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The Role of Lattice Oxygen during the Oxidative Coupling of
Methane over Li"-Doped TiO, Catalysts

The influence of surface promoters and
dopants on the catalytic performance of
TiO, and other rare-earth oxides in the oxi-
dative coupling of methane (OCM) has
gained significant interest among many in-
vestigators (1, 2). Altervalent cation doping
of metal oxides involves incorporation of
foreign cations of valence lower or higher
than that of the parent cation into the crystal
structure of the parent oxide. As a result of
this process, the electron structure (Fermi
energy level) (3), acidity/basicity character-
istics (2, 4), and oxygen anion mobility (5,
6) are altered. These parameters are ex-
pected to influence catalytic rates of surface
reactions, which in turn, control activity and
selectivity parameters. It is very desirable
then to investigate the intrinsic correlations
of the aforementioned parameters with
those of catalyst performance, if any exist.
Further, this information has to be obtained
under experimental conditions similar to
those employed for measurements of kinetic
parameters. In the case of the OCM reaction
this may not be an easy task.

The present work aims towards the estab-
lishment of a fundamental understanding of
what might be the role of lattice oxygen un-
der OCM reaction conditions towards meth-
ane activation, and how this is influenced
by the dopant concentration in Li"-doped
TiO, catalysts. It has been shown that this
catalyst exhibits good activity, selectivity,
and stability characteristics for methane
partial pressures in the range of 0.3-0.5 bar.
Hydrocarbon yields in the range of 10-15%
have been obtained over this catalyst at tem-
peratures as high as 900°C and methane
pressures of up to 0.5 bar. Kinetic studies

under OCM reaction conditions, as well as
transient studies on the reactivity of CH,
and C,H, with the lattice oxygen of the Li"*-
doped TiO, catalyst, have been reported
previously (2, 7).

The steady-state tracing technique, which
involves an abrupt switch from a reactant
species in the feed to a corresponding isoto-
pically labeled species, has recently found
application in the investigation of the mech-
anism of oxidative coupling of methane (3,
8-10). These studies revealed that the
amount of adsorbed methane under reaction
conditions is practically zero, whereas there
is a large reservoir of surface/subsurface ox-
ygen species which participate in the forma-
tion of the undesired CO and CO, products.
Other transient isotopic experiments con-
ducted under conditions relevant to meth-
ane coupling have also been performed to
evaluate oxygen isotope transfer rates and
to study the interaction of CH, with the cata-
lyst surface (/, /1-13). In the present work,
transient experiments with the use of '*0,
have been conducted to study the mobility
characteristics (diffusivity, activation en-
ergy of diffusion, transfer rate) of bulk lat-
tice oxygen, and to relate this to methane
activity under OCM conditions, as a func-
tion of Li*-dopant concentration.

Lithium-doped TiO, catalysts were pre-
pared and characterized in terms of surface
area (BET), electrical conductivity and acti-
vation energy of electron conduction, sur-
face acidity and basicity, and bulk composi-
tion (XRD) and surface composition (XPS),
as described in detail elsewhere (2). Tran-
sient isotopic experiments with '*0, were
performed in a flow system which has been

352

0021-9517/93 $5.00
Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved.



NOTES

1.0
T=825 °C
08+
185,
06 r
y4
04r
16,18,
021
1602
0-0 —1 i 1 -
0 2 4 6 8
TIME (min)

N, '—-«» 1%, 180,/ N,

FiG. 1. Transient oxygen isotopic ('*0,) exchange
experiment according to the delivery sequence N, —
1 mol% "MO./N,(¢). T = 825°C, | wi% Li;O-doped TiO,
catalyst.

described elsewhere (7). Continuous moni-
toring of the transient responses obtained
from the reactor was performed by on-line
mass spectrometer (VG Quadrupoles, Sen-
sorlab 200D) equipped with a fast response
inlet capillary system. The reactor system
used for transient studies has been de-
scribed earlier (7). For the 'O, transient
exchange experiments, the following condi-
tions were used: 30 cm*/min (ambient condi-
tions) total flow rate of N, switched to 30
cm®/min of 1 mol% '*0,/N, mixture, catalyst
weight 1.0 g, total pressure 1 bar, tempera-
ture range 650-850°C. The transient re-
sponses of '°0,, '*0O™®0, and '*0, gases are
reported as dimensionless concentration, Z,
vs time. For instance,

Yisgio
)”"03 + yisgisg + ymo2

Zigisg(1) = (1)

where y is the mole fraction of a given gas-
eous oxygen species. Thus, at a given time
t, the Z(1)’s of all three oxygen gaseous spe-
cies add up to 1.0. Initial rates of methane
conversion have been obtained in a conven-
tional flow apparatus described earlier (2).

Figure 1 shows oxygen transients ob-
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tained at 825°C after the gas flowing over
the 1 wt% Li,0/TiO, catalyst was changed
from N, to 1% '"O,/N, mixture. At the
switch to the isotopic mixture there is a
rapid exchange of '°0 with O atoms, which
leads to the production of %00 gas. The
B0 atoms are likely formed by dissociation
of molecular '*0, on the surface. In addition,
there is a failure of the '*O'®0 signal to relax
back to zero even for times greater than 20
min, not shown in Fig. 1, and the rate of
production of '*O"¥0 gas after about 5 min
of exchange declines slowly. These results
suggest that there exists an '°0 source which
feeds the surface with 'O atoms. This
source is the bulk of the doped-TiO, cata-
lyst. 1t should be noted that no leaks from
the reactor or the gas lines were present
which could partly account for the 'O
source. In contrast to the OO transient
response, the '°0, response shows a differ-
ent behaviour; in this case there is a rapid
decline of the '°0, signal under exchange
conditions towards its background value.

Similar results with respect to the shape
of the oxygen transients of Fig. 1 have been
observed at other temperatures in the range
of 700-840°C, as well as over the 2 and 4
wt% Li,O/TiO, and undoped TiO, catalysts.
However, the most important effect of tem-
perature and catalyst composition was to
change the value of the pseudosteady state
rate of production of '*O"®0 gas as shown
in Table 1.

Following the analysis given by Peil et al.
(5) of an experiment similar to that de-
scribed in Fig. 1, the average diffusivity of
lattice oxygen in the solid can be estimated
based on the offset (pseudosteady state)
value of the '0'%0 transient response. This
is given by the relationship (5).

D=m,, (ﬂ) @)

where ¢, (sec) is the time required for the
150180 signal to reach its pseudosteady state
value, N, (moles/cm® - sec) is the flux of
atomic oxygen at the catalyst surface from
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TABLE 1

Rate of Formation of *0"®0 and Lattice Oxygen Availability as Well as Diffusivity as Determined
from '®0,-Exchange Experiments

Catalyst T¢°C) Rate of formation’ Lattice oxygen Oxygen Activation energy
of %00 availability Diffusivity ~ of bulk lattice oxygen
(moles/m? - s) (equivalent number (cm¥s) X 10"¥  diffusion (kcal/mol)
x 108 of layers)®
TiO, 730 2.9 1.1 0.6
760 6.6 . 34 110 = 5
780 10.6 3.7 8.7
1 W% Li,O/TiO, 730 1.2 . 0.1
760 2.5 .1 0.5 130 £ 5
790 8.2 3.6 5.2
825 17.8 7.1 24.6
2 wt% Li,O/Ti0, 800 2.4 1.0 0.5
810 2.8 1.2 0.7 104 = §
825 3.5 1.6 1.0
840 5.2 2.2 2.2
4 W% Li,O/TiO, 760 1.8 0.8 0.3
785 3.0 1.3 0.9 87 =5
810 5.1 2.2 2.6
825 6.5 2.8 4.1

4 Based on the pseudosteady state value of '°0'30 transient as explained in the text.
b Based on the integration of '*0'"Q transient response over up to 20 min of exchange.

the bulk, and C, (moles/cm?) is the initial
concentration of atomic oxygen in the bulk.
N, is calculated by multiplying the yisgis, of
the offset by the total molar oxygen flow
(moles/sec) and dividing by the catalyst
weight (g) and surface area (cm*/g).

The specific rate of formation of '*Q'*0
at pseudosteady state conditions, the equiv-
alent number of mobile atomic oxygen lay-
ers exchanged by '®0, and the oxygen diffu-
sivity (based on Eq. (2)) as a function of
catalyst composition and temperature are
shown in Table 1. The equivalent number
of mobile atomic oxygen layers is calculated
by integrating the '®0'80 transient response
(for a time up to 20 min) and using a 6.7 Ay
oxygen atom. The latter number is based on
the lattice parameters of rutile TiO, and the
number of surface oxygen atoms/unit cell.
Assuming an Arrhenius expression for the
diffusivity as a function of temperature, the

activation energy of bulk lattice oxygen dif-
fusion can be calculated. Figure 2 shows
these results for 0, 1, 2 and 4 wt% Li,O-
doped TiO, catalysts. The activation energy
values obtained are also given in Table 1.

Figure 3 shows initial rates of methane
consumption, at methane conversions less
than 5%, as a function of the Li,O content
of the catalyst. To illustrate the close corre-
lation of the dependence of initial rate of
methane consumption and activation energy
of bulk lattice oxygen diffusion on the Li,O
content of the catalyst, the results of activa-
tion energy vs Li,O content are also plotted
in Fig. 3. The methane activity results corre-
spond to a 900°C reaction temperature, a
partial pressure of CH,, Pycy, = 0.5 bar,
and a CH,/O, feed ratio of 3.

The present transient oxygen-exchange
experiments reveal that the lithium dopant
concentration has a strong influence on the
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bulk lattice oxygen mobility. This is demon-
strated by the variation of the activation en-
ergy of bulk lattice oxygen diffusion (Fig.
2, Table 1). It was found that at the level of
doping of ca. 1 wt% L.i,O an increase in the
activation energy of lattice oxygen diffusion
occurred, as compared to the value obtained
for the undoped TiO,, whereas at the level
of doping of ca. 2 and primarily 4 wt% Li,O
a decrease in the activation energy oc-
curred. To better understand the behaviour
of lithium dopant concentration on the mo-
bility of lattice oxygen of doped -TiO,, some
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F1G. 3. Activation energy of lattice oxygen diffusion
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ant concentration (wt% Li,0).
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basic crystallographic information concern-
ing rutile TiO, is mentioned. The rutile form
of TiO, is a tetragonal crystal structure, in
which each Ti*" cation is surrounded by a
slightly deformed oxygen octahedron,
whereas each oxygen anion species, 077, is
surrounded by three Ti** cations placed in
the vertices of an isosceles triangle. The mo-
bility of oxygen anion species around their
lattice equilibrium positions is therefore pri-
marily dependent on the electrostatic field
created by the three Ti*" cations (short
range electrostatic interactions). When tita-
nia is doped with lithium cations, the latter
are expected to (a) substitute for Ti** cat-
ions in their lattice positions, (b) occupy
interstitial and/or defect site positions in the
lattice, or (c) both of the above.

It is difficult to theoretically predict what
might be the effect of dopant concentration
on its distribution into the aforementioned
lattice positions. It is therefore suggested
that the observed increased activation en-
ergy value of bulk lattice oxygen diffusion
of the 1 wt% Li,0-doped TiO, catalyst must
be due to an increase in the electrostatic
force between oxygen anion species and
their surrounding cations. This force arises
from the presence of Li* cations at intersti-
tial and/or defect sites in the vicinity of lat-
tice oxygen anion species. [t might be appro-
priate to say that at this level of doping,
energy requirements impose occupancy of
such positions by the majority of Li* cat-
ions. On further increase in the level of dop-
ing, substitution of Ti** by Li* cations
seems to occur, causing, therefore, a de-
crease in the activation energy of bulk lattice
oxygen diffusion, as observed over the 2
and 4 wt% Li,O/TiO, catalysts, compared
to the undoped TiO,. X-ray diffraction mea-
surements performed on the 1 and 4 wt%
Li,O-doped TiQO, catalysts revealed that
Li,TiO; is present in the latter catalyst for-
mulation, whereas no such indication was
found for the former catalyst (2). The lower
activation energy of lattice oxygen mobility
observed in the 4 wt% Li,O-doped TiO,
compared to that of the undoped TiO, cata-
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lyst may also be related to the presence of
the Li,TiO; phase.

In similar experiments to those presented
in Fig. 1, Peil er al. (5) observed a large
decrease in the activation energy of bulk
lattice oxygen diffusion of MgO when the
latter was doped with Li* cations (14 wt%
Li/Mg0O). These results are similar to the
present ones for undoped TiO, and 4 wt%
Li,O/TiO, catalysts. In (5) the authors sug-
gested that the aforementioned behaviour
was due in part to the creation of lattice
defects upon Li" doping. In addition, the
16030 transient responses obtained over Li/
MgO (5) and Sr/La,0; ({3) were qualita-
tively similar to that shown in Fig. 1, and
aspects of this transient response have been
previously discussed in some detail (5). The
diffusivity values reported in Table 1 should
be treated with some caution since they de-
pend on the choice of ¢, .. However, it is
clear from Eq. (2) that the activation ener-
gies of diffusion shown in Table 1 do not
depend on uncertainties in the appropriate
t, . value. The number of equivalent layers
of lattice oxygen (surface/subsurface) which
are mobile and exchange with gaseous oxy-
gen in the range of 730 to 840°C is greater
than 1, and in some cases it is of the order
of several monolayers (Table 1). This result
has also been obtained over MgO and Li/
MgO systems (5) as well as La,O; and Sr/
La,0, systems (/3). It is importaat to note
here that estimation of activation energies
of lattice oxygen diffusion over the present
series of Li"-doped TiO, catalysts under
OCM reaction conditions was impossible
due to the absence of '*O'*O signal upon the
switch from CH,/O, to CH,/'*0O, mixture (9).

Figure 3 reveals that a good correlation
exists between catalytic activity (initial
methane consumption rate) and lattice oxy-
gen mobility, the latter characterized by the
activation energy of lattice oxygen diffu-
sion. The catalyst with the highest activa-
tion energy appears to be the most active.
Steady-state tracing experiments over the
present 1 wt% Li,O/TiO, catalyst revealed
that several layers of subsurface lattice oxy-
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gen participate in the formation of CO, un-
der OCM reaction conditions (9). Even
though it is difficult to know the extent of
participation of precursor species derived
from CH, in the CO, reaction pathway, as
a result of the oxidation of C,-hydrocarbon
products to CO, (7, 9), it may be suggested
from the present results that activation of
methane by H™ abstraction by oxygen spe-
cies to form initially methyl radicals, and/
or oxidation of the latter species to form
CO,, require less mobile surface/subsurface
oxygen species, in accordance with what
has been proposed earlier (/4). It can be
further speculated that the catalyst surface
may possess [Li*O~] centers which facili-
tate the stability of O~ species and which
may be responsible for methane activation
and/or nonselective oxidation processes.
Such centers were first observed by Ito et
al. (15) over the Li/MgO catalyst. It may
also be appropriate to state that by increas-
ing the Li,0O dopant concentration, Li,TiO;
is formed (2) at the expense of [Li*O~] cen-
ters on the surface of the present 4 wt%
Li,O/TiO, catalyst. The possibility that O~
and O~ species participate in the formation
of CO, products over other OCM catalytic
systems has been reviewed recently (/).
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