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Catalytic studies on ceria lanthana solid solutions
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Abstract

The catalytic combustion of carbon monoxide over ceria, lanthana, and their mixed oxides has been studied under reaction
free from heat and mass transfer limitations. The bulk structures, surface compositions, and surface areas of the catalysts were
by XRD, XPS, and BET methods, respectively. Doping either ceria or lanthana with low levels of the other oxide retards the reac
reaction order on carbon monoxide is almost first-order over ceria, but over the lanthana-containing catalysts it changes from
negative with increasing partial pressure. With all catalysts, the rate tends to zeroth order on oxygen with increasing partial pre
extended study was made of the major solid solution, lanthana-in-ceria, which operated near-threshold temperatures is poisoned b
The active centres are ensembles of cerium atoms, the size being lowered by lanthanum. The retardation is discussed in terms of
between cerium ensembles and anionic vacancies.
 2003 Published by Elsevier Inc.
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1. Introduction

The catalytic activity of ceria in the oxidation of carbo
monoxide is well known. Rienaker and co-workers repor
the efficacy of pure ceria and of its mixed oxides with a
mina [1], thoria [2], and lanthana [3]. Catalytic activity w
associated with electrical conductivity and lattice structu
although these early authors recognised that to enable
curate formulation of the reaction mechanism a quantita
analysis of the catalyst surface was required. In the cas
pure ceria, the transfer of lattice oxygen to adsorbed ca
monoxide was confirmed as an oxidation route in sev
laboratories [4–8]. Breysse et al. [4,5] further related
catalyst activity of pure ceria directly to its electrical condu
tivity when the latter alters in response to the concentra
of intrinsic anionic vacancies, these in turn being contro
by reactant partial pressures. Theoretical treatments hav
tionalised the mechanism of oxygen transfer [9–11], supp
ing that intrinsic oxygen vacancies play a pivotal role in
catalytic oxidation of carbon monoxide. Modelling the o
dation of carbon monoxide by oxygen transfer from ceria
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been predicted to be exothermic at the surface, especia
the (110) and (310) surfaces, but endothermic in the bulk
However, this stems mainly from the dependence of the
stitution energy of Ce4+ for Ce3+ in the lattice rather than
the contribution to the reaction enthalpy from the energy
the formation of the vacancy.

In a review of the catalytic oxidation of carbon mono
ide by ceria-based materials, Trovarelli [12] proposed
mechanisms: a stepwise redox mechanism and a conc
mechanism. In the former, adsorbed carbon monoxid
oxidised by transfer of lattice oxide that is replenished
adsorption of molecular oxygen on the transient oxygen
cancy. In the concerted mechanism adsorbed carbon mo
ide reacts with an active surface oxygen.

Doping ceria with lower valent cations creates oxyg
vacancies, manifested by increased electrical condu
ity [13]. Small such cations preferentially migrate to t
surface [14], with the anion vacancies being expected to
likewise [11]. It has been proposed that the defective
face of these materials may enhance the catalytic prope
of these doped solids relative to pure ceria [14]. Althou
several examples of cation segregation in oxide system
known [15], it is perhaps surprising that doping ceria w
a series of trivalent oxides had little or no effect on its c
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alytic activity for the oxidation of carbon monoxide: activi
did not correlate with either the concentration of extrin
anion vacancies or oxygen mobility [16]. In fact, Riena
and Wu [3] reported that doping ceria catalysts with l
thana retarded the oxidation despite later being effectiv
stabilising the catalysts’ surface areas, a feature attrib
to an association of an oxygen vacancy with its progen
dopant ion [17]. Thus, superficially extrinsic oxygen vac
cies appear not to promote the catalytic oxidation of car
monoxide.

A possible determinant of catalytic activity, claimed f
the promotion of methane combustion by partial substitu
of Ce in ceria with isovalent ions, is crystallite size where
smaller, more defective fluorite structures are credited w
raising activityvia increased oxygen mobility [18]. How
ever, we would respectfully point out that, indexed rela
to their surface areas, this range of catalysts exhibited n
crease in their specific activities.

Kundakovic and Flytzani-Stephanopoulos [19] alter
tively attributed the promotion by lanthana of the cer
catalysed oxidation of methane to several factors, inclu
smaller ceria crystal size, increased reducibility, and the
troduction of extrinsic oxygen vacancies.

Despite catalysis being a surface phenomenon, non
the past studies of catalytic activity correlated catalyst
formance with the composition of the surface.

To explore the source of the activation in the catalytic o
dation of carbon monoxide, the aim of the present work
to measure the specific activities, crystallite sizes, and
face compositions, identify the bulk structures, and ske
reaction kinetics over the entire composition range of ce
lanthana mixed oxides. Over the major part of the com
sitional range, up tox = 0.6 in Ce1−xLaxO2−x/2, the gen-
eral formula for these mixed oxides, lanthana forms a s
solution in ceria; abovex = 0.9, ceria forms a solid solu
tion in lanthana; the range betweenx = 0.6 andx = 0.9
results in the formation of mixed phases [20]. Although
tivity indices over the whole range of oxide compositions
presented here, the complexity of the responses outsid
lanthan-in-ceria solutions enforces a postponement of
detailed analysis. At this stage, we have focused on the
haviour of the latter solutions. A minor study of dopa
other than lanthana is included.

2. Experimental

2.1. Catalyst preparation

Mixed oxide catalysts of the general formula Ce1−xLax

O2−x/2 were prepared by co-precipitation from nitra
(Ce(NO3)3 · 6H2O (99.99%, Alfa), La(NO3)3 · 6H2O
(99.999%, Aldrich)) with ammonium bicarbonate, wash
free of alkali, dried in air at 110◦C, powdered, decompose
in air at 450◦C, calcined at 800◦C for 8 h and sized to 200
f

e

-

400 µm. Before catalytic reaction testing, the stored sam
were heated to 600◦C in air.

2.2. Reactor

Gases of known composition are introduced from cy
ders via Brooks 5850 mass flow controllers. The micro
actor consists of14-, 1

8-, and 1
16-in. stainless steel tubs co

nected using Swageloc fittings. The system is operate
atmospheric pressure, with negligible pressure drop ac
the catalyst bed. The reactant gases were mixed in the
ifold section, which included a 7-µm filter, pre-heated
120◦C, and delivered to a heated quartz reaction tube.
fixed catalyst bed consists of a cylindrical plug of 200-
400-µm catalyst particles, 10-mm length, and 4-mm di
eter. Product gases were analysed by gas chromatog
(Hewlett-Packard model 5890) using a Carboxen 1000
umn and mass spectroscopy (Fisons Instruments).

2.3. Catalyst testing

The catalyst bed comprised a weighed amount (a
0.2 g) of particles (200–400 µm) located within a qua
tubular reactor (4-mm i.d.) packed, with tapping, into
length of at least 20 mm. The reacting gases were deliv
as 10% CO in nitrogen (25 ml/min) and 21% O2 in helium
(118 ml/min), generating a linear gas velocity of 19 cm/s.
At 380◦C, tests showed that the oxidation rate increa
with linear gas velocity up to about 10 cm/s and thereafte
remained invariant with a gas rate up to 40 cm/s. The con-
version of carbon monoxide and the formation of carb
dioxide were measured: the mass balance was 100±3% with
95% confidence limits.

2.4. Temperature-programmed desorption (TPD)

Following initial TPDs in a helium carrier and subs
quent adsorption of carbon monoxide at 340◦C for 1 h, two
classes of TPD were performed: oxidative single-stage
two-stage TPD, first in a helium carrier and then in oxyg
in-helium.

3. Results

3.1. Oxidation rate as a function of mixed oxide
composition: effect ofx in of Ce1−xLaxO2−x/2

The stationary reaction rate at 310◦C formed the basi
of this comparative study of catalyst activity as a funct
of oxide composition. Pass-conversions of carbon mono
were in the range 0.3–5%. The results are presented in F
as functions of bulk and surface compositions.

Doping either ceria or lanthana with low levels of t
other oxide strongly retards catalyst activity. Up to
lanthana-in-ceria solution limit in the range bulkx = xb =
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Fig. 1. Specific activity as a function of mixed oxide composition: (a) bulk and (b) surface.

Fig. 2. Apparent energy of activation (a) and apparent specific pre-exponential factor (b) as functions of the catalyst surface composition
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0.5–0.6 [20], the catalytic activity diminishes progressiv
with addition of lanthana. Above this limit, in exhibiting tw
maxima, the patterns of activity become extremely irregu

Analyses of the surface segregation isotherms of
lanthana-in-ceria solutions result in simple empirical rep
sentations, suggesting consistency of their surface struc
and energies [20]. Since catalysis is a surface phenome
this encourages the presentation of the results in terms o
surface composition.

The temperature dependencies of the activities en
their resolution into apparent energies of activation and
parent specific pre-exponential factors. These are displ
as functions of the surface composition in Fig. 2.

The dependence of the apparent energy of activatio
the composition of the surface of this range of mixed
ides is complex. It may be viewed as exhibiting two maxim
a rounded first peak achieved at between a surface lantha
ionic fraction,xs, of 0.1 and 0.2, and a second sharp p
at xs of 0.9.

Similar to the composition dependency of the ene
term, the pre-exponential factor shows two maxima: a h
first peak at betweenxs of 0.1 and 0.2 and a second lo
peak atxs of 0.9. Strong compensation effects are app
ent: with lanthana-in-ceria solutions, the progressively
creasing catalytic activity induced by lanthana is resol
into single peaks in both the activation energy and p
exponential terms whereas with ceria-in-lanthana soluti
s
,

the two activity maxima are replaced by single peaks w
the surface lanthanum ionic fraction is about 0.9. The pa
theta equations is, respectively,

ln(A) = −6.5+ 1.0E,

ln(A) = −1.5+ 0.7E.

With the lanthana-in-ceria solid solutions, our main them
the concentration-dependent retardation of catalytic act
is attributed to an increasing energy of activation at low l
els of lanthanum and to a decreasing pre-exponential fa
at high levels.

To summarise, with the lanthana-in-ceria solutions,
creasing levels of lanthana progressively retard the cata
action of ceria yet exhibit a maximum in the energy
activation and the pre-exponential factor. We have alre
established that these solutions exhibit surface segreg
isotherms with consistent descriptive constants. With
ceria-in-lanthana solutions, the patterns of activity are
regular in exhibiting two maxima, although these redu
to a single maximum in the energy of activation and p
exponential factor responses. At this stage, our study o
segregation isotherms and other data describing the latte
lutions is incomplete, and consequently, beyond an ou
description of the pure lanthana case, we shall concern
selves only with the catalytic action of lanthanides in cer
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Table 1
Oxidation rate as a function of composition of Ce1−x LnxO2−x/2

Ce La Pr Gd Nb Surface area Rate Specific rate
(1− x) (m2/g) (mol of CO2/(h kg)) (310◦C) (mol of CO2/(h m2)) (×103) (560◦C)

1 0 0 0 0 15.2 1.593 0.105
0.8 0.2 0 0 0 13.9 0.347 0.025
0.8 0 0.2 0 0 17.9 0.559 0.031
0.8 0.1 0.1 0 0 19.0 0.561 0.029
0.8 0 0 0.2 0 18.6 0.350 0.019
0.975 0.025 0 0 0 12.93 0.603 0.047
0.98 0 0 0 0.025 15.0 1.53 0.104
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3.2. Oxidation rate as a function of mixed oxide
composition: effect of Ln in of Ce1−xLnxO2−x/2

Table 1 presents the variation in oxidation rate with mix
oxides of ceria with lanthana, gadolinia, preseodymia,
niobia.

Gadolinia and preseodymia retard the catalytic acti
of ceria to a degree similar to that exhibited by lantha
whereas niobia has no effect.

3.3. Kinetics of catalytic oxidation

3.3.1. Over ceria
The responses to changing the partial pressures of ca

monoxide, oxygen, and carbon dioxide, at constant pa
pressures of the other two gases, are presented in Fig. 3

The apparent order on CO partial pressure is appr
mately 0.8, which is in good agreement with that reported
Breysse [21]. Alternatively and preferably the results may
represented by the Langmuir-type isotherm expression:

(1)rate= 1.3(%CO)
/(

1+ 0.3(%CO)
)
.

Adsorption of CO on ceria has been reported as obeyi
Langmuir adsorption isotherm [22]. At the partial pressu
generated by the product carbon dioxide, its retardation
fect is negligible (see later).

The responses of the rate of oxidation to changes in
gen partial pressure are dependent on the duration of the
n

t.

When the oxygen partial pressure is raised, the initial
diminishes with time. When the oxygen partial pressur
lowered, the reverse phenomenon is observed. The re
presented here are the stationary rates achieved after a
tended period of operation. At low oxygen partial pressu
the rate of the CO oxidation reaction is found to incre
in proportion to the square root of oxygen partial press
P O2. Further increases inP O2 have progressively less e
fect on the reaction rate, eventually establishing an appa
zeroeth order. The effect of the full range ofP O2 can be rep-
resented by the expression

(2)rate= 27
√

(%O2)
/(

1+ 9
√

(%O2)
)
.

The retardation of the oxidation by carbon dioxide was m
sured by its inclusion in the reaction feed gases. The
sponse may be represented by the equation

(3)rate= 1.8

[1+ 0.1(%CO2) + 0.01(%CO2)2] .

3.3.2. Over lanthana
The responses to changing the partial pressures of ca

monoxide, oxygen, and carbon dioxide, at constant pa
pressures of the other two gases, are presented in Fig. 4

At the threshold temperature of 310◦C, the catalytic oxi-
dation rate increases faster than first order with CO pres
but the low pass yields limit the accuracy of the data. O
ating at higher temperatures improves the quality of the d
which is modelled later. At 340 and 370◦C, Fig. 4a shows
.
Fig. 3. The responses of the reaction rate over ceria to the partial pressures of (a) carbon monoxide, (b) oxygen, and (c) carbon dioxide
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solid l
Fig. 4. The responses of the reaction rate over lanthana to the partial pressures of (a) carbon monoxide, (b) oxygen, and (c) carbon dioxide. Theines at
the highest temperatures correspond to the model.
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the positive responses at low CO pressures becoming n
tive at high CO pressures.

In contrast to the hysteresis exhibited with ceria cataly
stationary rates of oxidation were quickly established a
step changes in oxygen partial pressure. The data in Fig
show the reaction order onP O2 ranging from 0.3 to 0.7 a
340 and 370◦C, respectively, generating a mean value of 0
Compared to the strong retardation by carbon dioxide o
ceria, Fig. 4c shows its effect on carbon monoxide oxida
over lanthana to be weak.

Carbon dioxide is adsorbed on lanthana with a rang
binding strengths yet the apparent activation energy
shown) of the oxidation of carbon monoxide was chan
little by the presence of carbon dioxide. It may be conclu
that the carbon dioxide is only weakly adsorbed on the s
active in the catalytic oxidation of carbon monoxide ov
lanthana.

3.3.3. Over Ce0.95La0.05O1.875

The responses of the reaction to changing the partial p
sures of carbon monoxide, oxygen, and carbon dioxide
this oxide are presented in Fig. 5, where they are also c
pared to models developed later.
-

-

3.4. Temperature-programmed desorption

The results of the single-stage oxidative desorptions
presented in Fig. 6. Up to a surface lanthanum ionic fr
tion of 0.79, corresponding to the bulk solubility limit o
lanthana-in-ceria, the amount of absorbed carbon mo
ide increases smoothly in approximate proportion to
lanthanum content. Above this level, the adsorption p
tern changes to include a maximum. Table 2 presents
results of the two-stage TPDs. Adsorption of carbon mon
ide on ceria as carbonyl, carbonite (CO2

2−), and carbonate
the latter with concomitant reduction of ceria [12,22],
manifested by the major release as carbon dioxide in
first-stage desorption. Despite its much lower surface a
lanthana adsorbs far more carbon monoxide, releasing s
as carbon dioxide in the first-stage desorption but addit
ally generating a carbonaceous residue desorbed as c
dioxide in the oxidative second-stage desorption.

3.5. Crystal size of Ce1−xLaxO2−x/2 catalysts

It has been suggested that crystallite size is a determ
of the catalytic activity of ceria systems in the oxidation
e.
Fig. 5. The responses of the reaction rate over Ce0.95La0.05O1.875 to the partial pressures of (a) carbon monoxide, (b) oxygen, and (c) carbon dioxid
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Fig. 6. The specific oxidative desorption of carbon monoxide adsor
(formed at 340◦C) as a function of mixed oxide surface composition.

Table 2
The desorption of carbon oxides following adsorption of carbon mono
on ceria and lanthana (desorbate as µmol per square metre of oxide)

Oxide 1st TPD 2nd TPD

CO CO2 CO CO2

Ceria 1.6 1.4 0 0.2
Lanthana 8.7 4.6 0 1.8

methane [19]. To test this hypothesis in the present case
on the crystal size and specific activity of the present ra
of pure and mixed oxide catalysts are displayed in Fig
Fig. 7a shows that increasing the lanthanum atomic frac
results in progressively smaller crystal sizes and decrea
specific activities until a minimum is reached in the ran
x = 0.6–0.7, the solubility limit of lanthana in ceria, aft
which additional lanthanum results in enlarged crystall
and higher specific activities. Stabilising crystallite size
lanthanum-doped ceria has been reported previously
Fig. 7b visualises specific activity increasing with crystal
size.
a

4. Discussion

XRD of the present catalysts distinguished three st
tures formed over the complete range of oxide compositi
a solid solution of lanthana in ceria is formed up to a b
lanthanum ionic fraction,xb, of about 0.6; a mixed phas
betweenxb of 0.6 and 0.9; and a solid solution of ceria
lanthana whenxb exceeds 0.90. We have presented data
the physical characteristics of these catalysts and qua
tively modelled the surface segregation data elsewhere
We aim to apply this data in the analysis of the pres
lanthanum concentration-dependent retardation of the c
catalysed oxidation of carbon monoxide. We have alre
noted that, over the range of the lanthana-in-ceria solu
the retardation increases smoothly with lanthanum con
tration but that the patterns of activity become irregula
higher concentrations. For these reasons we confine the
cussion to catalysts forming lanthana-in-ceria solutions.

The results also show that the apparent energy of ac
tion and the pre-exponential factor respond systematic
with surface-segregated lanthanum concentration,xs, rising
with xs at low levels and falling at high levels.

A further refinement of the discussion is perhaps apt.
standard measurements of catalytic activity were perfor
at low partial pressures and close to the threshold rea
temperature of the least active catalysts using gas com
sitions with a twenty-fold stoichiometric excess of oxyg
At the conditions, the oxidation rate was almost zeroeth
der in oxygen but responded to oxygen pressure if that w
lowered by an order of magnitude. It always responde
carbon monoxide pressure; hence, it can be anticipated
the reactivity patterns will reflect the activation of carb
monoxide rather than of oxygen.

4.1. Kinetics over ceria

Over ceria, the reaction order is first, or nearly first,
carbon monoxide pressure, while the order on oxyge
more complex; it varies from half-order at low oxygen pr
sures to zeroeth order for higher pressures. Ceria exh
Fig. 7. (a) Crystallite size as a function of composition and (b) specific activity as a function of crystallite size.
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partial reversible adsorption of carbon monoxide. A c
certed reaction scheme is proposed that assumes Lang
style adsorption isotherms, a random distribution of si
and an oxidation rate proportional to the product of the c
erages of adsorbed carbon monoxide and adsorbed a
oxygen:

O2(g) + 2Ce3+ ↔ 2Ce3+–O(ads),

CO(g) + Ce4+ ↔ Ce4+–CO(ads),

Ce3+–O(ads) + Ce4+–CO(ads) → Ce3+ + Ce4+–CO2(ads),

Ce4+–CO2(ads) ↔ Ce4+ + CO2(g),

Ce3+–CO2(ads) ↔ Ce3+ + CO2(g),

rate= k(KO2PO2)
0.5KCOPCO

/((
1+ (KO2PO2)

0.5 + KCe3+
CO2

PCO2

)

(4)× (
1+ KCOPCO + KCe4+

CO2
PCO2

))
.

At constant partial pressures of two of the three gases
volved, this relationship reduces to reasonable descrip
of each of the three experimental responses of the oxida
rate over ceria to variations in the partial pressure of the t
gas as shown in Fig. 3.

4.2. Kinetics over lanthana

Over lanthana, the response of the oxidation rate to
tial pressure of carbon monoxide is complex: a second-o
dependency at low partial pressures and a strong reta
tion at high partial pressures. Lanthana also exhibits pa
reversible adsorption of carbon monoxide. A concerted
dation process is proposed, comprising the following ste

O2(g) + 2S↔ 2S–O,

nCO(g) + S↔ (CO)n–S,

(CO)n–S+ S–O+ S→ S–CO2–S+ (CO)n−1–S,

(CO)n−1–S+ CO(g) ↔ (CO)n–S,

S–CO2–S↔ CO2(g) + 2S.

S represents a site capable of adsorbing molecular ox
dissociatively and of adsorbing CO in states such thatn is
greater than or equal to 2 (see later discussion of TPD
sults). The rate-limiting reaction is between the adsor
carbon monoxide and adsorbed oxygen, provided there
adjacent S site to adsorb the resulting carbon dioxide.
this basis,

rate= k4P
n
COP

1/2
O2/(

1+ KCOPCO + K(CO)2P
2
CO + · · ·

(5)+ K(CO)nP
n
CO + K1P

1/2
O2

+ KCO2PCO2

)2
.

At constant partial pressures of oxygen and carbon dio
Eq. (5) reduces to

(6)rate= k5P
n
CO

(1+ K P + K P 2 + · · · + K Pn )2
.

6 CO 7 CO n CO
r-

c

-

Computerised curve fitting of the experimental data
Eq. (6) generates insignificant values for the terms cont
ing K6 and Kn compared to that based onK7. With the
simplified denominator, the fit is optimised atn = 2, en-
abling Eq. (6) to be written as

(7)rate= k2P
2
CO

(1+ K(CO)2P
2
CO)2

,

wherek2 = 56 andK(CO)2 = 2. Fig. 4a compares the expe
imental and modelled data at 370◦C.

At constant partial pressures of two of the three gase
volved, Eq. (5) also reduces to reasonable descriptions o
responses to variations in the partial pressure oxygen
carbon dioxide as shown in Fig. 4.

4.3. Kinetics over the mixed oxide Ce0.95La0.05O1.875

As over lanthana, the response of the oxidation
to variation of the partial pressure of carbon monoxide
complex. The model, Eq. (8), is based on contributi
from ceria-style and lanthana-style kinetics as expresse
Eqs. (4) and (7), respectively,

(8)rate= a(%CO)2

(1+ b(%CO)2)2 + c(%CO)

1+ d(%CO)
,

wherea, b, c, andd are constants taking, at 400◦C, the val-
ues 121, 16, 3, and 3.4, respectively. Fig. 8 compares
experimental and modelled data. According to this mo
some 85% of the oxidation rate would originate from
ceria-style component of Eq. (8). This compares with a
face atomic fraction of 0.82 cerium. The oxygen depende
may be represented by

(9)rate= 3
√

(%O2)
/(

1+ 2.4
√

(%O2)
)
.

Fig. 8. Reaction rate as a function of carbon monoxide partial pressure
Ce0.95La0.05O1.875.
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4.4. TPD of carbon monoxide adsorbate

Both the ceria and lanthana catalysts studied here ex
ited partially reversible adsorption of carbon monoxide
a helium atmosphere with the desorbate additionally c
taining carbon dioxide. The concomitant reduction of
ria affords a ready rationalisation of that source of c
bon dioxide, where carbon monoxide adsorbate has
reported as containing linearly adsorbed CO, carbon
and carbonites [12,22]. Carbon monoxide adsorbate on
thana has been reported as comprising carbonite and ke
dimer [23], but in contrast to the cerium case, the adsor
contained a fraction, which was desorbed only after ox
tion with molecular oxygen. It is likely that some scission
carbon–oxygen bonds occurred, possibly in a Boudou
style disproportionation of adsorbed carbon monoxide.
essential point is that the carbon monoxide adsorbates o
ria and lanthana behaved very differently, providing the b
for a progressive change in the mechanism of the oxida
process across the composition range of the mixed oxid

4.5. Effect of composition on catalyst specific activity

It is proposed that the activity of this range of cataly
stems from adsorbed atoms of oxygen interacting with
sorbed carbon monoxide, the latter existing as a mono
on ceria and as a dimer on lanthana. At the oxygen pa
pressures used in the standard tests, the rate was esse
zeroeth order in oxygen. It is proposed that the change
the specific reaction rate manifest variations in the act
tion of adsorbed carbon monoxide.

Over the composition range of the lanthana-in-ceria s
solutions, Fig. 1 shows the initial strong poisoning eff
of lanthana progressively diminishes up to a surface ato
fraction of 0.8. Fig. 9a illustrates a modelled specific ac
ity, which varies with the reciprocal of the exponential of t
surface concentration of lanthanum, indicating a consis
poisoning coefficient of lanthanum. Alternatively, the d
-

,

c

-

lly

may be very approximately represented by the equation

(10)specific activityx = specific activity0 × (1− xs)
n,

where specific activityx = specific activity at coveragexs,
specific activity0 = specific activity over pure ceria,xs =
surface coverage by passivating lanthanum atoms, andn =
number of cerium atoms in the active ensemble—a gen
relationship promulgated by Andersen et al. [24] to de
mine the critical size of active ensembles. The mean v
of n is about 6, suggesting that the active site contains
number of cerium atoms. The fit is improved ifn is evalu-
ated as a function ofxs. Fig. 9b compares the experimen
data and the Andersen model modified according to

(11)n = 9.26− 21.7xs+ 15.4x2
s .

From an initial value of about 9 in ceria, the apparent s
of the active ensemble decreases linearly withxs up to about
xs = 0.1–0.2 but thereafter increases as the second-ord
fect contributes more. However, such an analysis impli
common kinetic scheme across the range of composit
Since this is not a characteristic of the present system,
interpretation of the poisoning requires some modificatio

Zamar et al. [18] have discussed the effect of lanth
on the activity of the ceria-catalysed oxidation of meth
in terms of a negative response to crystallite size. Cont
ingly, Fig. 7b shows that, over the range of the fluorite-str
tured lanthana-in-ceria solid solutions, the specific acti
increases almost linearly with crystallite size. Conseque
the Zamar argument is not applicable here. Instead, w
terpret the effect of oxide composition in terms of a p
gressive shift from a cerium-style catalysis to one domina
by lanthanum. We shall propose that the retarding effec
lanthanum is induced by the clustering of oxygen vacan
rather than by the concomitant diminution of crystallite p
ticle size.

Although the specific activity exhibits a consistent p
soning coefficient, four other characteristics of the reac
exhibit dependencies on lanthanum concentration: the
action order on carbon monoxide, the apparent energ
cerium.
Fig. 9. Specific activity as a function ofxs: experimental points with lines modelled on (a) poisoning by lanthanum and (b) size of active ensembles of
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activation, the pre-exponential factor, and the retarda
coefficient of carbon dioxide. On the reaction orders
the partial pressures of carbon monoxide adopted for
standard tests, the order over ceria is about one whe
over the lanthana-containing catalysts it is negative.
kinetic schemes suppose a kinetically limiting transfer
an adsorbed oxygen species to adsorbed carbon mono
monomeric on ceria and dimeric on lanthanum-contain
catalysts. The auto-retarding effect of carbon monoxide o
lanthanum-containing catalysts is taken as a requiremen
a site adjacent to the active ensemble free to adsorb
product carbon dioxide. On the energy term and the
exponential factor, these exhibit volcano-style response
the concentration of surface lanthanum ionic fraction w
peaks within the range of ionic fractions 0.1–0.2, most pr
ably at about 0.13. On the retardation by carbon dioxid
is strong over ceria but weak over lanthana.

Regrettably, the kinetic studies were not sufficiently
tensive to enable the form of the change to be monitored
respect to oxide composition. However, the kinetic mo
over the mixed oxide catalyst examined suitably combi
those over the pure oxides. We shall assume there to b
oxide composition-dependent shift from one to the oth
We shall further assume that the shapes of the energ
activation and pre-exponential factor as functions of s
face lanthanum,xs, that the range of ionic fractions 0.1–0
exhibit a watershed for the change of mechanism; i.e.,
ceria-style mechanism operates up to this range but is g
ually replaced by the lanthana-style mechanism beyond
have already noted that the kinetics over Ce0.95La0.05O1.875
wherexs is 0.18 corresponds to about 85% of the ce
style process. Additionally, Fig. 9b suggests that up toxs
of about 0.1–0.2, the apparent size of active cerium ens
ble decreases linearly with increasingxs. Cerium may ac-
tivate adsorbed monomeric carbon monoxide whereas
lanthanum-containing catalysts may activate an adso
dimeric form of carbon monoxide. Bailes et al. [23] rep
CO coupling on basic oxides such as lanthana to form
ketenide anion, C2O3

2−. We have already shown how, in th
present series of catalysts, an increasing level of lanth
raises the basicity [25].

Fluorite-structured oxides doped with low valence io
are amongst the best oxygen-conducting solids. An im
tant common characteristic is the appearance of a ma
maximum in the plot of electrical conductivity versus dop
concentration attributed to, at low dopant levels, to the
creasing concentration of isolated oxygen vacancies
at higher levels, to their clustering [26,27]. In the case
lanthana-doped ceria, Takahashi [13] found the tempera
dependent peak conductivity to occur at a lanthanum io
fraction of 0.11 at 400◦C and at 0.21 at 1200◦C. Extrapola-
tion to 310◦C, the temperature at which the present co
parative activity studies were made, places the maxim
conductivity at 0.1. Although Takahashi’s data refer to c
ductivity of bulk materials, we shall assume that it is equa
applicable to the surface and accordingly propose that m
s

,

n

-

,

-

mum surface conductivity would be found at a surface io
fraction of lanthanum close to that exhibiting peaks in the
ergy of activation and pre-exponential factor of the pres
catalytic reaction. Thus the peaks may be associated w
maximum in the concentration of isolated anionic vacanc
Theoretical treatments have already proposed that intr
oxygen vacancies play a pivotal role in the catalytic oxi
tion of carbon monoxide [9–11].

Below the peak, the vacancy population and the energ
activation of electron transfer from adsorbed carbon mon
ide increases with lanthanum, whereas above the peak
cancy clustering ameliorates this trend. Additionally, it m
be noted that the modified exponent of the Andersen m
(Eq. (11)) included first- and second-order terms inxs, sur-
face populations of lanthanum and/or oxygen vacanc
these terms may correspond to isolated and clustered de
respectively.

At temperatures close to the threshold for activity, ce
catalysts doped with the lower valent ions gadolinia and
seodymia are also poisoned relative to that over pure c
whereas that doped with the higher valent niobia suffere
such poisoning. Since niobia introduces no extrinsic oxy
ion vacancies, the absence of retardation is consistent
the concepts developed here.

Of ceria-catalysed oxidations, the present retarding e
of lanthanum on the oxidation of carbon monoxide contra
strongly with its promotional influence on the conversion
methane [25]. The former is attributed to the impedanc
electron transfer from an ensemble of cerium atoms; the
ter is related to synergism between ceria as an oxidant
lanthana as a base.
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