) sample treated in this 
manner did not change, it can be seen that 
the morphology of the magnesium oxide is 
again the predominant influence in de- 
termining selectivity. Although it is always 
difficult to rule out any role for catalyst im- 
purities, these studies suggest that the oxi- 
dative coupling reaction of methane over 
magnesium oxide is a structure-sensitive re- 
action. 

What then is the nature of the active sites 
on the ex BC magnesium oxide? It should 
first be noted that the vacancy, point de- 
fects, which are active on the ex OH and 
RR catalysts, will still be present in the ex 
BC catalysts. We believe that the additional 
selectivity of the ex BC catalysts arises from 
a different, more selective site, present in 
greater numbers at the surface of the ex BC 
material because of its different morphol- 
ogy. The enhanced number of active sites 
may contribute to the much higher selectiv- 
ity observed with MgO ex BC, since the gas 
phase concentration of CH~ will be in- 
creased, thereby giving higher probability 
of ethane formation via methyl radical cou- 
pling. Table 2 establishes that the specific 
activity of the ex BC material is greater than 
that of the RR catalysts. Under otherwise 
identical conditions the ex BC catalyst 
maintained close to 100% oxygen conver- 
sion at all space velocities studied up to 7000 
h-  1. At a space velocity of 1500 h-  1 (equiva- 
lent to 6000 h-1 for the higher area ex BC 
material), the oxygen conversion had al- 
ready fallen to <93%. The ex BC catalysts 
have a much less regular morphology than 
the other two samples, as indicated in Fig. 
3. As a result, the ratios of steps, edges, and 
corners to planar surfaces are much higher 
in this catalyst than in the others, so it is 
possible that these low-coordination sites 
are now present in sufficient numbers to 
contribute to catalyst performance. The 
greater proximity of these low-coordinate 
sites in the ex BC catalyst may also enhance 
C2 selectivity. An alternative possibility is 
that the "bottom step" site, shown diagram- 
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matically in Fig. 10, is catalytically active. 
The irregular, quasi-spherical morphology 
of the ex BC material will result in the pres- 
ence of a much greater number of this type 
of site, which are expected in only small 
numbers on the other catalysts studied. 

Morphology~Function Relationship for 
Lithium-Doped Magnesium 
Oxide Catalysts 

As others have observed, the addition of 
lithium carbonate to a magnesium oxide cat- 
alyst increases the specific activity for the 
oxidative coupling of methane and the selec- 
tivity of C2 hydrocarbon formation (20). 
Previous studies have also shown that lith- 
ium carbonate doping of MgO leads to an 
increase in the grain size of the magnesium 
oxide crystallites (24). The micrographs in 
Figs. 7 and 8 show that sintering of the crys- 
tallites is accompanied by the loss of the 
regular morphology of the magnesium oxide 
precursor and by the formation of grain 
boundary dislocations. In agreement with 
Lunsford et al. (24), the morphology of the 
magnesium oxide precursor does not influ- 
ence the performance of the lithium-doped 
catalysts, since both structure and reactivity 
are the same in Li/MgO catalysts prepared 
either from the ex hydroxide or from the ex 
basic carbonate precursor, as can be seen in 
Figs. 7 and 8 and Table 7. 

Electron diffraction shows that cubic 
magnesium oxide is the only solid phase 
present, although there is also a mobile film, 
probably of lithium carbonate. No evidence 
is found for discrete precipitates of lithium 

FIG. 10. Bot tom step site. 

oxide, which have been reported under 
some conditions (33), although not in 
methane coupling catalysts. Two types of 
dislocation are observed, grain boundary 
dislocations, which accommodate the 
misorientation between neighboring grains, 
and dislocations pinned within the bulk of 
the magnesium oxide grains. Neither of 
these has been reported previously, al- 
though strain contrast, which is probably 
due to dislocations, is evident on careful 
inspection of micrographs published by 
Lunsford et al. (24). The edge dislocations 
are line defects which run through the bulk 
of the grains and are classified as belonging 
to the type ½(I10) (32). A charged region 
results where a dislocation emerges at the 
surface of a magnesium oxide crystallite. 
This is either an anion or a cation vacancy. 

The dislocations are a direct consequence 
of the presence of lithium in the catalysts, 
since none have been observed in our exten- 
sive study of undoped magnesium oxide 
samples prepared from a variety of precur- 
sors, and it is interesting that similar defects 
are observed in the gold-doped catalysts. 
The dislocations are immobile, suggesting 
pinning of the defect by lithium ion segrega- 
tion to the dislocation core. Figure 11 sche- 
matically shows the point of emergence of 
the ½(110) dislocation at the {100} rock salt 
surface. It has previously been proposed 
that oxygen vacancies and [Li ÷O-] centres 
constitute the active sites for methyl radical 
generation at the surface of lithium-doped 
magnesium oxide catalysts (2). Since we be- 
lieve that lithium is pinned at the dislocation 
lines it is reasonable to suggest that [Li÷O-] 
entities occur at the point of emergence of 
the dislocations. Thus even with lithium- 
doped magnesium oxide there is a morpho- 
logical basis for catalytic performance. In 
addition, lithium substitution for Mg 2÷ in 
the lattice will cause an increased concen- 
tration of point defects, which may also be 
active sites for methane activation. 

The micrographs of Fig. 7 suggest that 
there are other morphological changes asso- 
ciated with lithium doping which also need 
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FIG. 11. Point of emergence of ½(110) dislocation at 
the {100} surface of MgO. (O) Mg 2., (O) 02-. 

to be considered. In comparison to the RR 
materials, the particles of the doped catalyst 
are quasi-spherical. As a result they will re- 
semble the undoped, ex BC material, pos- 
sessing a much higher number of corner and 
step sites than do the RR or ex OH catalysts. 
Aika et al. (39, 40), and Lunsford et al. (41), 
relying on a theoretical study of Mehandru 
et al. (38), have proposed that the improved 
selectivity of lithium-doped catalysts re- 
sulted from the removal of corner sites, 
which they suggest are nonselective. This 
is clearly not the case, as Lunsford et al. 
subsequently recognised (24), since the 
doped catalysts have a much higher density 
of corner sites than, for example, the RR 
catalysts. Although the presence of step 
sites may be beneficial, it seems more proba- 
ble that the improved performance of the 
lithium-doped catalysts results from the 
presence of the [Li+O -] centres: involve- 
ment of mobile lithium carbonate films can- 
not be ruled out. 

Further evidence of the importance of 
emergent line defects in methane activation 
is provided by the results from magnesium 
oxide doped with gold, where dislocations 
similar to those found with Li/MgO catalysts 
are observed. However,  in contrast to the 
Li/MgO materials, the Au/MgO catalysts 
give total oxidation products almost exclu- 
sively. The results given here are part of an 
extended study to be presented elsewhere, 
but it seems probable that isolated gold ions 

act as sites for the total combustion of C 2 
hydrocarbons and that combustion rates 
and products are both different for ethane 
and ethene. 

CONCLUSIONS 

Detailed study of magnesium oxide and 
lithium- and gold-doped magnesium oxide 
catalysts demonstrates the importance of 
the catalyst morphology and the defect 
structure of these materials in the oxidative 
coupling of methane. From studies of ex 
hydroxide and ribbon residue catalysts, 
which show similar morphology but very 
different cube size, we conclude that edge 
and corner sites are not catalytically signifi- 
cant. From examination of the ex BC mate- 
rial it is suggested that special, bottom step 
sites may be important for the selective cou- 
pling of methane. Examination of lithium- 
doped magnesium oxide catalysts has high- 
lighted the role of emergent line defects in 
forming surface active sites, such as 
[Li+O-], together with the increased num- 
ber of point defects. It is clear that the selec- 
tive activation of methane is a structure- 
sensitive reaction and that the role of mor- 
phology must be considered in the design of 
improved catalysts. 
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