
Journal of Vacuum Science & Technology A 9, 1749 (1991); https://doi.org/10.1116/1.577455 9, 1749

© 1991 American Vacuum Society.

Formation of Turing structures in catalytic
surface reactions: The facetting of Pt(110) in
CO+O2

Cite as: Journal of Vacuum Science & Technology A 9, 1749 (1991); https://doi.org/10.1116/1.577455
Submitted: 12 September 1990 • Accepted: 24 December 1990 • Published Online: 04 June 1998

R. Imbihl, J. Falta, D. Kaletta, et al.

https://images.scitation.org/redirect.spark?MID=176720&plid=1689608&setID=376420&channelID=0&CID=616266&banID=520579620&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=76be0bf0843c46bed263d507a4453b37d207f033&location=
https://doi.org/10.1116/1.577455
https://doi.org/10.1116/1.577455
https://avs.scitation.org/author/Imbihl%2C+R
https://avs.scitation.org/author/Falta%2C+J
https://avs.scitation.org/author/Kaletta%2C+D
https://doi.org/10.1116/1.577455
https://avs.scitation.org/action/showCitFormats?type=show&doi=10.1116/1.577455


Formation of Turing structures in catalytic surface reactions: The facetting 
of Pt(110) in CO+02 
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The pte 110) surface facets during the catalytic oxidation of CO, if reaction conditions are 
adjusted such that the CO-induced 1 X I~I X 2 phase transition can take place simultaneously. A 
detailed low-energy electron diffraction beam profile analysis revealed that regularly spaced 
(430) and (340) facets are formed with a lateral periodicity of - 70 lattice units along the [ 110] 
direction. This result, together with the observation that the facetted surface is only stable under 
reaction conditions, indicates a dissipative structure of the Turing type. Such structures, which 
are stationary but exhibit a periodic variation of the concentration variables in space, have so far 
almost exclusively been discussed theoretically. The interpretation of the facetted surface as a 
Turing structure could be confirmed by a Monte Carlo simulation based on the Langmuir 
Hinshelwood mechanism of catalytic CO oxidation and the CO-induced I X l~l X2 phase 
transition. 

I. INTRODUCTION 

In open systems which are far from thermodynamical, equi­
librium new phenomena can be observed that are not permit­
ted in a closed system at thermodynamical equilibrium. 1 

Typical examples are kinetic oscillations and/or chemical 
waves. Besides such time-dependent phenomena one may 
also observe another type of nonequilibrium structure which 
is stationary but exhibits a periodic modulation of the con­
centration variables in space. These structures are known in 
the literature as Turing structures after A. M. Turing who 
first discussed them in 1952 as a theoretical model for mor­
phogenesis.2.3 The basic idea of this model was that sponta­
neous spatial pattern formation may occur in a reaction dif­
fusion system, if the homogeneous state is unstable with 
respect to a perturbation by diffusion. 

Although Turing structures have been discussed quite of­
ten in theoretical publications, so far only one clear-cut ex­
perimental realization could be achieved in fluid phase reac­
tion systems. 3 Possible candidates are the reaction systems 
which exhibit kinetic oscillations such as the famous Belou­
sov-Zhabotinskii reaction. The reason for the difficulty in 
detecting Turing structures in homogeneous reaction sys­
tems is quite evident. Since a Turing instability requires 
strongly different diffusion constants of the reactants, the 
chances are rather slim of finding one in fluid phase, where 
most substances diffuse about equally fast. 4 

Next we consider the chances for detecting Turing struc­
tures in heterogeneous catalysis, in particular in the case of 
the catalytic oxidation of CO on Pt surfaces. On surfaces the 
diffusion constants are known to vary considerably for dif­
ferent adsorbates. So adsorbed CO diffuses rather rapidly on 
Pt surfaces whereas the more tightly bound oxygen is almost 
completely immobile at lower temperatures (T <600 K). 
Besides the diffusion of COad and Oad one also has to take 
into account the diffusion of Pt atoms which may alter the 
surface structure and can thus modify the reactivity of the 
surface. Candidates for the formation of Turing structures 
are systems which exhibit kinetic oscillations such as 
pte 100)/CO + O2 and pte 11O)/CO + O2 , Kinetic oscilla-

tions exist there as a consequence of adsorbate-induced sur­
face phase transitions which modify the catalytic activity, 
namely the 1 X l~hex phase transition of pte 100) and the 
corresponding 1 X 1~1 x2 phase transition of pte 110).5.<> 
It turned out that the facetted surface which is formed dur­
ing catalytic CO oxidation on pte 110) can indeed be classi­
fied as a structure of the Turing type. Experimental evidence 
for this interpretation is presented in this report. In addition 
we could reproduce the experimental results by a Monte 
Carlo simulation solely based on the known elementary 
steps of the surface reaction and the 1 X 1~ 1 X 2 phase tran­
sition. 

II. CHARACTERIZATION OF THE FACETTED Pt(110) 
SURFACE 

A facetting ofPt( 110) during catalytic CO oxidation was 
detected in the 10 - 4 Torr range when reaction conditions 
were adjusted to those where the I X 1~1 X 2 phase transi­
tion also proceeds. 7.~ Almost exclusively facets belonging to 
the [001] zone were formed. These gave rise to a unidirec­
tional splitting of the integral order beams along the [ 110] 
direction in low-energy electron diffraction (LEED). The 
facets were quite small, ofthe order of - 100 A, and could be 
easily removed by heating the sample above - 500 K. The 
facetting of a surface due to the interaction with a strong 
adsorbate is not unusual. In the present case, however, sever­
al observations contradicted the idea of a simple adsorbate­
induced restructuring of the surface. 

Firstly, a facetting of pte 110) was only observed under 
reaction conditions but not with one of the gases alone. Sec­
ondly, a thermal reordering process slowly restores the flat 
( 110) surface after stopping the flow of CO and O2 , This 
demonstrates that the facetted pte 110) surface is thermally 
unstable. Finally, the existence of kinetic oscillations in the 
same system under similar conditions (at higher T) suggests 
a decisive role of kinetic instabilities in the facetting process 
itself. R All these observations demonstrate that the facetted 
surface is stable only under reaction conditions and thus be­
longs to the class of so-called "dissipative structures."] The 
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classification of the facetted surface as a dissipative structure 
of the Turing type was finally substantiated by the results of 
a detailed LEED beam profile analysis (SPALEED)." The 
measurements carried out with a high-resolution instrument 
of - 2000 A transfer width revealed that the facets on 
Pt ( 110) exhibit in fact a lateral periodicity as is required for 
a Turing structure. 

The results of profile measurements of the 0,0 beam in the 
[ 1101 direction are displayed in Fig. 1. The beam energy had 
been varied there close to in-phase scattering conditions for 
different vertical terrace layers of Pt ( 110). This condition is 
reflected by the vertical scattering phase 5 which relates to 
the vertical component KI of the scattering vector and the 
vertical layer distance d via 5 = K j d /2rr. One notes that 
first- and second-order satellites appear as one moves away 
from the Bragg energy (5 = 2.0) and that the satellite split­
ting remains constant as the energy is varied. The formation 
of higher-order satellites indicates that a regularly spaced 
array of facets exists on the surface. This periodicity taken 
together with the orientation of the facets. which can be de­
termined from the spot splitting at out-of-phase scattering 
conditions (5 = 2.5). leads to a simple geometric model of 
the facetted surface. This is displayed in the inset of Fig. 1. 

A symmetric sawtooth-like array of alternating (340) and 
(430) orientations builds up a regular structure character­
ized by a lateral periodicity of 200 A (74 lattice units) along 
the [ 1101 direction. A ball model of a (430) facet showing 
the structural elements of (110) terraces and (100) steps 
that build up the surface of the (430) facet is displayed in 
Fig. 2. A comparison between the measured intensity pat­
tern of the satellites and the intensity distribution calculated 
from the geometrical model shows good agreement as evi­
denced by Fig. I. The calculation of the profiles was carried 
out for the case of an ideal periodic structure. On the real 
surface, however, structural disorder is also present. There­
fore the agreement between theoretical and measured pro­
files is only good close to in-phase scattering conditions (up 
to 5 ~ 2.10), while the contribution of structural disorder 

FIG. \. Comrarison between the measured spot rrofiles and the profiles 
calculated from the geometrical model of the facetted surf~ce displ~yed in 
the in,et. 2r denote, the lateral periodicity of 74 lattice unit> along the 
II To I dire,·tinn found in the experiment. For better visual comparahility 
the width or the columns is changed simultaneously with the width of the 
measured spots, 
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FIG, 2. Ball model of the (430) facet illustrating the structural elements of 
nonrecon,tructed (110) terrace units and (100) step units that represent 
the facet. 

becomes significant for larger deviations. The important re­
sult of the profile analysis is that the facetting ofPt( 110) in 
CO + O2 leads to the development of a well-defined lateral 
periodicity. The facetted surface thus represents an example 
for spatial pattern formation in a reaction-diffusion system 
similar to other nonequilibrium systems in physics. I 

III. CONDITIONS FOR FACETTING 

The facetting of pte 110) during catalytic CO oxidation 
has been extensively studied in the 10 4 Torr range at tem­
peratures between - 400 and 530 K. 7 'i The conditions for 
facetting and the changes in catalytic activity caused by fa­
cetting can be conveniently summarized in a plot of the reac­
tion rate reo., vs Pcn as displayed in Fig. 3. In principle the 
kinetics of catalytic CO oxidation exhibit two different 
branches characteristic of the Langmuir-Hinshelwood 
(LH) mechanism along which the reaction proceeds. At low 
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FIG. 3. Relation between the condition_ for facetting and the kinetics of the 
catalytic CO oxidation on Pt ( 110), The full line indicates the rate curve for 
the nonfacetted surface. while the dashed curve indicates the increase in 
catalytic activity after strong facetting of the ,urface. The different regions 
indicated on top of the rate curve all refer to the non facetted Pt (I JO) sur­
face, 
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Facet growth: 

CO+ 1'202 -C02 Uil 
Thermal reordering: 

l1T 
or 
gas flow stop 

FIG. 4. Schematic diagram illustrating the facetting process as a dynamical 
equilibrium between reaction-induced growth offacets and thermal anneal­
ing. 

Peo an oxygen-covered 1 X 2 surface exhibits a high reacti­
vity, but with increasingpco the rate finally jumps from the 
high rate branch to a state with a low activity. On this low 
rate branch a high CO coverage inhibits oxygen adsorption 
and hence the surface reaction. 

The facetting ofPt( 110) was found to be restricted to the 
transition range between the two branches of LH kinetics 
which is the region where the I X I~I X 2 phase transition 
proceeds. In the same range one may also observe kinetic 
oscillations, under appropriate conditions, which arise due 
to the I X I~I X2 phase transition. R

•
1D In the facetting pro­

cess, however, the reaction rate does not oscillate, but it in­
creases monotonously until the higher rate branch is reached 
as it is indicated by the arrow in Fig. 3. The rate maximum of 
the facetted surface is shifted towards higher Peo values with 
respect to the un facetted surface thus signalling an increase 
in catalytic activity. Quite remarkably the position of the 
new rate maximum is located just at the end point of the 
arrow in Fig. 3 marking the increase in the reaction rate for a 
given Peo' This behavior demonstrates that the surface fac­
ets only to the extent which is necessary to reach the high 
rate branch. 

Subsequent adsorption experiments demonstrated that 
the increase in catalytic activity is due to a higher oxygen 
sticking coefficient so, on the facetted surface. 7 The origin of 
this difference could be traced back to the formation of 
(100) steps in the facetting process. These exhibit a higher 
so, than do flat (110) terraces and consequently so, will rise 
together with the degree of facetting. As will be shown in a 
Monte Carlo simulation presented in the following section, it 
is in fact the increase in so, which directs the structural 
changes towards the development of regular facets. 

As was observed experimentally, a thermal reordering 
process slowly restores the flat (110) surface as soon as the 
surface reaction ceases. Since a thermal reordering process 
will also exist under conditions of facet growth, the amount 
offacetting that can be achieved for given conditions will be 
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determined by a dynamical balance between two competing 
processes as is depicted in Fig. 4. The competition between 
reaction-induced growth of facets and thermal reordering 
has the consequence that a (pressure dependent) high tem­
perature limit exists for the facetting of Pt ( 110) in 
CO + O2 , While an increase in temperature can strongly 
enhance the thermal mobility of Pt atoms, the rate of facet 
growth being proportional to the reaction rate will be limited 
by the partial pressures. The existence of an upper tempera­
ture limit at T = 530 K for facetting is demonstrated for 
Po = 1.5 X 10 4 Torr in Fig. 5. In this diagram the shift in 

1 

the position of the rate maximum !1Pto and the splitting (jF 

of the integral order beams in LEED served to monitor the 
degree of facetting. II 

IV. SIMULATION OF THE FACETTING PROCESS 

The elementary step in the facetting of Pt ( 110) is clearly 
the 1 X 1~1 X 2 phase transition. This can be easily shown 
with a ball model. The mass transport of 50% of the surface 
atoms associated with the phase transition necessarily 
creates steps. By arranging (100) steps and (110) terrace 
units in a regular sequence it is possible to build up all orien­
tations of the [00 I] zone. How this simple mechanism can 
cause the formation of regular facets has been demonstrated 
in a Monte Carlo simulation, in which we tried to mimic the 
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FIG. 5. Maximum degree of facetting that could he reached at different 
temperatures for fixed Po. = 1.5 X 10 'Torr and with \arying Pt<>. The 

splitting DJ (normalized with respect to the ar reciprocallallice vector) of 

the integral order beams in LEED and the shift in the position of the rate 
maximum uP~o served to indicate the degree offacetting. (After Ref. 10.) 
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FI(;, /), Monte Carlo simulation showing the development of a regular facet 
strudun:dunng the catalytic CO oxidation on pte 110) followed by a resto­
ration of the tlat surface after stopping the gas flow at 4000 cycles. (After 
Ref. 12.) 

diffusion of Pt atoms under the influence of catalytic CO 
oxidation. I ~ This simulation was based solely on the known 
properties of the CO-induced 1 X 1~1 X 2 phase transition 
and on the elementary steps of the LH mechanism by which 
the catalytic oxidation of CO proceeds. In addition the oxy­
gen sticking coefficient so, has been made dependent of the 
local surface structure by setting so, twice as high for (100) 
step sites than for (110) terrace sites. 

As demonstrated with a ball model the I X l~ I X 2 phase 
transition can either create or annihilate ( 100) steps follow­
ing the rule of mass conservation. In order to simplify the 
complexity of the problem, the possible movements of Pt 
atoms were restricted to diffusion along the [ 110 I direction. 
This appears to be justified since facetting in the experiment 
was also found to be restricted along this direction. The re­
sults of a simulation in which the Pt( 110) surface was ex­
posed to a constant flow of CO and O2 comparable to the 
experimental conditions are displayed in Fig. 6. One notes 
that the initially flat surface roughens as a result oflocal CO 
coverage fluctuations. These cause the mass transport of Pt 
atoms to occur every time the surface undergoes the phase 
transition. As the reaction proceeds, one observes the forma­
tion of a regular facet structure which remains stationary 
beyond - 4000 cycles. In order to demonstrate that the fa­
cetting is in fact due to the ongoing surface reaction and not 
caused by a hidden thermodynamic stabilization, the flow of 
the gases was stopped after 4000 cycles. The thermal reor­
dering process which is then dominant alone leads to the 
restoration of the flat Pt( I 10) surface, as it is demonstrated 
by the profile recorded after 6000 cycles. 

The simulation described above could reproduce practi­
cally all essential features of the experiment. The lateral peri­
odicity of 40 lattice units in [110 I direction is not very far 
from the experimental value of - 70 lattice units. Even the 
time scale is comparable since the 4000 cycles in the simula­
tion correspond to - 400 s in real time, which is roughly the 
period during which facetting develops in the experiment. In 
addition the simulation could also correctly reproduce the 
region in Peo parameter space where facetting occurs and 
the increase in catalytic activity. 12 The simulation thus con­
firms the interpretation of the facetted Pt ( 110) surface as a 
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Turing structure, and it provides a detailed microscopic pic­
ture of how the interplay between the LH reaction and the 
phase transition can give rise to a facetting process. 

The facetting of a surface either caused by an adsorbate or 
by lack of thermodynamic stability of the clean surface has 
been observed quite often in experiments. \3 In these cases 
the behavior of the surface is usually governed by equilibri­
um thermodynamics leading to the formation of more stable 
orientations. Quite differently the facetting observed here 
causes the formation of very open and reactive surfaces 
which are thermally unstable. This is the principle difference 
between facetting as a dissipative structure as it is observed 
here and facetting controlled by equilibrium thermodynam­
ics. For obvious reasons this difference is quite relevant for 
heterogeneous catalysis where reactive surface configura­
tions might exist as dissipative structures under reaction 
conditions. 

V. CONCLUSIONS 

The pte 110) surface facets under the influence of catalyt­
ic CO oxidation, if reaction conditions are adjusted such that 
the 1 X l~ 1 X 2 phase transition can proceed simultaneous­
ly. A detailed LEED beam profile analysis demonstrated 
that the facetted pte 110) surface exhibits a periodic struc­
ture in which facets of uniform orientation and size build up 
a symmetric sawtooth-like array. The facetted surface is 
characterized by a lateral periodicity of - 70 lattice units 
along the [110] direction. This structure was interpreted as 
a Turing structure which develops because the flat surface is 
unstable against the diffusion of Pt atoms under reaction 
conditions. This interpretation could be confirmed in a 
Monte Carlo simulation based on the LH mechanism of 
catalytic CO oxidation and on the I X l~ 1 X 2 phase transi­
tion. The facetting of Pt( 110) in CO + O2 thus represents 
one of the very few examples where a Turing structure has 
been found in experiment. 
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