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Abstract A kinetic Monte Carlo simulation algorithm

and a theoretical mean field study of two sites is developed

to interpret a redox mechanism based on that proposed by

Sedmak et al. for the oxidation of CO over the nano-

structured catalyst Cu0.1Ce0.9O2-y. The simulations repro-

duce adequately the published experimental results and the

theoretical study allows the observation of some micro-

scopic behaviour shown by this system.

Keywords Heterogeneous catalysis � Catalysis, CO

oxidation � Processes and reactions, Monte Carlo �
Mean field theory

1 Introduction

Traditionally the catalytic oxidation of CO has used noble

metals (Rh, Pt and/or Pd) and cerium oxide as promoter

[1–3] This reaction has been of great interest, forming part

of so-called three-way catalysts (TWCs) in automobiles

and more recently in the WGS reaction due to the serious

pollution problems caused by the use of fuels cells, cur-

rently of great interest. Recently, use has also been made of

Cu with good results [4–7] In this case the promoting effect

of CeO2 has been related to a synergic effect of the

system’s redox properties which is achieved by the for-

mation of copper–ceria interactions.

Another interesting aspect of this type of catalysts is their

property of storing the oxygen in the bulk, allowing its pro-

duction of that necessary for the oxidation if the environment

is poor in it and storing it if its production increases. Recently,

Sedmak et al. [8] have published studies on the oxidation of

CO (CO/O2 reaction) using the nanostructured catalyst

Cu0.1Ce0.9O2-y when the O2 is supplied from the gas phase,

continuing the work of the group of Martı́nez-Arias on similar

systems [9] and also with the oxygen being supplied from the

bulk of the catalyst [10] or alternately supplied from the gas

phase and from the bulk [11]. As shown by Polster et al. [12],

if the Cu load is not too high, the X-ray diffraction peak

positions of these catalysts are identical to those of pure

fluorite CeO2. Their experiments also show that most surface

Cu species are in the form of Cu–O–Ce species.

With the purpose of observing and analyzing the micro-

scopic behaviour of various situations studied in this system,

we have used Monte Carlo (MC) simulation techniques and

theoretical mean field calculations of the kinetic mechanism

of the corresponding catalytic reaction. For the adequate

theoretical interpretation of the reactions of the redox mech-

anism of this system it was necessary to establish a scheme of

two sites similar to one published earlier by Polster et al. [12]

and also by us for the CO–NO reaction [13]. In the following

we will show the results of the MC simulation, followed by

the mean field calculations for this reaction.

2 Kinetic Mechanism of the CO–O2 Reaction Over

Cu0.1Ce0.9O22y

There is agreement in the literature that the kinetic mech-

anism of the oxidation of CO over Cu0.1Ce0.9O2-y takes
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place through a redox or Mars von Krevelen (MK) type

mechanism [14]. It can be represented, through a simple

two-step scheme in which the oxidized catalyst is reduced

with CO, yielding the product directly, and then the

reduced catalyst is oxidized with O2, recovering the ori-

ginal oxidized catalyst. Through this simplified mechanism

Sedmak et al. [8] interpreted the data of the system of

concern to us in the case in which the required oxygen for

the oxidation comes from the gas phase.

However, the full mechanism is more complex,

including additional steps such as those shown in Scheme 1

below. The first six steps of the scheme were proposed by

Sedmak et al. [10, 11] for the case in which the oxygen is

supplied only from the catalyst’s bulk. We have also

included two additional steps to describe the catalyst’s

oxidation when the oxygen comes from the gas phase, and

two more to consider the reverse processes corresponding

to the bulk oxidation.

The mechanism of Sedmak et al. [10, 11] is based on one

proposed somewhat earlier by Martı́nez-Arias et al. [9] which

assume that production occurs directly through an Eley–

Rideal type process between the CO of the gas phase and the

oxidized catalyst, causing the reduction of the latter. On the

other hand, the Scheme 1 includes, in contrast with the

mechanism of Martı́nez Arias, the intermediate species

formed by catalyst particles oxidized and reduced by the

adsorbed CO. CO2 is produced in step 2 only by the

decomposition of the oxidized particles containing CO, while

the reduced species containing CO can be oxidized from the

bulk during steps 4 and 5, or from the gas phase during steps

6 and 7. In steps 8 and 9 we have also described the recovery

of bulk oxygen from the oxygen of the gas phase.

In this work, Scheme 1 has been used to establish the

Monte Carlo algorithm that simulates two situations:

(a) the oxidation of the catalyst with oxygen coming only

from the bulk (steps 1–5), and (b) the oxidation with

oxygen coming from both the bulk and the gas phase (steps

1–9). This allows replicating and commenting the experi-

mental results published by Sedmak et al. [10, 11] for the

two cases.

In the second part of the paper we have made the mean

field calculations of the system’s kinetic equations using

the kinetic mechanism represented in Scheme 2, to

describe and discuss conceptually the microscopic behav-

iour of the system when the oxygen comes from the gas

phase. Steps 1 and 2 of Scheme 2 represent steps 3 and 1 of

Scheme 1, respectively, while step 3 of CO2 production is

identical to step 2 of Scheme 1. The final two steps, as

represented by Sedmak et al. [8] show the reoxidation of

the catalyst by the oxidant Ox–O (in this case O2), which

donates an oxygen atom to the catalyst and is thereby

reduced. The possibility of direct desorption of CO in the

reverse reactions of the two first steps has also been

included, as proposed by Martı́nez-Arias et al. [9] in the

case of the oxidized particle.

3 Monte Carlo Simulation of the CO–O2/

Cu0.1Ce0.9O22y Reaction

Continuing with previous work in our laboratory on MC

studies of various systems [13, 15–17], a MC simulation

algorithm was developed for the CO/O2 reaction over

Cu0.1Ce0.9O2-y in two cases: in the first oxygen is supplied

completely from the catalyst’s bulk, while in the second is

mainly supply by the gas phase. For this purpose use was

made of the reaction mechanism shown in Scheme 1. The

catalyst’s surface was simulated consisting on (111) crystal

face, which is experimentally the most frequent in cerium

oxide CeO2. Considering the experiments and conclusions

of Polster et al. [12], both the methods of synthesis of the

catalyst, e.g., co-precipitation to obtain a high degree of

mixing between the CuO and CeO2 phases, as well as its

characterization, suggest that the natural way of modelling

the location of the Cu atoms on the surface would be a

Scheme 1 Mechanism of the CO–O2/Cu0.1Ce0.9O2-y reaction used

in the Monte Carlo simulations (CO��� represents CO adsorbed on

copper,{CO���} Cu represents copper that may or may not have

adsorbed CO, V0 is a vacant surface site, Vb in the bulk, Vss in the

subsurface, Ob is an oxygen in the bulk, and Oss is an oxygen in the

subsurface.)

Scheme 2 Mechanism of the CO–O2/Cu0.1Ce0.9O2-y reaction used

for the mean field calculations (Cat is a surface species of the reduced

catalyst, so Cat–O corresponds to an oxidized species. In both species

CO adsorption can occur, represented by CO���Cat or CO���Cat–O.)
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random distribution of those sites, which we have placed

occupying all or a fraction of the holes not occupied by

cerium atoms exposed on the surface (Fig. 1).

Our simulation also takes into account the limitation

established by the flow of CO or O2 fed to the reactor. The

fraction of surface considered consists of 200 9 200 atoms of

each species and represents a small part (0.221 9 10-11 mg)

of the catalyst’s mass, so the adsorption of only a number of

molecules per unit time proportional to that flow is allowed.

An important aspect of the simulation is the design of the

subsurface proposed by Sedmak et al. [10] and its behaviour

during the kinetic process. Such subsurface consists of a

monolayer of the crystal located under the surface layer. In

that layer only the sites occupied by oxygen (S02) are con-

sidered. In the MC algorithm the subsurface starts acting as the

superficial oxygen is used, becoming the ‘‘bridge’’ through

which the oxygen from the bulk replaces that from the surface.

Most of the constants used were obtained from Sedmak

et al. [10] except the adsorption constant of O2 and the

diffusion constants D which have been assumed to be equal

in steps 4, 8 and 9 of schema 1, while the dissociation

constant of O2 (k7), which was fitted qualitatively from the

experimental information of Sedmak et al. [10] A summary

of these constants is shown in Table 1.

The simulation process begins selecting an event of

Scheme 1 according to the probability of the event defined by

pi ¼
kiP

ki
ð1Þ

where ki is a function of the rate constant of step i of the

Scheme 1.

In the case of steps that involve a gas A (where A can be

O2 or CO), such as steps 1, 3 and 6 of Scheme 1, constant

ki is obtained from

ki ¼ kAPA ð2Þ

where PA is the partial pressure of gas A in the gas phase. In

the case of the adsorption of O2, kO2
was calculated from

the collision of O2 gas molecules with a solid surface

(effusion), whose expression is

kO2
¼ SO2

rð2pMO2
RTÞ�1=2 ð3Þ

where MO2
= 32 is the molar mass of O2, SO2

is the corre-

sponding sticking coefficient (SO2
= 0.0001 in this case), and

coefficient r is the area occupied by one mole of active sites.

We will denote S1 the superficial sites containing Ce, S2

the superficial sites corresponding to oxygen, which can be in

its O2 or O2- forms, or which otherwise are vacant, and S3 the

sites containing copper in the oxidation states Cu2? or Cu?.

To consider flow limitation, and since adsorption is a

very fast process, for steps 1, 3 and 6 we proceed as fol-

lows: The real time corresponding to a Monte Carlo Step

(MCS), defined as the number of events equal to the

number of surface sites, is determined, relating it to
P

ki.

0

5

10

0 5 10 15 20 25

x(Å)

y(
Å

)

Fig. 1 Model of the catalyst’s surface (face (111) of CeO2) used in

the Monte Carlo simulations. Big open circle oxygen, filled circle
cerium, small open circle site that can contain copper, circle within
the circle site that contains copper

Table 1 Kinetics parameters

used in the paper
Frequency factor Activation

energy Ea (kJ mol-1)

Mechanism of Scheme 1

k1 2.1913 9 109 L mol-1 s-1 39.6

k2 6.3598 s-1 9.7

k3 2.2026 9 107 L mol-1 s-1 25.8

k5 1.5365 9 108 s-1 72.9

D 7.2942 9 105 s-1 70.0

k7 3.269 9 106 s-1 35.0

Mechanism of the Scheme 2

k1 1,2005 9 103 torr-1 s-1 25.8

k2 = k4 3 9 1016 s-1 117.0

k3 1,1942 9 105 torr-1 s-1 39.6

k5 6.3598 s-1 9.7

k6 = k7 3.8666 9 106/
ffiffiffiffiffiffiffiffiffiffiffi
TðKÞ

p
s-1 60.2
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With this information and the flow of gas through the

reactor, we calculate the number of gas molecules that flow

through the MC sample in N, the total number of MCS

involved in the MC experiment in question. N is divided

into small intervals such that the number of molecules of

gas A that flow in each interval is around 100. An event

from mechanism 1 is then selected and the computing

program analyses the situation in detail as shown in the

following selected examples:

If the chosen event corresponds to the adsorption of CO

over oxidized copper (step 1) and the maximum number of

CO molecules allowed in the interval is not completed, a S2

site is selected randomly. If the chosen site is occupied by

O2-, then the S3 sites that are nn of S2 are revised. Whether at

least one Cu2? is found the event continues with the revision

of the S1 sites that are nn of S2, searching for Ce4?. If at least

one Ce4? is found, the event is successful and a CO molecule

is adsorbed on Cu2?. If more than one Cu2? or more than one

Ce4? is found, they are chosen randomly. CO adsorption over

Cu? (step 3) takes place in a manner similar to step 1.

In step 5 an oxygen from the subsurface is added to a

vacant S2 site. If this is the chosen event, an S2 site from the

surface is chosen randomly, and if it is vacant and has as nn

at least one Ce3? and one Cu? containing an adsorbed CO,

the process continues with the revision of the correspond-

ing site of the subsurface located under the chosen S2 site.

If the subsurface site contains an O2-, it is transferred to

the surface, where the Cu? is oxidized to Cu2? and the

Ce3? is oxidized to Ce4?.

Step 4 consists in the passage of oxygen from the bulk to

the subsurface. From the data of Ref. [10], the number of

oxygen species that can be extracted from the completely

oxidized bulk is determined for our MC sample. When step

4 is selected, a S2 site of the subsurface is chosen randomly.

If this site is empty, a oxygen diffuses from the bulk with a

probability proportional to the remaining fraction of oxy-

gen from the bulk that are liable to be removed, xO. If step

9 is the selected event, a site on the subsurface is chosen

randomly, and if it contains an oxygen it will diffuse to the

bulk with a probability (1 - xO).

If there is O2 in the gas phase, the adsorption and dis-

sociation steps of this molecule (steps 6 and 7) must also be

considered. If the adsorption of O2 is the chosen step, the

procedure is analogous to that of the adsorption of CO.

4 Results and Discussion of the MC Simulations

for the Mechanism of Scheme 1

Figure 2a shows the results of the production of CO2 ver-

sus time at different temperatures, obtained from the MC

simulation of the studied system when the feed has 0.01 %

of CO without any O2 in the gas phase. In general, the

behaviour seen experimentally [10] is also observed qual-

itatively, with a maximum activity at each temperature

which decreases progressively as the oxygen stored in the

bulk of the catalyst also decreases, until it is finished after

sufficient time.

Remarkably the peak obtained at each temperature

shows splitting, with a first peak corresponding to CO2

production from the oxygen coming from the catalyst’s

surface, while the second peak accounts for the CO2 pro-

duced from the bulk oxygen that rises to the surface in

steps 4 and 5, as shown in the MC experiment shown in

Fig. 2b. This microscopic behaviour describes the details

of the double peak commented speculatively by Sedmak

et al. [10] to explain their experimental results.

Figure 3a shows the temporal evolution of CO2 pro-

duction in the same system at 200 �C and at different CO

concentrations in the gas phase. Again the MC simulations

show the behaviour observed in the experiments, where not

only the maximum of the production peak decreases with

CO concentration, but also that the maximum decreases

when the time interval of the process increases, as shown

by increased peak width. Figure 3b shows the effect of
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Fig. 2 Temporal evolution of production, RCO2
TONð Þ. a At different

temperatures. CO concentration in the gas phase = 0.01 % CO. filled
triangle 150 �C, open square 175 �C, filled square 200 �C, (open
circle) 225 �C, (filled circle) 250 �C. b At 200 �C as a function of the

origin of the oxygen. Filled square total RCO2
, filled circle RCO2

from

the surface, open circle RCO2
from the bulk
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changing the copper load in the catalyst, represented by the

percentage of copper seen on the surface, showing higher

activity of the oxidation process as the copper load

increases.

The simulation shown in Fig. 4 replicates fairly well the

experimental results obtained by Sedmak et al. [11] which

consist of a chain of cyclic changes corresponding to the

square wave variation of the concentrations of both reac-

tants, CO and O2, in the gas phase. This is done, both in the

experiment and in the simulation, by cutting off alternately

one of the components in the gas and determining the

production of CO2 versus the reaction time. This situation

reproduces satisfactorily the experimental case in which

the oxygen in the gas phase decreases or disappears, while

the oxygen stored in the solid phase is used.

Figure 5 shows the phase diagram and the activity for the

oxidation of CO over Cu0.1Ce0.9O2-y. This phase diagram

can be discussed according to zones defined by CO con-

centration intervals in the gas phase, yCO [yCO ¼ PCO=

PCO þ PO2
ð Þ]. Zone I corresponds to yCO \ 0.2 with low CO

concentrations, where no production is seen because the

surface is poisoned with atomic and molecular oxygen in a

distribution that does not allow the reaction, and there is a

certain amount of adsorbed CO corresponding to the

superficial species CO���Cu2?–O–Ce4?. Atomic oxygen and

CO���Cu2? start increasing at the beginning of zone II

(0.2\ yCO \ 0.66). The increase is continuous in the entire

zone until a maximum at yCO = 0.66, corresponding to the

stoichiometric relation of the (CO/O2) ratio for the

2CO ? O2 = 2CO2 reaction. The same behaviour is

observed in the production curve, which also shows a

maximum for the same value of yCO. Zone II also shows a

decrease of the superficial O2 fraction. This is due to the

dissociation of oxygen, which accounts for the correspond-

ing increase of the atomic oxygen fraction and the sub-

sequent increase of CO2 production. The Cu? fraction, not

included in Fig. 5, is almost identical to the O2 fraction.

Zone III, defined for yCO [ 0.66, shows a continuous

decrease of production and of the atomic oxygen fraction

because there is a stoichiometric excess of CO that remains

on the surface in the form of CO…Cu?–V0–Ce3?.
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Fig. 3 Temporal evolution of production, RCO2
TONð Þ, at 200 �C.

a At different CO concentrations filled circle 0.005 %, open square
0.01 %, filled square 0.02 %. b At different fractions of superficial

copper filled triangle 100 %, open triangle 50 %, filled diamond
20 %
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Fig. 4 Production, RCO2
TONð Þ, for cyclic changes of the reactants in

the gas phase during the temporal evolution of the reaction at 258 �C;

30 s cycles (15 s 0.01 % CO and 15 s 0.01 % O2)
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Fig. 5 Phase and production diagrams determined from Monte Carlo

simulations T = 200 �C, total pressure = 30 (torr), dashed line
RCO2

TONð Þ, open circle O, filled diamond O2, open diamond vacant

sites, open square Cu?, filled triangle Cu?���CO, filled square
Cu2?���CO
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5 Mean Field Model of the CO–O2/Cu0.1Ce0.9O22y

Reaction of the Kinetic Mechanism of Scheme 2

with Oxygen Supplied from the Gas Phase

In general, the mean field kinetic models allow the gen-

eration of solutions away from the steady state. This is,

usually done solving the system of differential equations

corresponding to the rates of the reaction species as a

function of time, (e.g., Cortés et al. [18, 19]) or in papers by

Ertl et al. [20, 21] where the formation of spatio-temporal

concentration patterns are interpreted. It is also possible to

generate steady state solutions as described below, which

correspond to solutions of the differential equations for

sufficiently long times.

6 Analytical Solution of the Steady State

The mechanism of Scheme 2 corresponds to the overall

oxidation reaction: 2CO ? O2 ? 2CO2. In a redox

mechanism like the one presented here, the sites that

oxygen will occupy when the surface is oxidized are dif-

ferent from those that CO will occupy when it is adsorbed.

This makes difficult stating the kinetic equations in the way

in which it is usually done with an LH mechanism in which

there is only one kind of vacant sites. This would also

imply that the CO and O species would compete for the

same kinds of sites. In a redox mechanism this is not the

case. To express that the metal is the natural site for the

adsorption of CO, while the oxygen must have a different

site available since it is recovered by the lattice, can be

write the following normalization equations:

hS1
þ hO ¼ 1 ð4Þ

hS2
þ hCO ¼ 1 ð5Þ

where S1 are the empty sites that can be oxidized with one

oxygen atom and S2 are those where a CO molecule can be

adsorbed; hi represents the fraction of the surface covered

with species i (superficial O and CO particles and empty

sites S1 and S2). A similar solution was proposed by Cortés

et al. [13] to explain the lack competition between CH4 and

O2 in the oxidation of methane, and by Polster et al. [12]

for the PROX reaction.

The rates of the overall reaction species according to the

mechanism can be described by the following equations:

VCO ¼ �k1PCOhS1
hS2
� k3PCOhS2

hO þ k2hCOhS1

þ k4hCOhO ð6Þ

VO2
¼ �k6PO2

hS2
hS1
� k7PO2

hCOhS1
ð7Þ

VCO2
¼ k5hCOhO ð8Þ

where ki represent the kinetic constants of the different

steps of the mechanism shown in Scheme 2.

The independent equations required to obtain analytical

expressions for the two variables hCO and hO can be

obtained in the steady state from the relations between the

rates Vi corresponding to the stoichiometry of the overall

reaction (VCO2
¼ �2VO2

and VCO2
¼ �VCO) and the nor-

malization relations (4) and (5), which must comply with

the superficial fractions hi. This allows writing the fol-

lowing system of equations:

k5hCOhO ¼ 2k6PO2
ð1� hOÞð1� hCOÞ þ 2k7PO2

hCOð1� hOÞ
ð9Þ

k5hCOhO ¼ k1PCOð1� hOÞð1� hCOÞ þ k3PCOð1� hCOÞ
hO þ k2hCOð1� hOÞ þ k4hCOhO ð10Þ

The solution of such system of equations gives the

surface fractions hi required to get the rates Vi of the process

as a function of the kinetic constants ki and the pressures of

the gas phase. Defining the following constants:

Equations (9) and (10) can be re-written as:

A1hCOhO þ B1hCO � C1hO þ D1 ¼ 0 ð11Þ
A2hCOhO þ B2hCO � C2hO þ D2 ¼ 0 ð12Þ

leading to Eq. (13), which is the expression of hO from Eqs.

(11) and (12):

hO ¼ ðB1hCO þ D1Þ=ðC1 � A1hCOÞ
¼ ðB2hCO � D2Þ= A2hCO � C2ð Þ ð13Þ

This is a second degree equation for hCO of the form

Ah2
CO þ BhCO þ C ¼ 0 ð14Þ

where

A1 ¼ 2k6PO2
� 2k7PO2

� k5 A2 ¼ k1PCO � k3PCO þ k2 � k4 � k5

B1 ¼ 2k7PO2
� 2k6PO2

B2 ¼ k1PCO þ k2

C1 ¼ 2k6PO2
C2 ¼ k1PCO � k3PCO

D1 ¼ 2k6PO2
D2 ¼ k1PCO
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A ¼ A2B1 þ A1B2; B ¼ A2D1 � B1C2 � B2C1 � A1D2;
and C ¼ C1D2 � C2D1

The second solution of Eq. (14) gives a physically valid

value for hCO:

hCO ¼ �B � B2 � 4AC
� �0:5

� �.
2A ð15Þ

hO is then obtained from Eq. (13), while Eq. (8) is used

for the activity of the process.

7 Some Numerical Results for the Mechanism

of Scheme 2

Figures 6 and 7 show some numerical results for the

mechanism solved in the previous section using the kinetic

constants chosen for this work (Table 1). Values published

by Sedmak et al. [10] have been used for the first three

direct reactions of the mechanism. For the activation

energy of the last two reactions, for which we have

assumed the same rate constant, we have used a value

given by Sedmak et al. [8] from another reference using a

frequency factor, included in Table 1, calculated from the

kinetic theory of gases. For the parameters of the constants

of the first two reverse reactions, which we have assumed

to be the same, we have used the typical values of

desorption constants from metallic particles [22–24].

Figure 6a shows the results of the phase (fractions of

superficial species) and production RCO2
(TON) diagram

versus the CO fraction in the gas phase of the system. The

figure strongly suggest that production has a maximum

which at higher temperatures shifts to higher values of

yCO (yCOmax). At 200 �C the production curve shows a

linear shape qualitatively similar to that seen in the MC

simulations (Fig. 5). The last two results are not shown in

the diagram. A maximum for the activity is expected

considering that the activity must decrease at high CO

concentrations in the gas (yCO [ yCOmax) because even

though on the surface there is a large amount of CO, the

oxygen required for the oxidation reaction decreases until it

disappears. The activity decrease at the other end of the

diagram, (yCO \ yCOmax), occurs due to the opposite effect.

Figure 6b and c show the oxidation rates versus the pres-

sure of one of the reactants, keeping the other constant.

These results illustrate the different shapes of the curves for

the cases in which the pressure of CO or O2 remains

constant. These results can be explained observing the

values of the superficial fractions, which are included in the

graphs together with the values of yCO, if activity as a

function of the covered fractions, is considered (Eq. 8).

Figure 7 shows the values of the activity and the fraction

of covered surface of the various superficial species as a
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function of reaction temperature (with fixed yCO = 0.4). A

maximum of the activity of the kinetic process is seen at a

temperature of 130 �C, while at both extremes the activity

decreases. At T \ Tmax, CO coverage reaches the maxi-

mum (hCO = 1), but oxygen coverage strongly decreases.

At T [ Tmax, it is oxygen coverage that tends to a maxi-

mum (hO = 1), while CO coverage decreases until it

vanishes. This shows that the catalyst tends to be oxidized

at high temperatures and reduced at low temperatures, as

has been found experimentally. The inset in Fig. 7 shows

that the model display good Arrhenius behaviour under the

conditions used, with a correlation of 0.985 in the zone in

which the activity increases with temperature (T \ Tmax),

with an apparent energy of 11.3 kcal mol-1, a value that is

reasonable for this process within the interval of experi-

mental values shown by Liu et al. [25] (8–13 kcal mol-1)

for the oxidation of CO over different catalysts similar to

the one that we are studying.

8 Conclusions

A Monte Carlo algorithm has been developed for the oxi-

dation of CO over Cu0.1Ce0.9O2-y that qualitatively inter-

prets well the experimental results reported by Sedmak

et al. [10, 11] such as (a) the temporal evolution of the

activity at different CO concentrations, (b) at the different

Cu loads, and (c) the cyclic changes that occur when the

reactant feed in the gas phase is cut off alternately at a

given temperature. The simulations also allow analysing

the behaviour of the system microscopically, e.g., visual-

izing the experimental hypothesis that the first peak of the

temporal evolution corresponds to superficial oxygen and

the second to bulk oxygen.

The steady state behaviour of the system has been studied

theoretically through a mean field scheme of two superficial

sites showing, among other aspects, activity maxima versus

CO concentration and temperature, and a good Arrhenius

behaviour with an apparent activation energy of

11.3 kcal mol-1, on the order of the (8–13) kcal mol-1

found experimentally.
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