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Chemical oscillations in catalytic CO oxidation reaction
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Temporal dynamics of a heterogeneous catalytic system, namely of the catalytic CO oxidation on Pt(110) sur-
face at low pressures, is investigated with taking into account the adsorbate-driven structural transformations
of the catalyst surface. Uniform temporal periodic chemical oscillations of the CO and oxygen coverages, and
the fraction of the surface of the 1 x 1 structure are obtained in a narrow region of phase diagram between
two uniform stable states of high and low catalytic activities, respectively.
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Since Langmuir’s pioneering studies, the oxidation of CO over Pt is a classical example of
a heterogeneous catalytic reaction. It is considered to be generic due to its apparently simple
mechanism, richness of spatio-temporal behavior, and practical relevance [1]. In particular, the
temporal behavior of the reaction, for given constant control parameters, may either be constant
(including bistability) or may become oscillatory or even chaotic |2, 13]. First kinetic oscillations
in this reaction were found by Hugo in 1970 on a supported catalyst. Later on, this phenomenon
was also observed for other types of catalysts (polycrystalline wires and single crystals) both at
ultrahigh vacuum (UHV) and subatmospheric conditions.

Based on the knowledge about individual steps forming the reaction mechanism, temporal dy-
namics (with the exception of chaotic kinetics) could be successfully modelled by the solution of
sets of ordinary differential equations (ODE’s) for the variables describing the surface concentra-
tions of the species involved [4H6]. For a close-packed Pt(111) surface, these are the coverages
for adsorbed CO and O, respectively [7]. We will study the more open Pt(110) plane where the
oscillatory behavior in the catalytic CO oxidation can be experimentally observed [8; 9].

So, the oxidation of CO on platinum is known to proceed via the classical Langmuir-Hinshelwood
(LH) mechanism (see [10-12]),

Og + 2% — 20,445,
CO.ds + Oags — COo + 2 % .

Here * denotes an empty site, adsorbed species are written with the subscript ads. CO5 desorbs
immediately at the temperatures under consideration and therefore constitutes an inert product.
The other gases exhibit only small variations of their partial pressure under the applied conditions
so that they can be assumed constant.

Mathematical modelling of the experiments is conducted using a realistic model of catalytic CO
oxidation on Pt(110) first studied by Krischer et al. [13]. The model takes into account adsorption
of CO and oxygen molecules, reaction and desorption of CO molecules. For simplicity, surface
diffusion of adsorbed CO molecules, surface roughening, faceting, formation of subsurface oxygen,
and the effects of internal gas-phase coupling are not taken into account. The system of differential
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equations describing the dynamics behavior of the model is

du

i

dv

dt

The variables u and v represent the surface coverage of CO and oxygen, respectively. The variables

can vary in the interval from 0 to 1. The difference between model ([2)—(B]) and the model considered
in our earlier paper |7

Fy(u,v) = pcokcosco(l — u?) — kqu — kyuv, (2)

= F»(u,v) = po,koso(l —u —v)? — kyuv. (3)

7] is that the precursor-type kinetics of CO adsorption is accounted for by
the exponent ¢ = 3 in the right hand part of equation (Z). It makes the model more realistic
since the inhibition of adsorption of CO and Os is asymmetric and preadsorbed CO blocks oxygen
adsorption but not vice versa. The parameters, corresponding to Pt(110) surface, were chosen such
that the reaction was oscillatory. For explanation and values of the parameters see table [I] taken
from [14].

Table 1. Parameters of the model.

T 540 K Temperature
PCo 4.81 x 10~° mbar CO partial pressure
DO, 13 x 1075 mbar O, partial pressure
kco | 3.14 x 10° s~ 'mbar—! Impingement rate of CO
ko 5.86 x 10° s~'mbar—! Impingement rate of O
kq 10.21 st CO desorption rate
k, 283.8 g1 Reaction rate
S$co 1 CO sticking coefficient
50,1x1 0.6 Oxygen sticking coefficient on the 1 x 1 phase
50,1x2 0.4 Oxygen sticking coefficient on the 1 x 2 phase
ug, OU 0.35, 0.05 Parameters for the structural phase transition
ks 1.61 s 1 Phase transition rate

Analysis of the system ([2)-(B]) reveals that there is a bistability in one, and a cusp in two
control parameters. It is known that in a system, the relaxation oscillations can emerge in bistable
state if the system depends on a parameter slowly varying in time. It would be a model parameter
connected with the variations of average coverages and the structural changes of the surface as a
function of time, since at the experimental conditions, depending on the CO coverage, the recon-
structed 1 x 2 Pt(110) surface may revert to the 1 x 1 structure. In this case the kinetic equation
for the surface transformation should be taken into consideration. The structural phase transition
1x2—1x1 of the Pt(110) surface is considered through a simple relaxation law [14]:

dw

Fre Fs(u,w) = ks (plu] —w). 4)
The variable w denotes the local fraction of the surface area found in the nonreconstructed 1 x 1
structure.

plu] = . (5)
)

Up —u

1+ exp ( 05u

is a nondecreasing and smooth function of the interval [0,1] that appears in the equation for dw/dt.
It is shown in figure [l

The oxygen sticking coefficient so in equation [B]) was modified and taken as a linear combina-
tion of the values for the 1 x 2 — 1 x 1 structure:

S0 = S1x1W + s1x2(1 — w). (6)
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Figure 1. Function p[u] that appears in the equation for dw/d¢.

The steady states of the system are defined as the time independent solutions of the kinetic
equations [2)-():
E(ussavssawss) :07 i= 13273' (7)

Linear stability analysis requires the solution of the secular equation for any given steady state:

detH)\ <8(F1;F2;F3))

I(u,v,w) =0 ®)

We solve the secular equation () and obtain two types of stationary points, namely these are stable
nodal points, when all the roots are real and negative, and stable nodal-spirals, when one root is
real negative, and the other two are complex with negative real part. As the control parameters
are varied, we have transitions from one stability regime to another. We compute several regimes
in the phase space of partial pressures. A phase diagram in (pco, po,) parameters is reproduced
in figure 2l As we see, the stable regime corresponds to the region where the partial CO pressure is
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Figure 2. Phase diagram of the model of surface oscillations in the (pco, po,) parameter plane.
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small compared with the Oy partial pressure. Beyond that phase space region, unstable oscillatory
regime appears. Furthermore, we obtain the surface poisoning by CO in qualitative agreement with
experimental data found previously on Pt(100) surface in the field electron microscope (FEM)
experiments [15]. In the experimental kinetic phase diagram, the region in which the O,qs layer is
found at a high po, to pco ratio, is separated by a region of the occurrence of kinetic oscillations
from the region of the CO,q45 layer at a lower partial pressure ratio.

The ODE system ([2)—(#]) exhibits uniform periodic chemical oscillations of the CO and oxygen
coverages, as well as the oscillations of the fraction of the surface of the nonreconstructed 1 x 1
structure in a narrow region of the phase diagram between two uniform stable states of high and
low catalytic activities. Examples of time series are shown in figure Bl As is seen from the figure,
u and v oscillate in strictly opposite phases, variable w reaches its maximum after u. We see that
the difference between the two cases (a) and (b) is that the oscillations have a larger period in
the latter case of higher partial pressure pco. The similar tendency is observed in the experiment,
where the period of oscillations increases (except in the region near the right bifurcation point)
with pco pressure increasing |16]. A decrease in T is associated with an increase of the oscillation
period as is observed in figure Bl(c) at lower temperature T' = 535 K.

Figure 3. Examples of oscillations obtained by integration of equations (2)—(#]) for the parameter
po, = 13-107° mbar. Panels (a) and (b) correspond to the values pco = 4.81 - 107° mbar
and pco = 4.86 - 107° mbar, respectively, at T=540 K. Panel (c) corresponds to the value
pco = 4.81 -107° mbar at T=>535 K. The symbols are as follows: full line for u(t), long dashes
for v(t) and dotted line for w(t).

In summary, we have investigated a kinetic model for the catalytic CO oxidation on a surface of
Pt(110) at low pressures. From the analysis of stability of stationary points of the model, a phase
diagram in the (pco,po,) parameter plane has been constructed. We have found two types of
stationary points which present two different stability regimes, namely the stable and the unstable
oscillatory ones. Oscillatory regime arises due to the interplay between bistability and adsorbate-
induced surface reconstruction 1 x2—1 x 1 exposing patches with different O sticking probabilities.

The proposed model is obviously capable of qualitatively describing the experimentally observed
features connected with kinetic oscillations in the catalytic CO oxidation on a Pt(110) surface at low
pressures. However, it disregards many interesting phenomena of spatiotemporal behavior of the
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system such as mixed-mode oscillations, a period-doubling transition to chaos, and the formation
of stationary as well as propagating spatial patterns. A successful description of the experimentally
obtained behavior will most likely require to take spatial effects, namely diffusion of the reactants
and faceting of the surface, into account.
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XimiuyHi KONuBaHHA B peakuii KaTtaniTM4Horo okucneHHs CO

I.C. B3oBchbka, |.M. Mpurnon,

IHCTUTYT di3ukun koHaeHcoBaHux cuctem HAH Ykpainu, Byn. CeeHuiupkoro, 1, 79011 JlbBiB, YkpaiHa

JlocnipkyeTbCs YacoBa AMHaMIKa reTeporeHHoi kaTaniTMYHOI CUCTEMI Ha NpUKNaai peakuii kaTaniTuyHo-
ro okucneHHss CO Ha noBepxHi Pt(110) npn HM3bkMX TUCKaXx i3 BpaxyBaHHAM NepeTBOPEHHSI MOBEPXHI Ka-
TanizaTopa nig BMIMBOM NpoueciB aacopbuii-gecopbuii. OTprMaHo 0oHOPIAHI YaCcOoBi MEPIOANYHI XiMiYHI
KonmBaHHs NokpuTTiB CO, KMCHIO Ta 4acTKM NOBEPXHI CTPYKTYpW 1 X 1y By3bkiin o6nacTi da3oBoi giarpamu
Mi>XX ABOMA OAHOPIAHUMYN CTINKUMW CTaHaMM BUCOKOI | HU3bKOi KaTaniTM4HOI akTUBHOCTI, BiAMOBIAHO.

Knio4oBi cnoBa: ximiyHi koimBaHHs1, GigypkaLlisi, kKataniTniHe OKUC/IeHHSI, MOHOOKCUA BYI/nieuto, KNCeHb
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