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The surface chemistry of a LiNiO2 methane couphng catalyst has been studied with respect to 
adsorption/desorption behaviour and interaction with carbon oxides. The results indicate that anion 
vacancies induced at the surface at high temperature are readily replenished by interaction with 
both 02 and N20. The 02- lattice oxygen species (a) so formed are thought to be responsible for 
methane coupling. A chemisorbed dioxygen species (fl) appears to be formed at defect sites by 
adsorption of 02; it is not formed by N20 adsorption. Experiments with 1sO 2 indicate that this 
chemisorbed fl-O2 desorbs by a dissociative recombination mechanism. These findings are in 
agreement with catalytic and electron spectroscopic studies. On the clean surface, CO2 interacts 
strongly with O 2-, destroying sites for/3-02 adsorption; it also removes preadsorbed fl-O~. CO, 
however, does not adsorb at all on the clean surface; it does react with/3-02 to form a species 
(probably CO 2-) that evolves COs on subsequent heating. This strongly supports the conclusion 
that the/3 species is a form of dioxygen. © 1991 Academic Press, Inc. 

INTRODUCTION 

Following the pioneering work of Keller 
and Bhasin (1) many metal oxides have been 
screened as potential methane coupling cat- 
alysts (see for example Refs. (2-5) and ref- 
erences therein). Alkali-doped magnesium 
oxide catalysts have been extensively inves- 
tigated, and in this area the work of Luns- 
ford et ai. has been particularly influential 
in regard to identification of catalytically ac- 
tive surface oxygen species and overall re- 
action mechanism (6-11). In such catalysts 
the metal ions exhibit fixed valency; another 
useful class of materials includes transition 
metal oxides in which the metal ions are 
capable of exhibiting variable valency. It is 
possible that in such systems the catalytic 
chemistry is significantly different from that 
which characterises nontransition metal ox- 
ide catalysts (12-15). A promising example 
of this type of material is Li-promoted NiO. 
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Lithium oxide forms a continuous range of 
solid solutions in NiO, the end member of 
this series being the stoichiometric oxide, 
lithium nickelate (LiNiO2). 

Ungar et al. (16) investigated the methane 
coupling activity and selectivity of a series 
of structurally related mixed oxides, includ- 
ing lithium nickelate. It was found that 
LiNiO2 and LiYO2 were particularly active 
and selective catalysts with only the former 
apparently operating via a redox mechanism 
involving the depletion and replenishment 
of lattice oxygen: with LiNiO2, catalytic ac- 
tivity continued for several hours in the ab- 
sence of gaseous oxygen. The authors also 
found that pretreating LiNiO2 with N20 en- 
hanced the activity for C2 production (17). 

Hatano and Otsuka (18) have carded out 
kinetic measurements on LiNiO2, including 
isotope labelling studies, in an attempt to 
elucidate the reaction mechanism. They 
suggest that two distinct oxygen species ex- 
ist at the catalyst surface, namely lattice 
oxide ions and adsorbed oxygen; it was pro- 
posed that these are responsible for oxida- 
tive coupling and deep oxidation, respec- 
tively. Most recently, Badyal et al. (19) have 
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used a planar model system in order to char- 
acterise the oxygen species present at the 
surface of lithium-doped nickel oxide; a 
combination of Auger, XP, and UP spectro- 
scopies was employed. It was found that in 
addition to O 2-, O- is present at the un- 
doped NiO surface; furthermore, Li doping 
led to the appearance of 02- . The O- and 
02- entities are of particular interest be- 
cause both have been suggested as the ac- 
tive species in other catalyst systems (6, 20). 
Under the very low oxygen partial pressures 
used in the model study (19), both these 
species were found to be unstable at the 
temperatures required for oxidative meth- 
ane coupling over LiNiO2; these observa- 
tions appear to be consistent with the pres- 
ent findings for practical LiNiO 2 catalysts. 

The major undesirable by-products of 
methane oxidative coupling are the carbon 
oxides that are present in significant concen- 
tration under reaction conditions. A study 
of their interaction with the active sites on 
the catalyst surface is therefore of interest. 
The present work is an attempt to character- 
ise directly the active oxygen species at the 
surface of a practical LiNiO 2 catalyst and to 
investigate their reaction with carbon ox- 
ides. The interaction of N20 with the cata- 
lyst has also been studied. 

EXPERIMENTAL 

Experiments were carried out in a some- 
what unconventional high-vacuum appara- 
tus incorporating mass spectrometric sam- 
piing; this has been described in detail 
elsewhere (21). The arrangement is de- 
signed for relatively high-pressure gas dos- 
ing of small catalyst samples located just 
outside the ioniser volume of a quadrupole 
mass spectrometer. Gas dosing was 
achieved by means of a set of three capillary 
tubes that terminated within 1 mm of the 
sample surface. By this means, dosing with 
active gases (N20, 02, CO2, CO) could be 
carried out at an effective pressure of - 10-2 
Torr at the sample surface, the background 
pressure remaining below 10 -5 Torr; the 
system base pressure was 10 -8 Torr. 

LiNiO2 was prepared by decomposition 
and reaction of Li2CO3 intimately ground 
together with NiO. This reactant mixture 
was heated as follows: 700 K for 1 h, 1000 
K for 1 h, 1100 K for 15 h, 1200 K for 2 h. 
The formation of pure, stoichiometric 
LiNiO 2 was confirmed by powder X-ray dif- 
fraction measurements. For adsorption/de- 
sorption experiments the powdered sample 
was pressed into a wafer ( -2  x 2 x 8 mm) 
and mounted in a coil of platinum wire, 
which was used to provide resistive heating 
of the specimen. Appropriate blank experi- 
ments were carried out to ensure that the Pt 
wire was not itself responsible for any of the 
observed chemistry (21). 

The catalyst sample was cleaned in situ 
by heating in a flow of oxygen (10 -2 Torr at 
the sample surface) at 950 K and then 750 K 
for 5 min each, this cycle being repeated 
until a thermal desorption spectrum showed 
no evidence for evolution of CO2 or H20. 
This cleaning procedure was repeated be- 
tween every experiment. Thermal desorp- 
tion spectra were taken using a constant 
heating current of 3.2 A, which resulted in 
a temperature sweep up to -900 K; temper- 
ature measurement was carried out re- 
motely by means of an Ircon 300LC infrared 
thermometer. A standard dosing procedure 
of 2 rain at - I  0-2 Torr at the sample surface 
was used for all the adsorbates examined 
in this work because these conditions were 
found to produce saturation uptake in every 
case: this gas dosing procedure is referred 
to as "standard conditions" hereafter. The 
quadrupole mass spectrometer was oper- 
ated in multiplexed mode allowing simulta- 
neous monitoring of 16 mass numbers as a 
function of sample temperature. All experi- 
ments were performed at least twice. 

RESULTS 

Experiments fell into two categories: 
those to determine the nature of the oxygen 
surface species on LiNiO2 and those to in- 
vestigate reactions of CO x with these oxy- 
gen species. 
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FIG. 1. Thermal desorption spectra for clean surface. 

Characterisation of Oxygen Surface 
Species 

(i) Clean surface. Having obtained a clean 
surface by the above procedure, and in the 
absence of subsequent oxygen chemisorp- 
tion, a thermal desorption sweep reproduci- 
bly resulted in the type of spectrum shown 
in Fig. I. This provides a reference clean 
surface spectrum and also gives an indica- 
tion of the temperature at which lattice oxy- 
gen is lost from the catalyst. It can be seen 
that a continuous rise in the signal at 32 
atomic mass units (amu) occurs at -900  K 
and this may be attributed to the evapora- 
tion of oxide oxygen with concomitant de- 
composition of the surface region of the 
solid (see Scheme 1) 

4LiNiO 2 -* 2LizO + 4NiO + O2(g ). 

The mobility of lattice oxygen and its deple- 
tion under oxidative coupling conditions in 
the absence of gaseous oxygen have led to 
a number of suggestions that this lattice 
oxygen is the catalytically active species 
(17, 18, 22). 

(ii) Catalyst pretreatment with N20. 
Given the earlier observation that N 2 0  can  

H - -  O H  3 
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H CH3 
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I 
Ni  3. 

c . ,  

Li*-----.r-I ~ Ni 2+ 

I 
Ni 2+ 

+ H20 + 2 C H  3 

S C H E M E  I .  Oxygen depletion. 

lead to oxidative coupling at significantly 
reduced temperatures, it is of interest to ex- 
amine the possibly different efects of oxy- 
genating the clean catalyst with N20 and 
with 02. Accordingly, the cleaned catalyst 
was heated at various temperatures (300 to 
900 K) while dosing with N20 (standard con- 
ditions), followed by cooling in oacuo, after 
which thermal desorption sweeps were car- 
fled out. The results are illustrated in Fig. 
2, from which it is clear that N20 dosing in 
the temperature interval 750-850 K leads to 
subsequent evolution of lattice oxygen into 
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FIG. 2. Desorption spectra following N20 treatments 
at various catalyst temperatures. 
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the gas phase at a substantially reduced tem- 
perature: a shoulder at -830  K appears 
compared to the -900 K onset of desorption 
for the untreated catalyst. Justification for 
the assignment of species a as lattice oxide 
oxygen (02- ) comes principally from the 
quantity of 02 evolved. The desorption fea- 
ture persists for several hours in the absence 
of gaseous 02, which corresponds to the 
depletion of many layers of oxide. This is 
demonstrated by comparison with the inte- 
grated intensity of the /3 peak, which has 
been quantified. 

One might expect the immediate subsur- 
face layers of the solid to release oxide oxy- 
gen at temperatures somewhat lower than 
those required for evaporation of oxygen 
diffusing from deeper down in the lattice. 
Hence it is plausible to assign the 830 K 
shoulder to regenerated lattice oxide; fur- 
thermore the high temperature required for 
its production and the effectiveness of both 
N20 and 02 in its formation are consis- 
tent with this view (see (iii) below and 
Scheme 2). 

It thus appears that N20 is capable of 
repopulating vacant lattice oxygen sites at 
these temperatures. Note, however, that no 
other oxygen surface species are formed (cf. 
(iii) below). 

(iii) Catalyst pretreatment with oxygen. 
Experiments identical to those described in 
(ii) were performed, but with oxygen dosing 
instead of N20 dosing. For catalyst temper- 
atures ~>500 K dosing with 02 produced re- 
sults very similar to those obtained with 
N20. Once again, for gas exposures at tem- 
peratures between 750 and 850 K subse- 
quent desorption measurements showed the 
onset of 0 2 desorption at lower tempera- 
tures, although in this case the effect was 
somewhat less marked than it was with N20 
dosing. The desorption data very closely re- 
semble those obtained using N20 and are 
therefore not reproduced here. It thus ap- 
pears that 02 can also regenerate the lattice 
oxygen species under these conditions (see 
Schemes 1 and 2), albeit somewhat less ef- 
fectively than N20. 
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SCHEME 2. Lattice regeneration with 02 and N20. 

When oxygen pretreatment was carded 
out at lower temperatures (i.e., below 500 
K) a new desorption feature appeared, 
namely a distinct peak at around 800 K 
(Fig. 3). This behaviour does not occur 
with N20 dosing under any conditions. We 
note in passing that the data in Fig. 3 were 
actually obtained with a particular 1602/ 
1802 gas mixture; the reasons for this 
emerge below. For present purposes, our 
interest focusses on the 32-amu trace in 
Fig. 3(a). It seems likely that the new 
feature at -800  K is associated with a 
form of chemisorbed oxygen (species /3), 
although the state of aggregation (atomic 
oxygen versus dioxygen) remains to be 
established. By means of appropriate sensi- 
tivity calibration experiments, we calculate 
that the area of the peak due to chemi- 
sorbed oxygen corresponds to - 1 0  -8 mol. 
BET surface area measurements showed 
the catalyst area to be -4 .5  m 2 g- l ,  so 
that for the sample used to obtain these 
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FIG. 3. Desorption spectra following catalyst treat- 
ment with 100 : 1 1602 : 1802 at room temperature. 

particular data (0.131 g), taking the area 
per surface unit cell to be 1.25 × 10 -20 m 2, 
we calculate - 4  × l0 -5 mol of oxygen 
chemisorption sites on the catalyst surface. 
Hence, roughly 1 in 250 surface sites are 
occupied by chemisorbed oxygen, assum- 
ing the latter to be a dioxygen species (see 
below). 

(it)) Interaction with N20 and dioxygen. 
In order to investigate the relationship be- 
tween the two oxygen species identified by 
the above experiments, the catalyst was pre- 
dosed with N20 at 750 K, cooled in vacuum, 
and then dosed with 02 at 300 K, standard 
conditions being used for both gases. The 
desorption spectra obtained after this proce- 
dure showed that the chemisorbed oxygen 
species (species /3) can still be generated 
by O 2 dosing following oxidation with N20, 
i.e., after lattice oxide regeneration, as 
shown in Scheme 2, VI and VII. However, 
the intensity of the corresponding/3 desorp° 
tion peak is much reduced relative to that 
shown in Fig. 3a. Thus, reoxidation of the 
lattice by N20 treatment reduces, but does 
not eliminate, the subsequent adsorption of 
O 2 to form species/3. This strongly suggests 

that the chemisorbed species (/3) is formed 
at surface sites that have been reduced. 

(v) Experiment with 1802. In order to de- 
termine whether the chemisorbed oxygen 
species (/3) was monatomic or diatomic, an 
isotope labelling experiment was carried 
out. Due to the relatively large volumes and 
pressures involved, it was not practical to 
dose the sample with a - 1 : 1 mixture of 1802 
and 1602. Therefore a mixture with propor- 
tions of -1  : I00 was dosed onto the clean 
catalyst at 300 K under standard conditions; 
mass spectrometric monitoring showed 
peaks at only 32 and 36 amu during this 
procedure, confirming that the apparatus it- 
self was not responsible for any isotopic 
scrambling subsequently observed. 

The desorption spectra monitored at 32, 
34, and 36 amu after such a dosing procedure 
are illustrated in Fig. 3a-c. If the chemi- 
sorbed oxygen species (/3) is diatomic then 
dosing with the 1 : 100 1802:1602 mixture 
should lead to 36 : 34 : 32 intensity ratios of 
I : 0 : 100 in the desorption spectra exhibited 
by the -800 K peak. If this species is mon- 
atomic then the corresponding ratios would 
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F[o. 4. 02 and CO2 desorption spectra following CO2 
treatment of surface predosed with oxygen at room 
temperature. 
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be 1 : 100: 10000. Figure 3 is clearly indica- 
tive of this latter situation, thus demonstra- 
ting that the chemisorbed oxygen (species 
/3) undergoes dissociation either during ad- 
sorption or at some stage before desorption 
(see Schemes 1 and 2). 

CO x Surface Species and Their 
Interaction with Oxygen Sites 

(i) Pretreatment with carbon dioxide. For 
these measurements the catalyst was dosed 
at 300 K for 2 min with CO2 under standard 
conditions. In order to avoid the possibility 
of introducing substantial amounts of car- 
bonate into the bulk of the catalyst, higher 
adsorption temperatures were not investi- 
gated. The desorption spectra obtained after 
such treatments resembled the 44-amu trace 
in Fig. 4, indicating that a large amount of 
CO 2 is easily adsorbed on the catalyst sur- 
face. This could well be due to formation of 
a surface carbonate, for example 

2LiNiO 2 + CO 2 ---> Li2CO 3 + Yi203. 

The high-desorption temperature of CO2 
from the catalyst is consistent with the de- 
composition of such a surface carbonate. 

(ii) C02/02 coadsorption. Coadsorption 
experiments were carried out in which stan- 
dard doses of CO2 and 02 were applied in 
succession, with the catalyst at 300 K. Mea- 
surements were carried out with CO2 first, 
followed by 02, and also in the reverse or- 
der. Similar desorption spectra were ob- 
tained in the two cases (Fig. 4). From these 
results we may conclude that preadsorbed 
CO2 inhibits the uptake of chemisorbed oxy- 
gen (species/3) and that preadsorbed chemi- 
sorbed oxygen (species/3) is destroyed by 
subsequent exposure to CO2. Hence it is 
clear that there is more than a simple site- 
blocking effect occurring here: CO2 dosing 
actually removes preadsorbed oxygen, in 
addition to inhibiting oxygen adsorption 
from the gas phase. It is therefore reason- 
able to suggest that a substantial reorganisa- 
tion of the surface occurs on CO2 adsorp- 
tion, the most likely effect being formation 
of a surface carbonate. 

(iii) C02/N20 coadsorption. These mea- 
surements were similar to those described 
under (ii) above but with N20 dosing at 750 
K substituted for 02 dosing at 300 K. The 
results showed that although CO2 dosing 
prevents N20 from replenishing depleted 
lattice oxygen (species a), it does not lead 
to depletion of lattice oxygen (species a) 
already replenished by N20. Again, these 
observations are consistent with a change 
in surface structure upon CO2 adsorption: 
such a change could inhibit surface to bulk 
diffusion of oxygen generated by dissocia- 
tion of N20. It is also possible that COz 
adsorption resulting in formation of surface 
carbonate could inhibit uptake of lattice ox- 
ygen simply by preventing dissociative ad- 
sorption of N20 in the first place. 

(iv) C0/02 coadsorption. No CO adsorp- 
tion occurred on the freshly cleaned surface. 
However, the results for Oz pretreatment 
under standard conditions with the catalyst 
at 300 K, followed by CO dosing (standard 
conditions) indicate that chemisorbed oxy- 
gen (species/3) is active for the oxidation of 
CO to COz (Fig. 5 and Scheme 3). CO is 
inactive with respect to the catalyst surface 
in the absence of chemisorbed oxygen; i.e., 
there is no detectable interaction with lattice 
oxygen sites (species a) at the surface. 

DISCUSSION 

Three principal points emerge from the 
results presented above. 

1. Two distinct oxygen surface species 
are present on LiNiO2: a chemisorbed spe- 
cies (/3) and lattice oxide oxygen (a). The 
lattice oxygen surface species can be regen- 
erated at high temperature by interaction 
with both gaseous 02 and NzO. The chemi- 
sorbed species (/3) is only formed by 02 up- 
take at low temperature; N20 uptake does 
not give rise to this species. This very 
strongly suggests that the chemisorbed spe- 
cies (/3) is diatomic while the lattice oxide 
oxygen (species a), as expected, is a mono- 
atomic species. Ungar et al. (17)found that 
LiNiO2 catalysts pretreated with N20 above 
700 K showed enhanced activity for C2 pro- 
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FIG. 5.02, CO, and CO 2 desorption spectra following 
CO treatment of surface predosed with oxygen at room 
temperature. 

/3-O 2 in an identical manner, regardless of 
the order of dosing. This implies that an 
effect involving adsorption sites rather than 
adsorbed species is involved. Since there is 
no evidence for the direct chemical reaction 
of chemisorbed oxygen (/3) with CO2, the 
behaviour here must involve/3-02 adsorp- 
tion site destruction by CO2 uptake. 

The electron spectroscopic work of Bad- 
yal et al. (19) on a model system indicated the 
existence of O 2- species on the surface of ox- 
ygenated LiNiO2. Furthermore, it was 
shown that O-  present on NiO undergoes 
conversion to 02- on Li dosing; this 02- ap- 
pears to be more stable at the LiNiO2 surface 
than the O-  precursor. These observations 
are also consistent with Schemes 1 and 2. The 
identification of 02- as the oxygen species/3 
also satisfactorily explains the very different 
behaviour exhibited by N20 and 02 chemi- 
sorption (Schemes 1 and 2) and the selective 

duction. This observation coupled with the 
present results provides rather strong evi- 
dence that surface lattice oxygen (species a) 
is the active species for methane coupling. 
Furthermore, the observed low saturation 
coverage that characterises the chemi- 
sorbed oxygen species (fl) suggests that this 
latter may occur at some type of defect site. 
The effect of preoxidising the surface on the 
subsequent uptake of chemisorbed oxygen 
(species/3) indicates that the defect site in 
question is a reduced site. 

2. Desorption of labelled chemisorbed 
oxygen (species /3) results in essentially 
complete isotopic scrambling. 

3. Chemisorbed oxygen (species/3) inter- 
acts with CO to produce a surface species 
that evolves CO2 upon subsequent heating. 
CO2 on the other hand interacts very 
strongly with lattice oxygen at the surface 
(species a), probably forming a surface car- 
bonate, resulting in the destruction of oxy- 
gen chemisorption sites. Both these effects 
involve direct chemical reaction of an oxy- 
gen surface species with a carbon oxide. In 
contrast with this, CO2 seems to affect 
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IX lheat 
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SCHEME 3. Interaction with carbon oxides. 
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reaction of CO with/3 oxygen but not with 
the a species (Scheme 3). These species were 
found to be unstable at high temperatures, 
as indeed is the chemisorbed oxygen species 
found in this work. The electron spectro- 
scopic results (19) also showed O- ,  a species 
widely regarded as being the active site on 
Li/MgO catalysts (6-8), to be absent on 
LiNiO2 at high temperatures. On the other 
hand the prolonged methane coupling activ- 
ity of LiNiO2 in the absence of gaseous oxy- 
gen (16, 17) demonstrates the ability of  this 
catalyst to generate active oxygen species 
from lattice oxide oxygen, thus indicating 
that in this case 0 2- is the crucial agent. 

The available evidence is consistent with 
the scheme given below for aspects of the 
surface chemistry of  LiNiO2 that are likely to 
be relevant to methane coupling. The activa- 
tion of methane by lattice oxygen shown in 
Scheme 1 Steps I and II has already been pro- 
posed by Hatano and Otsuka (18). As noted 
above, this view is supported by the contin- 
ued activity of LiNiO2 as a coupling catalyst 
in the absence of gaseous oxygen, an obser- 
vation that has been confirmed by Ungar et 
al. (16, 17). It is also consistent with the 
model studies (19) that show that 0 2- is the 
dominant oxygen species on the surface of 
Li/Ni/O systems at elevated temperatures. 
Step III of Scheme 2 rationalises the forma- 
tion of  chemisorbed oxygen (species fl) by 
uptake of O2 (but not by uptake of N20) at 
anion vacancy sites. The subsequent evolu- 
tion of O2(g) in desorption experiments may 
be ascribed to dissociation of  the 022- species 
to regenerate 0 2- and O2(g); this accounts for 
replenishment of lattice oxygen (species a) 
and the evolution of isotoptically scrambled 
chemisorbed 02 in the labelling experiments 
(Scheme 2, Steps IV and V). It is also consis- 
tent with the spectroscopic results (19) that 
show that the 022- species decomposes into 
0 2- at temperatures ~>573 K. In the present 
work, this chemisorbed oxygen (species 13) 
desorbs at - 800 K; the difference in tempera- 
ture may be ascribed to thermally activated 
diffusion and recombination of  oxygen 
atoms, which could occur at temperatures 

somewhat higher than that of  the initialdisso- 
ciation of  022- . N20 can of course also fill 
anion vacancy sites at the surface of  oxygen 
deficient LiNiO2, generating lattice oxide ox- 
ygen (species or) directly without the in- 
tervening chemisorbed species (Scheme 2, 
Steps VI and VII). 

Finally, Steps VIII, IX, X, and XI in 
Scheme 3 account for the difference in be- 
haviour between CO and CO2. 
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