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Abstract

This paper is devoted to the development of a low-dimensional kinetic model of CO oxidation on a metallic catalyst surface and theoretical
study of arising nonlinear phenomena and relaxation oscillations of the reaction rate. Experimental results of studies on the adsorbed oxygen are
presented and its significance in the CO oxidation mechanism on Ir catalyst is shown. We consider the conventional Langmuir—Hinshelwood
mechanism of catalytic CO oxidation and take into account the possibility of a metallic surface modification during reaction due to the
oxygen penetration into subsurface layers. We suggest that when the adsorbed oxygen concentration exceeds some critical value, a surfac
modification occurs and the reaction capability of adsorbed oxygen changes, so that the activation energy of the interaction between the
adsorbed species sharply increases. Construction of bifurcation curves on the parametrRplaPg, { permits us to separate areas of CO
and Q partial pressures, for which self-oscillations and/or multiplicity of steady states appear. This paper deals with parametric analysis of
a new two-variable kinetic model of CO oxidation on Ir catalyst surface, but the approach developed is rather general and can be applied to
studies of different catalytic reactions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction alytic CO oxidation is the interaction of oxygen with metallic
surface. Due to the reconstructive properties of the open and
CO oxidation on the surface of metals of the platinum stepped planes on the platinum metals, some oxygen atoms
group is a model reaction in which the main fundamental can reconstruct the surface and/or penetrate into the subsur-
aspects of heterogeneous catalysis are verified. Nowadaysface layers, and cause both structural and chemical modifi-
a popular trend is construction of a heterogeneous catalyticcation of the adsorption sites. These processes are in charge
reaction mechanism on the atomic-molecular level by taking of the discrete change in the rate constants of elementary
into account the dynamic nature of the surface. Due to in- reactions. In this paper, we present some interesting experi-
herent dynamic variations of the catalyst surface under the mental results obtained by means of the thermo programmed
reaction conditions, the critical phenomena such as steadyreaction (TPR) and X-ray photoelectron spectroscopy (XPS)
state multiplicity, oscillations and chaotic behavior of cat- techniques applied to study the adsorbed oxygen and its role
alytic reaction rate are observgd-8,15-16) in the reaction mechanism of deep oxidation. The photoelec-
The existence of such critical phenomena in heteroge- tron spectroscopy is the most reliable tool for exact identifi-
neous catalytic reactions helps us to determine a morecation of surface oxygen specig§8]. Together with other
reliable reaction mechanism and gives better understand-methods that give information on reactivity of the adsorbed
ing of the physical-chemical processes in the “reaction species (thermal desorption (TDS), TPR, and others), the
medium—catalyst” system. The most important factor in cat- XPS gives the experimental data to create a rather detailed
reaction mechanism.

* Corresponding author. Tel.: +7 383 230 62 78; fax: +7 383 23068 78, Earlier, the experimental study of the oxygen states on
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under conditions of ultrahigh vacuuff]. Kinetic scheme 3. Experimental results

and model of CO oxidation that was suggested consists of 12

elementary reactions and five differential equations, respec- The stationary reaction kinetic data in dependence on
tively [10,11] This model was found to be rather effective, the temperature at different ratios of the @nd CO pres-
able to describe some experimental data and to predict mul-sures are presented Fig. 1 We show both the reaction
tiplicity of steady states, existence of critical phenomena and rate and adsorbed CO and oxygen concentrations calculated
harmonic self-oscillations of the reaction rate near the Hopf fromthe XPS spectra obtained simultaneously with the mass-
bifurcation points. However, because of the high dimension spectra. Obviously, if the reaction proceeds under CO excess
of the ordinary differential equations system, the model ap- (Fig. 1a and d) the temperature dependencies of the reac-
peared too complex. The qualitative analysis of the reaction tion rate and adsorbates concentrations are rather smooth
dynamics by means of methods of the dynamical systemsin a wide temperature interval. Oxygen is practically not
theory has not been carried out. accumulated on the surface even at very high temperature

To solve such kind of problems we suggest a hierarchical T>700 K. Under increasing the oxygen pressure in the re-
approach to theoretical study of the dynamics of nonlinear action mixture Fig. 1b and e) the behavior of the reaction
kinetic models. The method is based on the distinction of rate and the adsorbates concentrations changes so that the
slow and fast variables (or some combinations of variables) corresponding curves become more sharp, the reaction rate
in the model. It has been successfully applied to the study increase occurs at low temperatures, and the surface cov-
of the hydrogen and oxygen interaction over metallic cata- erage with adsorbed oxygen achieves 25% of the mono-
lysts[12,13] We described complex dynamic behavior of the layer. The substantial observation is that during cooling of
three-variable heterogeneous kinetic system using the resultghe sample the reversible reaction behavior occurs with-
obtained for several models with lower number of variables out a hysteresis. Hysteresis of both the reaction rate and
(sub-models of low dimension). concentration occur in the case when #g,/Pco ratio is

This paper is devoted to the development of a new low- equal to 9 Fig. 1c and f), and adsorbed oxygen is accu-
dimensional kinetic model for heterogeneous CO oxidation mulated up to the very high surface coverage of about 2/3
on the Ir catalyst surface and theoretical investigation of aris- monolayer.
ing nonlinear phenomena using hierarchical approach. Now These kinetic data obtained in the regime in situ under
we propose a two-variable model, which allows us to find steady state conditions illustrate well enough the fact that the
relaxation oscillations of the reaction rate and give the para- adsorbed oxygen plays a key role for forming the hysteresis
metric analysis of the oscillations. phenomena in CO oxidation reaction due to the influence of

the oxygen atoms on the iridium surface properties.[EH]

and King[16] studied the CO oxidation mechanism on Pt
2. Experimental part (100) surface and made a conclusion concerning the leading

role of adsorbed CO in passing of the self-oscillation pro-

The experiments were carried out with the photoelectron cesses. However, the Pt (100) plane is rather an exception
spectrometer “WVG ESCALAB HP” produced by VG Scien- to the rule. We suggest that leading role in generation and
tific (Great Britain). The spectrometer equipped with X-ray keeping of self-oscillations belongs to the atomic oxygen be-
source with the double Mg/Al anode that permits us to use cause, at first, of the larger bonding strength with metal and,
for excitation the primary radiation of Mg & and Al Ka secondly, due to the possibility of subsurface oxygen forming
(hv=1253.6 and 1486.6 eV, respectively). At the start and and carrying the reconstructive influence on the metal surface
after finish of each set of the experiments the spectrometerlayer[8,15-19]
calibration was done relative to the standard lines Agp4f For confirmation of the above-stated proposition&ja 2
(Ep=84.0€eV) and Cu 2g, (Ep =932.7 eV)[14]. The value we present some results of oxygen adsorption studies on the
of Ir 4f7,, bond energy of 60.7 eV was used as an inner stan- polycrystalline iridium surface obtained by means of a com-
dard[8]. bination of XPS and TPR methods. One can compare the

For simultaneous application of the experimental meth- oxygen properties after Oadsorption with equal exposure
ods, namely X-ray photoelectron spectroscopy (XPS), ther- (¢(O2) =3 L) at 300 and 800 K. It can Iseen, that @adsorp-
mal desorption (TDS) and thermo programmed reaction tion at 800 K leads to an essentially lesser integral intensity of
(TPR), the quadrupole mass-spectrometer was installed inO 1sline Fig. 2a, curve 2) in comparison withadsorption
the analyzer chamber. Measuring of CO# §eady state  at 300K §ig. 2a, curve 1). The thermo programmed reaction
reaction rate on Ir has been performed with calibration Oags*+ COagsin adsorption layer in which oxygen has been
of mass-peaks on pressure measured with Byard-Alpertadsorbed at 300K, leads mainly to one peak at 400K and
gauge. weakly expressed shoulder at 500-600Hg( 2b, curve 1).

The polycrystalline iridium foil was used, surface of which  In the case of preliminary ©adsorption at 800K, the GO
was cleaned with cycles of ion bombardment, oxygen adsorp-forming due to Qs+ COagsis characterized by two discrete
tion and high-temperature annealing. The surface cleanlinesgmaximum at 400 and 600 K={g. 2b, curve 2). In both cases
was controlled with XPS method. a flash of adsorption layer led to removal of practically all
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Fig. 1. Dependencies of reaction rate (a—c) and surface concentrations of CO and oxygen (d—f) on temp&gitieoat 1/3 (a and d)Po,/Pco=2 (b and
e) andPo,/Pco=9 (c and f) under heating (arrows to the right) or cooling of the sample (arrows to the left).

pre-adsorbed oxygen if the amount of adsorbed carbon ox-about 700 K, and the transition rate is so high, that it is com-
ide was more than the oxygen amouig. 2 shows that parable with oxygen and CO interaction rate in the adsorbed
this penetration process leads to a very significant decreasindayetr.

of the oxygen reactivity and therefore to appearance in TPR  Thus, the adsorbed oxygen on iridium is nonuniform. A
spectra the high-temperature peak at 600 K. The penetrationdetailed 12-stages kinetic scheme was suggested earlier in
of oxygen atoms into the metallic surface layer finished at [9—11] which includes all types of interactions between ad-
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Ols TPR where ZO and ZCO are the intermediate compounds of oxy-
T genand CO onthe Ir surface, Z is an active site on the catalyst
surface, CO, @and CQ are the species in the gas phase.

Starting with the system (1)—(3), we can write a kinetic
model that describes dynamic behavior of dimensionless con-
centrations of COx) and oxygeny) adsorbed on the catalyst
surface assuming that properties of the surface do not depend
onxandy:

X =ki(1—x—y) —k_1x — kaxy = P(x, y),
Y = 2ka(1—x — y)* — kaxy = O(x, y). 4)

" 5275 5300 5325 5350 300 400 500 600 700 800
(a) Binding energy, eV (b) Temperature, K .
The reaction constants depend on both temperatarel

Fig. 2. Oxygen adsorption on the polycrystalline iridium surface studied by partial pressureBco and Po, as follows[10]:
combination of XPS and TPR methods: (a) O 1s spectra aft@dSorption

with equal exposure(O,) = 3L, (b) TPRspectra of C@ evolution after @ k1 = kioPco, ko = kxoPo,,
pre-adsorption witls(O2) = 3 L andfollowing CO adsorption up to the sur-

face saturation. Curves 1 correspond to the temperature 300 K while curves k_1 = k_10exp (_ﬂ) ,

2 were obtained at 800 K. RT

sorbed CO and oxygen and the phenomenon of oxygen pen-g,; — k5, exp(—é> .
etration into the subsurface layer as well. However, as it is RT
pointed above, such detailed scheme increases greatly theonsider the regiose = {(x, y): x>0,y > 0,x+y < 1}. Note
dimension of the kinetic model and restricts the qualitative that if the initial point o, Yo) att=0 is in £ then &, y) € £2
mathematical study. In order to account for effects of oxygen for |l t>0, i.e. 2 is a trapping region in thex( y)-plane.
penetration and discrete change of the surface properties anerhe study of the model was carried out for the following
to keep a low dimension of the mathematical model, now we parameter§o, 10];

propose a new methodological approach. It consists in a step-

wise change of parameters of the reagents interaction staged10 = 3.6 x 10°s™ Torr k_10=10"s7",

depending on the surface oxygen concentration. The basis fork20 —09x 10°s 1 Torr L, kao = 1083572,

such approach is a large amount of the literature data con-

cerning the reconstructive properties of metal surfaces and E£1 = 35 kcalmol ™.

formation of the “subsurface” type oxygen. These two phe-

nomena, first of all, are responsible for changing the reagents The range of the activation enerBy is 28—33 kcal mot ™

interaction due to a discrete changing of the reagents states, g the temperatufBis 400-500 K. We study the model for
on the surface. Assuming that the acts of the metal surface '€ and Po, in the range of 108 to 10-6 Torr
) :

construction or the oxygen penet_ra_tion into the metallic sub- It is known that the model (4) permits qualitative inter-
Sl_”face layer are extended on a limited space, we can as_symﬁretation of the steady states multiplicity. There are no more
with a good accuracy the process of such structure transitionyy -1 three steady states exist witly> 0 andx+y< 1. Note

be very localized, and states of oxygen and CO be energy-at the unstable steady statg=0, ys=1 (a saddle point)
wise discrete. Nowadays, the approach of “discrete states”gyiqt in the model (4) for all parameters values and the sta-
in processes of surface reconstruction and reactions over g, manifold of this point lies outside the regigh In what

metal surface becomes more and more prevalent and usablg, ,vs we will only consider the steady states of the system
in the surface chemistry for dynamic processes deSCI’IptIOH(4) that lie inside the regiofe

8,15-19] The steady states dependence on the temperature is shown

in Fig. 3 At E3 =33 kcal mot ! there is a unique steady state
o ) for all temperatures considered. At the lower activation en-

4. Kinetic scheme and mathematical model — | ergy Es =28 kcalmot?, the steady state multiplicity takes
place for some intermediate temperatures, i.e. it is possible

Let us consider the classical Langmuir—Hinshelwood  find two stable steady states (sinks) and an unstable one (a
mechanism of CO oxidation on the metallic catalyst surface: saddle) inside?.

These steady states were found numerically using New-

CO+Z ZCO 1 -
te< ’ @) ton’s method. The stability of each steady state was deter-
O, +2Z — 2Z0, 2) mined by computing the eigenvalues of the corresponding Ja-

cobian matrix. Furthermore, from the equati®{%o, yo) =0
ZO + ZCO — CO, + 27, 3 andQ(xo, Yo) = 0 for some giverT, Pco andEz we can find
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reaction stage (3) sharply increa$8k Thus, we introduce
a dependencks = E3(y) into the model (4):

E3z,  y<yc—§,
E3(y) =1 E(y), |y—ycl <3, )
Ezp, y>yc+34.

Herey; and$ are two additional parameters that determine
the location and width of the interval of adsorbed oxy-
gen concentratioy where an increase of the activation en-
ergy Es takes place. Her&s(y) is a smooth function such
that E(yc — 8) = Es1, E(Yc +8)=Esz, E(Yc)=0.5E31+Esp).

In the paper we use the functi@z(y) shown inFig. 4 with

Eg1 =28 kcal mot! andEs, = 33 kcal mot L. The difference
between the maximum and minimulBz values was deter-
mined using the experimental data.

The addition of the stepwise dependence (5) emphasizes
the reconstructive properties and phase singularities of the
metallic surface laye9—11]. The “step width”s§ means the
size of a transition region in respect to theoncentration
where the increase of the modified surface part takes place,
and the “step locationy. is related to the affinity of the
metallic surface with surface oxide.

Taking into account the dependence (5) of the activation
energyEz ony we have obtained that for some intermediate
values of temperature there exist one stable (a sink) and two
unstable steady states (a saddle and a source) in the model
(4). Furthermore, a stable periodic solution of a pronounced
relaxation type can be found in the regigh It can be ex-
plained by the fact that after a coordinate system substitution
to (x+y, x—1y) in a neighborhood of the limit cycle, a small
parameter appears in (4), so thatt(td- y) > d/dt(x+y). In
Fig. 5, the phase plot of the system (4) is shown for the step-

Fig. 3. Dependence of the steady states of the model (4) on the temperature apke function E(y) with step width 2=0.2 and center point

Es =28 kcal mot ! (a) andEz = 33 kcal mot ! (b) forPco=1.1x 10~7 Torr,
Po, =8x 1077 Torr. Here the saddles are marked withxscpordinate) and
* (y-coordinate).

explicitly the dependencies of the steady states coordinate

Xo =Xo(Yo) and the oxygen partial pressuPg, = Po, (Xo(Yo).
Yo) On yo-coordinate, from which we have found all steady
states for everyo, value by continuation along, from 0 to
1.

From the Bendixon criteriof20], one can conclude that
in the model (4) no oscillations of the reaction rate exist.
Therefore, for description of the oscillating behavior we take
into account the metallic surface modification over the course
of reaction due to oxygen penetration into subsurface layers.

5. Mathematical model — Il

Now we assume that when the adsorbed oxygen concen-

trationy exceeds some critical value, a surface modification
occurs and the reaction probability of absorbed oxygen with
respect of CO changes, so that the activation engsgyf the

aty:=0.5 (curve 2 and solid lines). In this case the single
steady state (unstable source) exists in the regi@nd the
oscillations are stable, so the system tends to the periodic

34

33

32

31+

Jkcal/mol

uy 30

29

0.4 0.6 0.8

Concentration ZO (y)

0.2

Fig. 4. Dependence &3 onyat§=0.1,y.=0.5.
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sures, for which oscillations and/or steady states multiplicity b 0 0.5 b 1TO” 15 2
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in the model (4) and (5) occur. () cor x 10

The bifurcation cu_rveQ_O] were ConStrUCteq using as Fig. 6. Bifurcation curves fo=0.1 andy;=0.5 at T=500K (a) and
a parameter of continuation and the analytical dependen-t=470k ().

cies of Pco and Po, on yp. The Hopf bifurcation curve
was found from the systefA(xg, Yo) =0, Q(Xo, Yo) =0 and
Px(X0, Yo) + Qy (X0, o) = 0 with conditionP,Q, — PyQy>0 at We have found that when the temperature decreases, the
(X01 yo) For the saddle-node bifurcation such dependenceinterval of PCO ValueS, for which the oscillations exist be-
was found from equationB(xo, Yo) =0, Q(Xo, Yo)=0 and comes more narrow and dt=400K the oscillations ex-
P,Qy — PyQx =0 at (o, yo). Note that the bifurcation curves it only for Pco<1.2x 10-®Torr. Let us denote by £b,
in the spaceyp, Pco, Po,) do not intersect. the Iength _of the _mterval ofPog, values for which the
In Fig. 6, the curves of the saddle-node bifurcation and Self-oscillations exist. For large values Bto, dPo, de-
the Hopf bifurcation are shown for two different tempera- Ccreases with temperature. For example, the temperature de-
tures. For the values &0 and Po, from the area bounded ~ crease from 500 to 470K leads to a decreaseRg,dor
by the “saddle-node bifurcation” curve, three steady statesPco>1.3x 10-°Torr, and to some increase ofPg, for
exist in the model (4) and (5). When the temperature de- Pco<1.3x 10-°Torr (Fig. 6).
creases, for every fixed value BEo the maximum value of
Po, and the length of th@o, interval for which three steady
states exist, increase. For examplePeb=1.1x 10~/ Torr 7. Influence of parameterss and y. on
andT=470K maximum value of the partial pressures ratio self-oscillations
Po,/Pcois equal 38.5, and its minimum is 2.6. At 500 K
and at the same CO partial pressure the interval of steady Now we discuss the influence of widshand locationy,
state multiplicity is 2.4< Po,/Pco <5 (se€Fig. 6), while at of the functionEz(y) step change on the regions of existence
T=510K it becomes more narrow and 23o,/Pco < 3. of self-oscillations, their amplitude and period.
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Studying the model (4) and (5) for different step width, the same other parameters the period of self-oscillations is
we have obtained that for largeincreasing ofEs occurs Tps=271.02 s andtay=0.2238,y,,=0.57609.
slowly, and oscillations exist for larg&co and Po, values. Numerical study of the model (4) and (5) for differ-
For example, foiT=500K ands=0.2,y.=0.5, the oscilla- ent y. has shown that for small; for fixed Pco and T
tions exist folPco> 1.6 x 10~/ Torr (Fig. 7a). For fixedPco two intervals of Po, values exist, for which the oscilla-
and temperature and decreastglPo, increases at first,  tions appear in the regio. At one end of each inter-
and then decreases. The critical vadwes”, for which dPo, val the periodic solutions appear (or disappear) via the

starts to decrease, increases Wi decreasing. Further-  Hopf bifurcation, at the other end the disappearance (or
more, whers decreases, the amplitude and period of oscilla- appearance) of periodic orbits is associated with a global
tions grow, but averaged over the period values of adsorbedsaddle loop bifurcation. For example, two families of the
CO and oxygen concentrations are nearly constant. Some exself-oscillations exist over a range of partial pressufgs
amples are given iRig. 8 At y; =0.5 ands =0.13 we obtain for T=500K, Pco=1.1x 10~/ Torr, y.=0.1 and§=0.1.

the self-oscillations with the perioths=113.566 s, values of ~ The Hopf bifurcations occur aPo, =2.87457x 107 and
adsorbed CO and oxygen concentrations averaged over thé.35257x 10~/ Torr. The saddle-loop bifurcations occur at
period arexa, =0.185 andyay=0.591. [f§=0.1 the parame-  Pg, =2.8849947% 10~ 7 and 3.7961515 10~/ Torr. Under
ters of the periodic solution are as followg;s=150.41s, increasingy. these two intervals merge, the maximum and
Xav=0.1914 andy,,=0.602, while for§=0.05 they are minimum of Po, andPco values, for which oscillations ex-
Tps=203.46 Xay=0.2083, and/sy=0.5911. At =0.01 and ist, are going up and then going down ($&g. 7). If y; is
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increasing, the region of self-oscillations moves up and to the [3] E.S. Kurkina, N.V. Peskov, M.M. Slinko, M.G. Slinko, About the
right on the Pco, Po,) plane. And folPco < 1.3x 10~7 Torr nature of chaotic oscillations of the CO oxidation rate on Pd-zeolite
the maximum value of, for which oscillations are observed catalyst, Dokl. Acad. Nauk 351 (4) (1996) 497-501 (in Russian).

. . [4] E.S. Kurkina, E.D. Tolstunova, The general mathematical model of
in the model (4) and (5), decreases with decreascef CO oxidation reaction over Pd-zeolite catalyst, Appl. Surf. Sci. 182

When Pco increases above 1:310-° Torr, the minimum (2001) 72-90.
value ofy. for which oscillations are observed increases. [5] E.I. Latkin, V.I. Elokhin, V.V. Gorodetskii, Monte Carlo model of
From Fig. 5 it is obvious, that whiley. decreases, the oscillatory CO oxidation having regard to the change of catalytic

amplitude of the oscillations increases, and then it decreases. properties due to the adsorbate-induced Pt(100) structural transfor-
; mation, J. Mol. Catal. A: Chem. 166 (1) (2001) 23-30.

For instance, the perlod of self-oscnlathnsT&: 104.81s [6] G. Ertl, Heterogeneous catalysis on the atomic scale, Chem. Rec. 1

atyc=0.4, andTps=77.2's aty. = 0.6, while aty.=0.5 the (1) (2001) 33-45.

periodTps=150.41s. [7] A. Ramstad, F. Strisland, S. Raaen, A. Borg, C. Berg, CO apd O
adsorption on the Re/Pt(11 1) surface studied by photoemission and
thermal desorption, Surf. Sci. 440 (1-2) (1999) 290-300.

[8] S. Ladas, S. Kennou, N. Hartmann, R. Imbihl, Characterisation of
the oxygen adsorption states on clean and oxidized Ir(110) surfaces,
Surf. Sci. 382 (1-3) (1997) 49-56.

In this work the key role of the adsorbed oxygen, its in- [9] A.l. Boronin, A.l. Nizovskii, Reaction of carbon monoxide oxida-
fluence on the catalyst surface properties and hysteresis phe- tion over iridium, Mechanisms of adsorption and catalysis on clean
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