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Macroscopic and mesoscopic characterization of a bistable reaction
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The catalytic oxidation of CO by oxygen on a platinifrill) single-crystal surface in a gas-flow
reactor follows the Langmuir—Hinshelwood reaction mechanism. It exhibits two macroscopic stable
steady states(low reactivity: CO-covered surface; high reactivity: O-covered sujfacs
determined by mass spectrometry. Unlike other Pt and Pd surface orientations no temporal and
spatiotemporal oscillations are formed. Accordingly, €Q/P{111) can be considered as one of

the least complicated heterogeneous reaction systems. We measured both the macroscopic and
mesoscopic reaction behavior by mass spectrometry and photoelectron emission microscopy
(PEEM), respectively, and explored especially the region of the phase transition between low and
high reactivity. We followed the rate-dependent width of an observed hysteresis in the reactivity and
the kinetics of nucleation and growth of individual oxygen and CO islands using the PEEM
techniqgue. We were able to adjust conditions of the external control parameters which totally
inhibited the motion of the reaction/diffusion front. By systematic variation of these conditions we
could pinpoint a whole region of external control parameters in which the reaction/diffusion front
does not move. Parallel model calculations suggest that the front is actually pinned by surface
defects. In summary, our experiments and simulation reveal the existence of an “experimental”
bistable region inside the “computed” bistable region of the reactivity diagf@mhaped curye
leading to a novel dollar($)-shaped curve. @€1999 American Institute of Physics.
[S0021-960609)70122-4

I. INTRODUCTION dation on various metal single-crystal surfaéeseverthe-

. . less, only part of the actual physical surface processes is
ior ;’fh(e) r:r?er?cr)lrjlz aljrﬁizki)rtii?rrr]]c{se”::mvgtrnthi dgzsméﬁzlmbi;?a\féally understood, the reason being that the elementary steps
reactor fechnolo q or biolo yhas rownde)J/rin ,the last tv\?’(;are influenced by a whole variety of specific microscopic and
gy or gy gro 9 “mesoscopic details which are not very well known in all
decades to an exciting and productive part of natural sci-

ences, and one is very much interested in mutual correlatio cases. For example—and this will be shown in the present
! /ery . _ r‘Work—mesoscopic crystallographic surface defects must be
or universal behavior of the respective systénfszrom the

. . . . . i i reckoned among these unknown “details” which may intro-
chemical point of view, “simple”(two-dimensionglsurface

. : - .. duce a certain degree of “noise” to the body of external
reactions such as the catalytic oxidation of carbon monox'd%ontrol parameters and assist, for example, nucleation phe-

belong to a class of systems whose dynamical behavior is - f ion/diffusion f _
still relatively transparent compared with the well-known omena or cause a pinning o reaction/diffusion fronts in a
given pressure range.

three-dimensional solution reactions of the Belousov— It is convenient to distinguish the trunicroscopic
Zhabotinskii type® which are considerably more compli- range, with length scales<in <1000 nm, from themesos.-
cated. Much effort has been d_evoted to.elut.:ldate the dynamEopic (1=A=<1000zm) and macroscopic range G
cal properties of the cgtalytlc Cco ox.|dat|on on platinum 1 mm), because different physical phenomena are imaged
metal surfaces. Accordingly, there exists a real wealth o the available microscopies or surface-analytical tech-
literature about, among others, hysteresis phenomena, kinetrl%

oscillations, or pattern formation during the catalytic CO oxi- ues: In themicroscopicregime, coverage-dependent sur-
' OrP 9 y face reconstructions and/or order—disorder phase transitions

within the adsorbed pha&@ can occur during the reaction
3Also at Fritz-Haber-Institut der Max-Planck-Gesellschaft, Abteilung and have indeed been observed by scanning tunneling mi-
Grenzflzhenreaktionen, Faradayweg 4-6, D-14195 Berlin-DahIem,Croscopy (STM) or low-energy electron diffraction
Germany. 39 . . .

YAlso at Moscow State University, Department of Computational Math- (.LEED_)' On themesoscoplt_scale, sDat'.Otemporal OSC'"a_'
ematics and Cybernetics, Laboratory for Mathematical Modeling in Phystions like target patterns, spirals, standing waves, chemical
C)iCS, Vorobjevi Gori, 119899 Moscow, Russia. ~ turbulence, and solitary waves have been found for several Pt
On leave from Technical University of Wroclaw, Wybrzeze Wyspi- metal surfaces using photoelectron emission microscopy
anskiego 27, 50-370 Wroclaw, Poland. > .

9Electronic mail: kehr@chemie. fu-berlin.de (PEEM).'® The extension of these phenomena into the atmo-
®Deceased. spheric pressure regime could recently be followed by opti-
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cal microscopies, namely, ellipsometric microscopy for

Berdau et al.

surface-imaging(EMSI) and reflection-anisotropy micros- @ homogeneous level
copy (RAM).! Furthermore, thenacroscopiaegime can be

investigated by more conventional methods like work func-

tion change(A®) and reaction rate measurements which ”ﬁ

probe the “integral” behavior of the respective system. o e B
Dynamical phenomena that lead to the formation of the < *‘\\\
aforementioned temporal or spatiotemporal oscillatitsee il m;}_’@
Ref. 12 for definitions have been reported for the red bistable reqi
O-mediated CO oxidation on @00),*'® P110),4'® Jmmp" kil -
P1(210),'>'%17as well as on Pd 10) surfaces? and for NO- : = =
mediated CO oxidation on @00).2%?° A great deal of fur- @ heterogeneous level
ther experimental and theoretical work is aimed at an under-
standing of the complicated oscillatory phenoméfa?’ g
Among all these reaction systems with their fairly com- "Q: 1;3 Gl
plex dynamical behavior the COO/P{111) system is some- sl A ‘\\ 1 B
what exceptional, because it does not show any spatiotempo- @ I'}l Seel
ral oscillations commonly observed with crystallographically ! :6_’@

open Pt surfaces. On the macroscopic scale, the system only
exhibits two stable steady states, namely, a state of low re-
activity with a predominantly CO covered surface, and a
state of high reactivity with a largely oxygen-covered sur- @
face. Transitions between these two states are, of course,
possible and manifest themselves in a hysteresis, if an exter-
nal control parameter, e.g., the CO partial pressure, is varied
back and forth. Phenomenologically, the width of the hyster-
esis loop depends to some extent on the scan Big
=dPcp/dt in a way that a smalleB-g reduces the width of
the loop. At this point a principal question arises, namely,
whether or not this width approaches and reaches even zero
for an infinitely low scan rate. This is equivalent to the prob-
lem of whether a region of bistability between the tstable
steady states exists, which will be a major issue of the
present paper.
Previous experimental and theoretical work for CO 0Xi-FIG. 1. A “nonlinear bistable system” is characterized by the dependence of a state
dation on P(U.ll) has been Surveyed in a recent review ar-variable(the CO coverag® CQ) on a control parametdthe CO pressujeand result
ticle by Zhdanov and Kasen?é.On the theoretical side. the in a typical S-shaped curv@) or in our new $-shaped curve). The two experimen-
th tical del d si lati b d ' tally relevant steady states of high reactivitpw ©® CQ) and low reactivity (high
mathema ICS.l mode a.n S_Imu a '9”5 are _ase upon a Syg-co) can either be stablesolid line) or metastablédash-dotted ling the third state
tem of nonlinear partial differential equations that follow is unstable(dashed ling and occurs only in simulations. The stripe of schematical
from the common Langmuir_Hinshelwooﬂ_H) reaction PEEM patterns in the bottom illustrates the principal mesoscopic features observable
mechanisny: 2526 assuming coadsorption of both C@ne on the surface.Macroscopic States are indicated by squares and circles,
d . . iracnd duri h . whereby we delineatestable states by squares, artcansient states by
a .sorptlon.sne reqqlre n oxyge_n prlngt e reacti¢two circles. (in the text, we denote the ‘“square” states by braces and the
adjacent sites required, a condition introduced by the neceseircle” states by round brackels Summarized are three levels of deter-
sary dissociation of the oxygen molecule ministic modeling(all resting upon the Langmuir—Hinshelwood reaction
Based on the elementary LH reaction steps, diﬁerenfteps(a)—(c)._ @ Slmulatlons baseq on the homogenequs level considering
) . . " ‘only the ordinary differential equations of the LH reaction steps and result-
models can be applied to simulate the surface-chemical SitUsg'in a simple S-shaped curve. The possible macroscopic steady states can
ation and to predict both the macroscopic and mesoscopige either stablésolid lines or unstable(dashed ling The two bifurcation
dynamical behavior of the system. These models can be digoints ua and ug separate thécomputed bistable region from the two
. . . e - L monostable regions A and Bb) Simulations based on the heterogeneous
tmnghed by thel!’ level of sophlstlcatpn, an,d the prInCIpallevel with diffusion terms added to the differential equations of the homo-
features of three important levels of simulati@—(c) are  geneous model: For a certain CO partial pressure, an equistability point
schematically illustrated in Fig. 1. Shown is a column of inside the computed bistable region results. A region of assisted nucleation
three associated plots of a state varialsiech as the macro- ©f €O (7<Pco) and oxygen islandss>pco) consisting of initial super-

. . . . critical nuclei appears within the computed bistable region due to high noise
SCOPIF: stationary CO Covera@CO (y coqrdlnate agal,nSt a level. For extremely slow scans ptg the macroscopic hysteresis degener-
decisive control paramet¢the “CO partial pressure,’pco  ates to a single transition right at the equistability pojntin the absence of
(x coordinate], while all other control parameters are kept noise the model gives the same width of hysteresis loop as the above-
constant. Both the coverage and distribution of the reactantgentioned model of homogeneous levét) Simulations based on tHest-

CO and ox nr nd directly to th diustment of erogeneous level with inhomogeneitids consider defects. A so-called

a oxygen respo eclly 1o the aqjusime . Or afygjar- ($-) shaped curve is obtained, whose prominent feature is the addi-

external control parametéflow rate F, CO and Q partial

tional region of experimental bistability inside the region of assisted nucle-
pressures, sample temperat{diescan rates3i of tempera-  ation. Both regions are separated from each other by the paindsid v .

Elssisted nuclelufion regior:
Hg n Ha P

B

Eiperimenal bistable regigh
s Ve Vo Ha Peo
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ture, CO and oxygen pressure, respectivalyd monitor the configuration—monostable and bistable regions occur for
state of the system. A very useful and convenient probe focertain combinations of the control parameters. Upon varia-
the lateral distribution of the reactants on the mesoscopition of a single control parameter, a simple S-shaped curve
scale is the already mentioned PEEM technique, and accordepresents the possible macroscopic steady states. These can
ingly, we add to the bottom of Fidl a stripe containing a be mathematically either stablsolid lines in Fig. 1a)] or
sequence of schematic pattefdenoted 1-bwhich can be unstable[the dashed line in Fig.(&)]. In other words, the
observed by PEEM and define the various mesoscopisystem will have to “decide” between one of the two stable
“states” of the reacting system. Figures inside a square desteady states, if the control parameterg., the CO partial
note stablestates, while figures inside the circles mapga-  pressurgis adjusted between the twindicated bifurcation
tiotemporal (i.e., transient patterns formed on the surface points ua and ug. For convenience and clarity, we denote
during transition between stable stat¢€oncerning the this bistable area as theomputed bistable regionin the
PEEM contrast, we recall that the CO-coveredlP1) sur- frame of this simple deterministic description the width of
face exhibits a low work function and produdasght PEEM  the hysteresis loop equals the width of the computed bistable
images, while an O-covered (B1L1) surface with its higher region.
work function causes dark PEEM imagé. (b) On theheterogeneoukevel only diffusion terms are

The three diagrams of Fig. 1 describe the principal posadded to the differential equations of the homogeneous
sibilities of how a nonlinear reaction system can be classimodel. Still, defects are not considered. This simulation can
fied. The typical S-shaped curve shows three steady states sficcessfully model the shape of the initial critical nuclei, the
reactive behavior, which are either stadelid line), meta-  regions of assisted nucleation of CO- and oxygen states, and
stable(dash-dotted ling or unstable(dashed ling Theun- the equistability condition. Furthermore, it is helpful to in-
stablesteady state is only mathematically relevant and willvestigate the initial growth of supercritical nuclei of both CO
be neglected in the following. The remaining two steadyand oxygen during the transition between the two steady
states are then either stable or metastable. Turning to the&tates and the disappearance of subcritical nuclei. We em-
special case of CO oxidation, we hajadtogether twpstable  phasize, however, that this deterministic mesoscopic model
steady states represented by the oxygen-covered sutfece is unable to explain the nucleation of a new state.
lower branch of the S-shaped curve at low CO coverage (c) The most far-reaching deterministic model, viz., the
Oco) and by the CO-covered surfagthe upper branch of heterogeneous level with inhomogeneitidsparts from the
the S-shaped curve at highcg), respectively. Since the heterogeneous level, but no longer excludes defects. Only
oxygen-covered surface exhibits a high reactivity, we denot¢his model allows us to investigate the appearance of a
the respective state as teteady state of high reactivitgr ~ nucleus of new state in the vicinity of a local surface defect.
simply theoxygen sideln contrast, the reactivity of the CO- The resulting prominent new feature is the additiomagjion
covered surface is low and we refer to it as siheady state of of experimental bistabilityinside the region of assisted
low reactivityor simply theCO side Apparently, the control nucleationBothregions are separated from each other by the
parametefin our case the CO pressuiie the crucial quan- pointsv, andvg. Accordingly, the macroscopic and meso-
tity that determines the stability of a state and its location inscopic behavior of the reactive system is strongly affected
reactivity space. For the following consideration it is conve-and deviates substantially from the predictions of the two
nient to introduce boundary values callgg v, or 7. In all other modelqa) and (b).
three levels of the LH moddlFigs. 1a)-1(c)] the system We have a closer look at theterogeneoutevel (b) and
resides in the steady state of high reactivity within therefer to the middle part of Fig. 1. We realize that there now
monostable regiom, if pco<umg, but it will reside in the occurs an equistability poing at a critical CO partial pres-
steady state of low reactivitgwithin the monostable region sure where the respective macroscopic stable steady state
B) if pco>ma. Interestingly, for the intervalug<pco  becomes metastabléndicated by the dash-dotted lines
< up the final “state” of the system depends on history, i.e., Consequently, either CGf pco> %) or oxygen island<if
which monostable region the variation of the control parampco< 7) can form as supercritical initial nuclei in the afore-
eter is started from. How well the experimental behavior ofmentioned computed bistable region. sy approaches the
the system is simulated or theoretically predicted dependsquistability point the sizeA of a critical initial nucleus
sensitively on the degree of sophistication of the mathematincreases; directly a$, A becomes infinite. Hence, to initiate
cal modeling. Actually, this level of modeling can reveal the growth of a new state in close vicinity #p a large initial
quite a complicated dynamic behavior of the system, resultfluctuation is required. In order to distinguish the computed
ing also in a more complex structure of the S-shaped curveistable region occurring in this modét) from the com-
as evident from Figs.(b) and Xc). The three levels of simu- puted bistable region of the homogeneous mddgeive call
lation mentioned above can be characterized as follows: it the region of assisted nucleatioiThis region contains the

(8) The homogeneoutevel considers only the ordinary subregions of assisted nucleation of 88 state(7<pco
differential equations that describe the LH reaction steps<u,) and of theoxygen staté ug<<pco< 7). Outside this
while diffusion terms and surface defects are completely neregion, adsorbing COpo> u) Or adsorbing oxygen mol-
glected. On thigfairly crude level, merely themacroscopic ecules pco<ug) hucleate spontaneously and rapidly, and
behavior of the system can be predicted. Nevertheless, it iaccordingly, we denote the respective ranges in reactivity
interesting to note that—although one departs from an inispace as region@ or B) of spontaneous nucleation.
tially spatially absolutely homogeneous and defect-free  Zhdanov and Kasembconcluded that the macroscopic
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hysteresis will vanish, if the islands nucleate and grow sufieans, but also supported by model simulations taking care
ficiently rapidly. In other words, a steplike change of theof defectson exactly these two conclusions about a vanish-
reactivity (and coverageat a single decisive CO partial pres- ing macroscopic hysteresis and the lateral mesoscopic mor-
sure is predicted which is equivalent to the aforementioneghhology and its dynamic behavior in the critical regime of
equistability point» of the two phases, where the hysteresiscomputed bistability. We will especially investigate the ef-
loop degenerates to a single line. Of course, the aforemerect of the scan rat@ of an external control parameter on the
tioned growth velocity has to be considered more closelymacroscopic reaction rate by following the hysteresis loop as
The average timerequired for the spontaneous formation of a function of 8, and by directly watching thémesoscopic
a supercritical fluctuation is proportional ®h?3exp@A?), island growth by means of PEEM. Thmacroscopicmea-
with the constana> 0.8 In close vicinity to7 (see abovgt  surements will be dealt with in Sec. Il A, while data about
may be orders of magnitude greater than the period of eventhe lateralmesoscopidehavior are presented in Sec. Il B.
slow pco-scan experiment. Consequently, a finite hysteresigVe will deduce that—despite Zhdanov's and Kasemo’s
loop may be found even in this case of an extremely slowpredictioné*—a finite experimental hysteresis loop does ex-
Pco scan. Despite this reservation, the main conclusion aboust which in turn proves the existence of a true region of
the disappearance of a hysteresis remains valid, if the systegxperimental bistabilitybetween twastablesteady statgs
exhibits a rather high noise level. Noise here means uncer- Our experiments and model simulati¢heterogeneous
tainties and fluctuations of the decisive external control palevel including defecjsenable us to construct the more so-
rameters. Baet al.,?’ using the same model, combine the phisticatedbut realistig reactivity diagram presented in Fig.
condition of equistability and island growth when they statel(c) which we call, for simplicity, the dollar-shaped curve. It
that thefront velocityof the island growth reaches zero right is & consequence of the consideration of defects and charac-
at the equistability point. terized by the appearance of an experimental bistable region
In order to understand the Systen‘hajerm response to inside the area of assisted nucleation as indicated in Flg
deliberate variations of a control parameter we perform al(c). In this particular region the system stays in either one of
cyclic variation of the CO partial pressure and start off withthe twostablesteady states, and a special adjustment of the
the oxygen-covered statef high reactivity in the area of the experimental parameters will drive the system into stationary
monostable region A. Please note that figures inside bracd¥havior with neighboring CO and oxygen areas, indicated
symbolizestable states while figures inside round bracketsin Fig. 1(c) as statg5}. On various occasions, we will return
denote spatiotemporalstates. The associated surface mor-t0 Fig. 1(c) in our paper.
phology is a plain surface covered exclusively with oxygen
(black ared1} in the sequence of schematical PEEM images
at the bottom of Fig. L Following the arrow to the right Il. EXPERIMENT
[Fig. 1(b)], the pointsy andu are reached and crossed. The  All experiments were carried out in a 30stainless steel
following behavior depends crucially on the scan rétg,.  ultrahigh vacuum reaction chamb@ase pressure in the low
For highBco, Pco is driven rapidly into the region of spon- 10~ °Torr range equipped with a mass spectrometer and a
taneous nucleation beyongd,, and one observes rapid photoelectron emission microscog®EEM), besides the
nucleation and subsequent growthsofiall CO islands in an  standard facilities to clean and characterize a metal single-
oxygen environmen{“white” spots or nuclei in a dark crystal surface. As described elsewh&®EEM provides a
“sea” of adsorbed oxygen, cf. patterd]. For small3co,  magnified image of the surface, due to the work-function-
on the other hand, the system first remains inside the regioinduced intensity contrast of the photoelectrons emitted from
of assisted nucleation for a long time, and large CO islandshe surface after irradiation with UV light.
[shown in Fig. 2a)] can develop and finally cover the entire  The platinum(111) sample was x-ray oriented and cut to
surface(except some defegtsFinally, however, the system within 0.5° from a high-purity () single-crystal boule; its
approaches and transforms to ttablesteady state of low effective area was 66 nfmAppropriate cleaning was accom-
reactivity (the CO-covered surfageand pattern(3} is ob-  plished using repeated cycles of*Aion sputtering, followed
tained. If the CO partial pressure is now gradually reducedy gentle treatments in oxygen. By means of a PID regulator,
[Fig. 1(b)], the system remains in th@netastablg steady the sample temperature could be adjusted and kept constant
state of low reactivity for a whole while, even though point to within 0.1 K. The partial pressures of CO and oxygen
is crossed again. In a similar manner as formerly describe@O,) were measured by means of a Bayard—Alpert-type ion
for positive B¢o, the transition to the steady state of high gauge in the pressure regime 0 Torr<p;<10 ° Torr (to-
reactivity takes place via nucleation and growth of “dark” tal error ~20%), and by a spinning-rotor gauge fqp;
oxygen islands in a “white” surrounding of CO adsorbate, >10° Torr (total error~3%). A sophisticated gas purifica-
the details depending on the scan r@te,. Pattern 4a) is  tion and inlet control system allowed us to keep the gas
observed for slow scan rates, while patteth)4s character- pressures strictly constant, to program linear positive or
istic of spontaneous nucleation of many small oxygen islandsegative pressure rises, or to perform pressure juimasxi-
within a “sea” of CO adsorbate at high negative values of mum regulation time 10)sDue to the electronic regulation
Bco- Finally, the initial situation, namely the highly reactive (Stange Micro-programmer SE-131)-Noressure changes
oxygen-covered surfacfl}, is restored and the cycle com- within an accuracy of 1% of the set value could be routinely
pleted. performed. The pumping speed could be determined inde-
In the following work we will focus, byexperimental pendently and regulated by a standard gate valve. Before use,
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the already very clean gasé80: 99 997 vol %, Linde; oxy- Hysteresis of C0+0/ Pt (111}
gen: 99 999 vol %, Lindewere further purified with the help pumping speed = 85 U/s
of special zeolite molecular sieves. p, = 4x107 Torr

We judged the reactivity of the @tl1) surface from the o
CO, mass spectrometer sigramu 44. A (qualitative mea-
sure of the CO and oxygen coverages is provided by the
work function of the sample as monitored by PEEhre, a @ -‘*"w’
circular area of 38Qum in diameter is imagedFor P{111), i
the final work function produced by a saturation coverage of
oxygert® seems to be significantly higher than the work 3
function caused by C® accordingly, islands of adsorbed o A
oxygen appear dardow photocurrentwhile islands of car- —_ /

T=46132K

bon monoxide are brightlarge photocurrent The PEEM
images were recorded by a charge-coupled deW@€D)
camera and stored on a HI-8 video tdfdl-frame image 40
ms, half-frame image 20 nisa special computer program R WSS W SR A S SO SR S
allowing image averagingthe presented images consist of T2z 3 4 5 6 7T 8 9 10
2-10 video frameshelped considerably to reduce the image

noise. It also enabled us to take difference images and to @
observe and judge slow changes in the morphology of the

surface. A
ERN —
lll. RESULTS 3
. _ & To—e
A. Macroscopic behavior R

1. Influence of external control parameters

Figure 2 shows the crude macroscopic behavior of a

Pt(111) single-crystal surface held at a temperatufe I T TN N R SR SR SN B

=413.2 K and exposed to a constant oxygen partial pressure tz 3 4 5 6 7 8 9 10
_ _5 . . . Pgo (107" Torr)

(p02—4>< 10 > Torr), while the CO partial pressure is var-

ied (at a constant rat8o) from high to low values and back FIG. 2. Hysteresis in the reactant coverdge measured by the PEEM

again. In Fig. 23) we plot the(negative photocurrent mea- Photocurrent |, upper parta)] and in the CQreaction ratglower part,(b)].

. . B The data were obtained with a(P11) surface upon cyclic variation of the
sured in a PEEM experimerivhich reflects the CO and CO partial pressuréplotted on thex axis) for otherwise constant external

oxygen coverage, respectivelgs a function of CO partial  control parameters given in the head of the figures. The system is in the
pressure: note that a low photocurrent indicates an oxygenwacroscopic steady state of high reactivity at low CO partial pressures, and

covered, high current CO-covered(Pt1) surface. Figure in the ma(_:roscopic gtea_dy state of low reactivity at high CO partial pres-
2(b) displays the(simultaneously measureteactivity Rcozl sures. A bistable region is located between the monostable regions A and B.
i.e., the CQ production rate as detected mass spectrometri-

cally, as a function opco. On the left-hand side, i.e., for transition and rapidly returns to the initial steady state of
low pco, the Pt surface is essentially covered with oxygenhigh reactivity. In the following we denote, and 5 as
(“oxygen side,” monostable region }\and the system is in  (macroscopig transition points where the indices A and B
the macroscopic stable steady state of high reactivity. In thiglenote the monostable region from which we departed in our
steady state, the reaction rdte CO, production raterises  experiments. Note thaty> 75.

linearly with the CO pressure until, @to= 74 (flow rateF, From independent simultaneous measurements of the
Po,. T. B) the surface becomes covered with adsorbed COPEEM photocurrent a continuous change of the surface cov-
This “CO side” corresponds to the other macroscopic stablesrage is apparent also on the oxygen side, in a way that
steady state of low reactivity, in which the low gProduc-  decreasingpco causes a decreasing CO coverage and in-
tion rate is caused by a more or less dense layer of adsorb@&deasing oxygen coverage, while in the steady state of low
CO molecules which inhibits coadsorption of oxygen and reactivity the CO coverage remains almost constantly high
hence, the LH reaction to take place. After this transition, thdor a whole range ofpcg. This hysteresis allows us two
system remains in the steady state of low reactivity locatedubdivide the CO pressure regime into the two monostable
in the monostable region B. Even if the CO partial pressureegions A pco<7g) and B (pco>74), Separated from each

is now reduced again, the system nevertheless remains in tlather by a bistable regiontf>pco>7g5). In all threere-

less reactive state for a whileThe gradual decrease of the gions the system is either in one of th&o macroscopic
CO, signal of Fig. Zb) is due to a decreasing background steady state of low or high reactivity.

signal with the variation obcg and has no other physical Ehsasiet al*’ showed that a variation of the CO pres-
origin]. As the CO partial pressure continues to fall, the syssure at constant oxygen partial pressure and at different
tem suddenly undergoes, pto=78(F.po,.T.8), a steep sample temperatureb can elucidate the principal tempera-
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T (K)
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1 ) 1 ) J 1 T 1 1 )
10 Phase Diagram of CO+0/Pt(111)
i pumping speed = 85 /s
- Py = 4x107 Torr
B 2
steady state of
—_ W low reactivity
,__ C
[ -
o o
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o B .
a” = steady state of hysteresis
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10 |- A
v
! 1 1 | j ] 1 ] I I L
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FIG. 3. Kinetic phase diagram of the CO oxidation oK1R1): Plotted are the CO partial pressures of the macroscopic transition pgiretsd 7 [cf. Fig.

2(b)] against the inverse temperature. The obtained “phase boundaries” separate the bistable region from the two monostable regions A and B over a large
temperature interval. For convenience, an additional temperature scale is given on the upper ordinate. It is clearly demonstrated that the bistable region
becomes narrower with increasing temperature and no longer exists b&yabiso K.

ture influence on the reactive behavior of the systémthis  of such a plot, because the data cannot be obtained by a
work the CO pressure was varied in one direction only. Duesingle method over the whole range of parameter variation:
to this experimental restriction Ehsaatial. did not detect a For oxygen pressurezbovel0 ° Torr the reaction rate can
hysteresis for the CO oxidation on(P11) which was re-  easily be measured mass spectrometrically for any CO partial
ported by Zhdanov and Kasefifp It is convenient to per-  pressure; a single cycle is completed in about 30 min. The
form similar experiments as shown in Fig. 1, from which arespective data points are indicated in Fig. 4 by open tri-
plot of the CO partial pressure against the inverse temperasngles. However, for oxygen pressubedow10 5 Torr, the

ture can be constructed. In this plot, the CO partial pressurgansition between the two steady states is preferably moni-
values r'lgh.t at the macroscopic transnlqn poimfsand 7g  {5red by the PEEM photocurreninote that a CO and
can be indicated and interconneced, Fig. 2b)]. The re- v qan covered surface can easily be distinguished) here
sulting Pco VS -l re_presentatl_on then |IIu§trates the IOhaserather than by mass spectrometry: At these low oxygen pres-
boundaries separating the bistable region from the twoSures and in view of the poor reactivity of the(Pt1) sur-
monostable regions A and B over a large temperature rang

Actually, it may be considered as a kind of a kinetic phase?ace' the high flow rate of 85/s and the large reactor volume,

diagram(for a more elaborate explanation of this term, seethe CQ production rat_e is swamped py the chkground
Refs. 18 and 31 For Pt111), the respective plot is shown in mass spectrometer signal. The de_ta|led experimental proce-
Fig. 3; for convenience, an additional temperature scale idureé Was as follows: When departing from monostable state

given on the upper ordinate. Figure 3 clearly demonstrateE the 0xygenpressure was steplike increased until the tran-
that the bistable region becomes narrower with increasin§!ion occurredA 5 min interval was provided between the
temperature and no longer exists beydnd550 K. In other respective pressure changes to allow the transition to take
words, no hysteresis in the CO oxidation appears for samplBlace. We have marked the respective data points in Fig. 4
temperatured >550 K. by full triangles. _ _

An entirely equivalent representation of the kinetic ~ Altogether, the isothermal phase diagram of Fig. 4 ex-
phase diagram which is shown as Fig. 4 consists disan  hibits an interesting overall shapeompared to similar phase
thermal plot of the CO partial pressure against the oxygendiagrams determined for the CO oxidation ove(2®6)*? or
partial pressuréin Fig. 4, a constant sample temperature ofPd110'® where a crossing of the phase boundary lines was
413.2 K was chosen Again, the macroscopic transition observed Within our data statistics, we rather obtain two
points 7, and gz are indicated and interconnected by a line.parallel phase separation lines, which means that the width
A short comment is necessary as regards the “construction’df the hysteresis does not depend on the CO and oxygen
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partial pressures, at least not for the set and range of external
Phase Diagram of CO +0 / Pt{(111) control parameters used in our experiments.

pumping speed = 85 (/s
T=413.2K

-3 . .
10 2. Time dependencies

For the following considerations the dynamical response
of the system to intentional changes of the experimental con-
trol parametd(s) is of great interest. In the introductory chap-
ter, we pointed already to the conclusion of Zhdanov and
Kasemd®* who stated that the two branches of the hysteresis
should fall together to the equistability point, provided
there occurs sufficiently rapid nucleation and growth of is-
lands. We have, therefore, varied the scan rate of the CO
partial pressureBco=dpco/dt from ~4x10 8 Torr/s to
~6x10 Torr/s (time t for a single scan between 4 min
and 4 b. As illustrated in Fig. 5 by means of four examples
steady state of (t=5, 10, 60, and 120 min in one scan direcliowe can
tow reactivity clearly diagnose that the macroscopic transition points
and rg approach each other and the width of the hysteresis
shrinks with decreasin§co. The respective results are sum-
marized in Fig. 6, which shows this narrowing effect even
more clearly. However, due to experimental limitations we
cannot establish scan rates lower than ¥Qorr/s and are
unable to decide whether or not the two branches will meet

. o . _ at still lower scan rates. Although our results could perhaps
FIG. 4. The isothermal kinetic phase diagram=413.2K) consists of a . . . . .
plot of the CO partial pressure against the oxygen partial pressure. Agaiﬂ,ndICate a finite |00p width of the macrOSCOplca"y observed
the macroscopic transition points and are indicated and interconnected hysteresis also for infinitely slow scan rates this cannot posi-
by aline. These lines remain parallel at least within three decades of the C@ively be affirmed by the experimental procedure used here.

and oxygen pressure spanned in our experiment. The different symbols qﬁ order to solve the principal problem of whether the hys-
the data points reflect different modes of the measureitseet the text for P pal’p y

detailg. Obviously, the monostable regions A and B are separated from eacr‘fi'reSIS dlsappears for mfm'tely slow _S_Cfin reete 'S_ stated _by
other by a region of bistability. Zhdanov and Kasenid for the condition of rapid creation

steady state of

high reactivity
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FIG. 5. Time dependence of the hysteresis of the rea¢tdDO, production rate on the scan rate of the CO partial pressure. The four examples of CO partial
pressure variation shown refer to the scan times in each direction of 5, 10, 60, and 120 min, respectively. Apparently the macroscopic transiti@amgoints
7g approach each other and the width of the hysteresis loop shrinks as the scan rate decreases.
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Time Dependence of the Hysteresis of CO+0/Pt(111) Hysteresis of C0+0/ Pt (111)
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FIG. 6. Dependence of the macroscopic transition poigtend 7z (and,
hence, of the width of the hysteresisn the scan rate of the CO pressure,
Bco=dpco/dt. Note that the width of the hysteresis shrinks as the scan rate
is reduced to the lowest experimentally applicable scan rate of 6
X 10" °Torr/s. Extrapolation tg8.o— 0 seems to indicate a finite width of
the hysteresis.

Rmz (a.u)

and propagation of the underlying chemical wayesie can
invoke theoretical considerations and/or investigate the un-
derlying phenomena no longer on a macroscopic, but on a i L y
mesoscopic(or microscopi¢ scale. In Sec. I1IB, we will 10x10°¢ 30x10° 50x10°
show how useful the PEEM method is to tackle this problem, Peo { Torr)

for it allows a very detailed study of the mesoscopic surface':IG 7 Two plots of th i e vs CO partial The hvsteresi
- . 7. Two plots of the reaction rate vs partial pressure. The hysteresis

dynamlcal processes. displayed in the toga) concerns a surface region in which an oxygen-type

defect is located. The hysteresis shown in the bottbyrefers to CO-type

1 1 1

1
70x10°¢

B. Spatiotemporal behavior on a mesoscopic scale defects which promote the formation ofrbon monoxidéslands. The two
hystereses are directly correlated with teamultaneously measurederies

1. Pattern formation during cyclic scans of the of PEEM images presented in Figs. 8 and 9. The marks on the curves

CO patrtial pressure indicate the momentary CO partial pressure at which the PEEM images

. . . presented in these two figures were taken. The dark dots mark the beginning
The experiments described in Sec. Il A allowed us tOof the series in Figs. 8 and @ime t=0).

determine the macroscopic phase boundaries in the kinetic
phase diagram, cf. Figs. 3 and 4. We can, therefore, preadjust

certain combinations of external control paramet@refer- oty correlated with thésimultaneously measurgderies
ably pco or po, at constanfl andF) and watch the mesos- ot pegM images presented in Figs. 8 and 9. Tipperhys-
copic morphology, in particular a spontaneous or assistegbresis[Fig. 7(a)] concerns a surface region in which an
nucleation of CO or oxygen, in the photoelectron emissiorpxygen-type defect is located. This gives rise to the forma-
microscope. Another observation concerns ttble of crys-  tion or disappearance @ixygenislands(we recall that they
tallographic defectsin both series of PEEM images one can gppeardark on a gray backgroungdwhile thelower hyster-
clearly recognize mesoscopic surface inhomogeneitiesssis[Fig. 7(b)] is linked to three CO-type defects which pro-
which most likely represent crystallographic defe@sintor  mote the formation otarbon monoxidéslands(they appear
screw dislocations, steps, pin holes, ptdnfortunately, pright on a gray PEEM backgrouhdWe also emphasize
their internal morphology cannot be determined, due to thehat the two series of PEEM imagé&diameter 38Qum) con-
limited resolution of PEEM. We realize, however, thdea  cern surface patches which are ony500 um far apart;
defects are very active with respect to the nucleation of CQonsequenﬂy, local pressure gradients due to Sh|e|d|ng ef-
and oxygen, while others are not. These “active” inhomo-fects (possibly caused by the PEEM entrance Jeare prac-
geneities act as nucleation centers either for the formation afcally identical for both surface areas.
CO islandg(CO-type defecior oxygen islandgoxygen-type We will now describe the typical spatiotemporal behav-
defects. ior in the environment of an oxygen-type defect and the re-
In Fig. 7 we present two plots of the reacti@ire., CO,  sulting growth of oxygen islands during a CO pressure scan.
formation rate versus the CO pressure, for fixed oxygenFor this purpose, we present, in Fig. 8, a series of PEEM
partial pressurepo,=4x10“Torr and temperature T images and keep Fig(d in mind. We start off with a com-
=413.2K). Two hystereses are observed which can be dipletely CO-covered P111) surface in the monostable region
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PEEM images of CO+0/ Pt(111)
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FIG. 8. Series of PEEM images taken in a surface region with one oxygen-type defect. Each image displays a circular ayema of 8&0neter. The head

of the figure contains the relevant external control parameters and also shows how the CO pressure scan was(fiest@gaed0, thenB-o>0). Note that

the oxygen island appears dark on a bright background; during the first half-cycle, the oxygen island nucleates at the oxygen-ffiig. @&tel;tfollowed

by a spontaneous nucleation of oxygen in the vicinity of the oxygen idlitd 82)]. Spontaneous nucleation of CO, on the other hand, occurs during the
second half-cycl¢Fig. 83)]. The CO pressure scan belonging to this series of images is monitored in(&ig. 7

B and proceed from the dark dot indicated in Figg)7along  and the surrounding area of the island becomes spontane-
the arrow(the CO partial pressure is slowly lowejedn  ously covered with oxygen. Finally, the system is in the
addition, the respective PEEM “snapshots” taken along thissteady state of high reactivity as monitored by Fi¢3aB.
course are marked whereby we use the same notation as jfere, most of the CO molecules have been reacted off and
Fig. 8. Turning to Fig. 8, we present a series of such snapeplaced by oxygen, and there appears no PEEM contrast
shots while the CO partial pressure is gradually reduced,ymore. The macroscopic reaction rate follows the same
[Figs. &1) and 82)] and increased agaifFig. 8(3)]. One .4 a5 can be deduced again from Figp)7upper half.

clearly observes a smaftlark oxygen island formed at a Note that this rate was measured in a completely parallel

defect approximately in the middle of the PEEM image and . . . .
still surrounded by a dense CO environment, cf. Figaag fashion. Figures 7 and 8 both prove that the formerly inactive

and §1b), long before the transition to the steady state Of_system_transforms to a reactive one as CO molecules are
increasingly replaced by oxygen atoms. We are well aware

high reactivity occurs. Approximately 20 s latdFig. ) _ ' )
8(1c)—during these 20 s the oxygen nucleus expands onl)t»hat there is an apparent difference in the reaction Rg,
slightly—the radius of the oxygen island increases quite rapbetween decreasing and increasing CO partial pressures in
idly within a period of only~6 s, cf. Figs. 8lc) to 82d),  the high-reactivity range of Fig. 7: fopco=2x 10 ° Torr
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PEEM images of CO+0/ Pt(111)

F(LIs) |pg(Torr)fpy, (Torr)f T (K) | At (s)

85 || 4x10* | w132 | 024-50

21616 s 21640 s 21664 s

21688 s

-

380 um

FIG. 9. Series of PEEM images taken in a surface region with three CO-type defects. Again, each image displays a circular aren iof G&fneter, the
external control parameters and the principle course opthgscan can be taken from the head of the figure. The parallel reactivity of th&1lPsurface

can be judged from Fig.(B). For Bco>0 the assisted nucleation of CO islarigy. A1)] competes with the spontaneous nucleation that occurs in the vicinity
of the CO islandgFig. 92)], while for 8co<0 only spontaneous nucleation of oxygen can be obsdifvigd %3)].

the rate for negativepco scan surmounts the one observedNevertheless, local oxygen coverages may survive for a
during positivepco scan. This experimental artifact is causedrather long time right at those oxygen-type defects or surface
by the rapid variation of the CO pressure and the concomiinhomogeneities from which the oxygen islands initially
tant phase lag between the electronic pressure regulation aegiginated.
the actual chamber pressure; however, it does not affect the Next we turn to the counterpart, namely to the behavior
position of the reactivity maxima on thecg scale. For in- in the vicinity of three CO-type defects and discuss the
creasing CO pressure, the reaction-rate maximum appears racleation, growth, and off-reaction of Ci€landsduring a
5.5x 10 ® Torr, for decreasingco the reactivity is highest CO pressure cycle. The overall situation is illustrated by
at 1.7x 10 ¢ Torr. means of Fig. 9. As before with oxygen, the parallel reactiv-
The PEEM images presented in Fig:3Bmonitor the ity of the P{111) surface can be judged from Fig(bj, in
behavior for increasing-o and the transition back to the which we mark the point of departure by a dark dot and the
macroscopic steady state of low reactivity. They demonstratdirection of our cycle by an arrow. Note that both cycles in
that CO islands are not formed at these defects, and the ovdrig. 7 were performed one after the other. Again, the PEEM
all CO coverage is mainly the result of spontaneous nuclesnapshots presented in Figé18)—9(1C), etc. are indicated.
ation which takes place everywhere on th€lP1) surface. |Initially, the surface is completely covered with oxygen. Fig-
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ures 91A)—9(1D) then show the beginning nucleation and state, according to Fig.(d) {3}— (4b)—{1}). The moment
growth of CO islands in an oxygen environment, wherebyof the CO pressure jump is definedtasO s.
the nucleation of CO, too, takes place preferentially at the  According to Fig. 1c), we depart in the first experiment
three aforementioned defect sites. The CO islands grow rafwith its lower Apc from state{3} and follow the arrow to
idly and coalescgFig. A1)]. The respective large island con- the left. The system becomes metastallash-dotted ling
tinues to grow Fig. 92A)], until a spontaneous nucleation of we pass the transient statéa) and end up with the stable
CO reacts off all the surrounding oxygen, a situation that issteady stat¢l} right inside the region of assisted nucleation,
monitored in Figs. @C) and 92D). Figure 942D) then rep-  but outside the region of experimental bistabilifig. 1(c):
resents a completely CO-covered, inactiv€lP1) surface. ug<pco<vg]. The associated mesoscopic surface structure
The subsequent lowering of the CO pressumegative scan  is documented by Fig. 18) which provides a sequence of 12
leads to the sequence of PEEM images shown in FigsPEEM images taken after continuous time intervals
9(3A)—-9A(3D): While large oxygen islands are not formed in (given in the legend of the Fig.)1Two effects deserve at-
this local area of the surface, we find a very fast{s) tention. First, there occurs a remarkable induction period: it
spontaneous nucleation of oxyggfigs. 93B)-9(3D)]. Just  is not until 780 s that ddark oxygen nucleus right in the
the direct vicinity of the three CO-type defects can keep itsmiddle of the image begins to expafiig. 10a,13]. Sec-
local CO coverage for a longer time perifigig. A3D)]; a  ond, a comparatively slow growth process takes place after
behavior similar to what occurred near the oxygen-type dethis induction period which we illustrate by the sequence of
fect. We recall our remarks made in Sec. | and refer espePEEM images taken after subsequent time intersalsf 10
cially to the description of a cycle given in Fig. 1. The situ- s[20 s between imagegd and 3a)]. Note that the sample
ation we just described is representative for a fast scaRas been moved to the left after the imagés)22(c), 2(d)
experiment characterized in Fig(cl by the sequence of and down after &) were taken. In the final image, cf. Fig.
PEEM patternd1}— (2b) —{3}—(4b)—{1}. 10(a3d only a small surface area is left covered with CO, by
far the majority of the RL11) surface has become covered
2. Pattern formation after steplike changes of the CO with adsorbed oxygen. We emphasize that, for thi? choige ,Of
partial pressure external control parameters, we never succeeded in obtaining
a. Positive or negative steplike changes of CO partialSPontaneous nucleation in a manner described above for our

pressure. We were particularly interested in how the tran- CO pressure-scan experiments.
sitions between the two macroscopic stable steady states are We comment now on the second kind of jump experi-
reflected in the spontaneous nucleation and especially in tH@ent with its larger CO pressure drépf. Fig. 10b)] and
island growth and performed systematic PEEM experimentdefer again to the general scheme of Fi(c) 1As before, we
We followed the relaxation of the reactive system after thestart off from state{3} and rapidly reach statetb); thereaf-
CO partial pressure had been steplike decredisereaseyi  ter, the system moves into steady state of high react{tity
and kept on a constant level. To better understand the varioyhich is located right inside the monostable regioriFAg.
“jump” experiments we recall the diagram of Fig(d in  1(0): pco<ug]. First, there occurs nucleation and growth of
which these “jumps” are indicated by arrows. The PEEM an individual oxygen island as documented by the single
observations are summarized in Fig. 10 for the oxygen and ifdark) spot in the center of the PEEM image. Already 17 s
Fig. 11 for the carbon monoxide nucleation. Figuregal0 after the CO pressure jump this oxygen island is clearly vis-
and 11a) refer to theslow assistechucleation and growth of ible and grows rapidly during the forthfollowing 3 [&ig.
large island$Fig. 1(c) states(2) and (4a)] while Figs. 1@b) 10(b,1)]. While this island apparently nucleates at a surface
and 11b) refer mainly to therapid spontaneousiucleation —defect(and may thus indicate assisted nucleatiemidence
of small patche$Fig. 1(c) states(2b) and (4b)]. also of spontaneous nucleation is provided by the sudden rise
All relaxation experiments were carried out at a constanef the “dark” PEEM background~20 s after the CO pres-
flow rate of 85/s, a constant oxygen partial pressure of gure has been droppddf. Fig. 1Qb2)]. This behavior is
X 10~* Torr, and a constant sample temperature of 413.2 Kindicative of a more homogeneously increasing oxygen cov-
In order to study the nucleation and growthadygenislands ~ €rage also in the formerly CO-covered region. A very short
in a dense CO adlayer we first generated a fully CO-coveretime interval ¢<1 s) is then sufficient to complete the tran-
Pt(111) surface by adjusting a stationary CO pressure ofition to the entirely oxygen-covered surfdes indicated by
5.9x 108 Torr. This combination of external control param- the disappearance of the black/white contrast and its replace-
eters drives the system safely into tiiablesteady state of Mment by a rather diffuse granulated gray background, c.f.
low reactivity [state{3} in Fig. 1(c)]. The time required for ~Fig. 1ab,3d]. In its final state, the system has transformed
this state to form is less than 60 s. After these 60 s, the C@ the stable steady state of high reactivity, as pointed out
pressure was suddenfie., within At;,,,~109 lowered to above.
a new steady value. In a typical experimémthich is the A completely analogous procedure was now used to fol-
basis of the PEEM patterns of Fig. (H)] a relatively mod- low the nucleation otarbon monoxiden an oxygen envi-
erate CO pressure jump dfpco=—3.19x10 6 Torr to the ~ ronment, i.e., on the oxygen covered1Atl) surface. Again,
final valuepco=2.71x 108 Torr was chosefiin Fig. 1(c):  We first generated a well-defined initial state of thélP1)
change of staté3}— (4a)—{1}]. In contrast, we adjusted surface by adjusting an appropridteirly large) oxygen par-
the |arger pressure drop Qﬁpcoz —4.42X ]_0_6Torr to a tial pressure p02=4>< 10’4T0rr) atT=413.2K, while the
final value ofpco=1.48<107° Torr in Fig. 1ab) [change of CO pressure was held at the comparatively low value of
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PEEM images of CO+0/ Pt(111)
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FIG. 10. (a) Time dependence of the oxygen island growth after the CO partial pressure was steplike lotvegge: ¢ 3.2X 1076 Torr). In Fig. 1(c) the

change of the reactant surface morphology corresponds to the{Rjute(4a)—{1}. The transition to the final steady state of high reactivity takes place via

an assisted nucleation of oxygen. The time interdatibetween the individual images were 1029 s between image2d) and (3], beginning only 785 s

after the jump. The other external control parameters are given in the head of the(fiy&eries of PEEM images similar to Fign), but for a larger steplike

decrease of the CO partial pressure o= —4.4x 1078 Torr. According to Fig. Ic), a change of lateral state was performed along the ré8je
—(4b)—{1}. Here, the transition to the steady state of high reactivity proceeds via a spontaneous nucleation of oxygen. The intervals between the PEEM
snapshots are indicated.

1.5x10 ® Torr. As before, these external control parametergpco=>5.5< 10" Torr [Fig. 1(c): xa<Ppcol, however, drives
ensured that the system rapidly reached and stayed in thhe system, via the transient stat@b), far into the
stable steady state of high reactivitgxygen-covered sur- monostable region Bsteady statd3}). As before, we have
face, monostable region)AAfter stabilization of this phase, monitored the respective changes in the PEEM patterns and
“jump” experiments were performed with the CO partial reproduce these in Figs. (6 and 11b), respectively.

pressure being steplike raised to increasingly larger station- The series of six PEEM images shown in Fig.(d1

ary values. According to Fig.(&), we depart from stat@l} represents a change of state along the roifp—(2a)

and move from left to right: The smallA =+3.1 . . . .
% 10-8Torr to the constant gCO pressure of Q.%%*GTON —{3} of Fig. 1(c). This series illustrates that the small posi-

[Fig. 1(0): ¥A<pco< Al thereby drives the systefuia the tive QO pres.;sure jump cau;es a slow growth of tiibeight)
transient stat€2a)] far into the region of assisted nucleation €O islands in thédark) environment of the oxygen-covered
(but still outside the region of experimental bistabilitfhe ~ surfacelFig. 1al)], whereby the islands nucleate at defects.
rather larger pressure jump dfpco=+4.4x10 ®Torr to  The first nuclei begin to expand after the considerable induc-
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PEEM images of CO+0Q/ Pt(111)
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FIG. 10. (Continued)

tion time of 47 s, and within the next90 s the three CO while one would expect, for the isotropi@1l) surface ori-
patches merge into a single large island. entation, rather circular islands. However, recent LEEM ex-
The eight PEEM images of Fig. () (taken at time periments(low energy electron microscopy? > reveal that
intervalsAt of 2 9 reflect the situation of a larger positive anisotropic steps and kinks may be inhomogeneously distrib-
jump of the CO pressurgchange of state along the route uted across the surface and can facilitate anisotropic island
{1}—(2b)—{3} of Fig. 1(c)]. Again, three CO islands growth.
nucleate at the three defects; they expand 5.5 s after the The four jump experiments described above were se-
pressure rise. Compared to the other experiment, this indudected here as representative for a whole variety of quantita-
tion time is by a factor of 10 shorter. Within the neéks the  tive PEEM measurements at differelp values, for oth-
islands grow considerably and coalesce to a single large i®rwise constant external control parameters. They clearly
land[Fig. 11(b1)]. Analogous to the defect-mediated assistedocalize the boundaries which separate the regions of spon-
nucleation of oxygen islands, a spontaneous nucleation artdneous and assisted nucleation and allow us to map the “ex-
growth of CO islands is suggested by Fig(i3), in which  perimental” bistable region as part of the computed bistable
somewhat more extended white patclieflecting CO nu- region. In these jump experiments, we systematically varied
clei) appear inside the dark “sea” of the oxygen adsorbatethe final partial pressure of CO and adjusted especially those
layer. values which drive the system to the region of assisted nucle-
A final note concerns the observation whereafter bottation. We followed both the corresponding induction times
CO and oxygen islands sometimes exhibit an elliptic shape;,,q and the radii of the respective islands of CO and oxygen,
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PEEM images of CO+0 / Pt(111)
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FIG. 11. (a) Time dependence of the nucleation and growth of carbon monoxide islands. The same procedure as in Fig. 10 was applied except that a positive
CO pressure jump akpco=+3.1x 10 ® Torr was performed along the roug} — (2a)— {3} of Fig. 1(c), i.e., an assisted nucleation transforms the system

into stable steady state of low reactiviffp) Eight PEEM images taken in the same mode as describdd)fexcept the fact that a larger positive CO pressure

jump of Apco=+4.4x 10 8 Torr was applied. In Fig. (t), the system follows the routgl}— (2b)—{3}. Again, three CO islands nucleate at CO-type

defects; they expand 5.5 s after the pressure rise, but spontaneous nucleation drives the system rapidly into the stable steady state of low reactivity. Compared
to the experiment irfa), the induction time is by a factor of 10 shorter.

rco andr,, as a function of the associated CO partial pres-Size that the examples that led to Figs. 10 and 11 are a part of
sure, while all other external control parameffepo,, andT  these systematic measurements.

were kept constant. To determine the “radius” of islands  All growth curves show a common behavior in that an
with elliptic shape we measured the distance of the fronthitial range of small or vanishingly small growth velocity
with respect to the “active” stationary defect where the (Which may well be considered as an induction peyicx
nucleation takes place in a given directi¢shortest dis- Clearly separated from a steeply increasing and finally con-
tance. Our results are summarized in Fig. 12. The top partstant growth rate. Although the physical behavior of the sys-
shows the radius of the oxygen islands, the bottom part thtem depends on where in the $-shaped diagram it is driven
radius of the carbon monoxide islands both as a function obY the actual jump of the external control parametgs [see
time, for various final CO partial pressurpgy which were  Fig. 1(c)], we can illustrate the general behavior in a simpler
steplike adjusted at timé=0s. In order to makexygen fashion by the differenc§ump “height”) of the initial and
islands grow, negative pressure jumfipco were chosen final CO pressureApco: Small heightsApeg cause a large
(whose values follow from the relatioApco=pco—5.9  induction timet;,qy and slow front motion, while a large

X 10 8 Torr). For the growth ofcarbon monoxiddslands, Apco leads to short;4 values and rapid growth. Further-
Apco was adjusted positive, according to the relationmore, it is remarkable how sensitive just the induction time
APco=Pco— 1.5X10 ® Torr). The (constant pressureco  ting (during which the nuclei do not really growlepends on
were chosen such that the system ended up somewhere in pgo, while the final growth rate is much less dependent on
between the region of spontaneous and assisted nucleatidhjs quantity.

respectively, in a manner indicated in Fidcl We empha- The essence of Fig. 12 is summarized in Fig. 13. This
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PEEM images of CO+0/ Pt(111)
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FIG. 11. (Continued)

figure consists of two principal diagrams, namely, a plot ofsures in which the velocity of island expansion varies prac-
the aforementioned induction tinigy against the CO partial tically linearly with the CO pressure. One can now extrapo-
pressurepcg for both oxygen islandésmall pcg, left-hand  late the linear sections of the growth velocity{sg-relation
sidg and CO island$largepco, right-hand sidg Fig. 13a), toward zero velocitydashed lines in Fig. 18)] and can
and the dependence of the growth rétent velocity) on the  immediately deduce that this graph seems to predict a pecu-
CO partial pressure, Fig. 3. [The bottom graph 1®8) is liar range of CO pressures/g~3.1x10 ® Torr<pco<3.5
merely a magnification of the diagram b and will be dis- X10 ® Torr=v,) in which both CO and oxygen islands
cussed further belojvThe induction times;,q for the island  should exhibitzero growth velocityWe denote this particu-
growth given in Fig. 18) were determined by linear ex- lar interval as the region of experimental bistability. In the
trapolation of the steep slope of the curves displayed in Figfollowing section, we present additional experiments that
12 to the hypothetical zero radius. Figured3exhibits two  characterize this region.
principally different ranges of island growth velocity: For b. Positive and negative steplike changes of CO partial
small Apcp values, this velocity is rather small, but a larger pressure. The investigation of the experimental bistable re-
Apco accelerates this growth considerabl§or internal  gion if we start off from the monostable region (8) and
consistency, we have given the growth rate of the oxygeronduct two pressure changes: The first such change, is
islands anegativesign, since an expansion of a CO-coveredpositive(negative, and the second one is negatipesitive.
surface patch causes a parallel shrinking of the O-covered@ihe first jump right into the range,<pco<ua(#s<Pco
surface area The reason behind this behavior is that the<wvg) causes supercritical nuclei of C@xygen to form,
islands expand much faster if spontaneous nucleation is poand islands begin to grow. The second jump to the interval
sible in the surface areas surrounding the islands. We have;<pco<wv, follows, once the island has reached a consid-
determined the border line between velocity regimes and arerable size of some 10@&m. In performing these two
able to locate the pointgg in Fig. 1(c) as follows: ug ~ changes inpco we follow the route{1}—(2a)—{5} and
~2.3X10 8 Torr<pcp<5.5x10 8 Torr~up, . {3} —(4a)—{5}, respectively, in Fig. (). After the first

As Fig. 13c) proves, there is a range of CO partial pres-pressure jump the system behaves as described above, but
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Island growth during CO oxidation/ Pt{111)
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FIG. 12. Condensation of the results of the “pressure jump” experim@igs. 10 and 1t Upper panel:Growth rate of theoxygenisland (as determined
by the time dependent increase of the radius of the i3léordvariouspcg values(the final CO partial pressures are indicated in the jndetwer panel:

Respective growth rate of thearbon monoxidéslands.

immediately after the secontipcg the front velocity slows the fronts were subtracted from the ones obtained after a
down and finally comes to a complete standstill. Accord-certain time interval. Except for some small fluctuations due
ingly, one can observe islands or fronts tHatnot or hardly  to the mechanical vibrations of the sample holder there were
move anymore-in an especially lucky experiment we suc- no indications of any change in the patterns—note that even
ceeded in keeping the front of an oxygen island immobile fora tiny motion of the front will cause a narrow zone of black/
12 hours! The immobility could be quite clearly concluded white contrast right at the edge of the frof@ind is indeed

from difference images where the initial PEEM patterns ofobtained, ifpco conditions are adjusted which induce this
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Island growth during CO oxidation /Pt(111)
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FIG. 13. Upper panel:Induction times observed during
the growth of oxygen and CO islands, as a function of
the CO partial pressure. There is a pressure interval
(~3X1075<po=<4x10° Torr) in which extremely
long, possibly infinitely long, induction times occur.
Middle panel:Plot of the velocity of(island front mo-
tion against the CO partial pressure. Note that the re-
spective velocity of oxygen islands has been given a
negative signBottom panelEnlargement of the middle
panel in the pressure regime-8X10 6<_pgo<4

X 10 ¢ Torr) showing the discontinuity in the growth
rate of the islands which we interpret as proof for the
existence of an experimental bistable region.

motion). Slight changes of the decisive CO partial pressuranakes it difficult to determine the border of the interval with

do not noticeably alter this situation as longmgs, is strictly

kept within the above pressure limits. However, small CO
pressure changes performed in the region of experimentatinsic and technical noise in the system on the mesoscopic
bistability make the front move for a certain time period, level. It is just this absence of a veil of dense noise that
thereafter, it stops again and is absolutely stable, at least &hables us to locate the finite interval of CO-partial pressures
long as the CO pressure remains constant. This slight motiowhich make the reaction/diffusion front stop. Note that the

v=0 exactly.
These results demonstrate also the very low level of in-
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respective experiments are by no means trivial, since it iS8. Isothermal front propagation and the role of
necessary to keep all external control parameferg partial ~ defects

pressuresabsolutely constambver such a long time period. We move a step further and investigate possible reasons
As soon aspco (or any other parameteruns out of the \yhy the reaction fronts stop at certain CO partial pressures
range, the islands either shrink or expand, and the wholgnq give rise to the observed hysteresis. We have already
system inevitably moves either to the oxygen sjtleor to  mentioned the crucial role of surface defects and recall that
the CO side(3}. The different CO partial pressuresiatand  the assisted nucleation of both CO and oxygen islands is
14z} (Wh|Ch determine the width of the experimental bistableapparenﬂy C|ose|y tied to certain defects on the sur'(ate
region can be estimated from the fact that they cause a Vargigs. 9 and 11 It is, therefore, a tempting experiment to
ishing front velocity of the islands. We may put this result make a reaction/diffusion front mov®@y adjusting a certain
differently and state that it indicates a clessal hyStereSiS, CO pressurb hit an “active” defect, and watch possib|e
becausehere exist two stable steady states in the experimenchanges of its expansion Ve|0city. An examp|e is provided
tal bistable regionAccordingly, we regard our finding as the py Fig. 14. The CO pressure is adjusted in a way that the
first evidence of a stable hysteresis occurring in the catalytigystem is outside the experimental bistable regihich
CO oxidation on a Pt single-crystal surface. In addition, thisensures that the islands grow and reaction/diffusion fronts
result may have an impact for heterogeneous surface reagmove). The first two images, Figs. {#a) and 141b) show a
tions in general! Note that the theoretical considerations o€O front (which is more or less smooth on the mesoscopic
Zhdanov and Kasenid and Ba et al?’ rather predict a scalg moving slowly to 2 o’clock directior{Fig. 141d)].
single equistability pointy [=single-valued CO partial pres- |nside the bright CO island one realizes some black spots
sure, cf. Fig. )] at which the island growth rate slows which we associate with large surface defdstme of them
down to zero, while we find an obviouslgxtended po  are artificially colored for better orientatiprirhat the defects
range for this condition. In regard to the principle reactionplay indeed a role in the front propagation can be deduced
diagram shown in Fig. (t), we supply herewith the experi- from Fig. 142a), in which the front motion has partially
mental basis for the construction of the $-shaped curve. Wieeen retarded by a surface region with a high concentration
call the region in which the velocity of the reaction/diffusion of defects. The fronts develop further as is illustrated by Fig.
front remains zero, the “experimental bistable region,” and14(2) [note that the sample position has been shifted after
the corresponding hysteresis #tie or real hysteresis.” The images(1d) and (2a]. Finally, the obstacles are overcome
experimental bistable region therefore is a subregion of thand the inhomogeneous shape of the front becomes smooth
aforementioned region of assisted nucleati@omputed again.
bistable regioh However, we would like to point out that We admit that these experiments are certainly too simple
the statement of Zhdanov and Kaséfhooncerning the van- and somewhat ill-defined to reveal further details of the front
ishing hysteresis is certainly correct, when the system suffensropagation process. In particular, the atomistic “nature” of
from a rather high noise levéWhich is unfortunately often the defects cannot be judged from the PEEM measurements
the casg Then the aforementioned veil of noise will prevent due to limited lateral resolution. Our observations simply
the observation of the fine structure of the computed bistablprove that defects can at least retard, if not stop, the motion
region, especially close to the equistability poit of reaction/diffusion fronts. This is known from many other
We add that the measured induction times underlyingpreferably PEENImeasurements in the recent literatéfhé®
our statementcf., Figs. 12 and 1B3are very reproducible and In Sec. IV, we will present preliminary results of simulations
respond to changes of the CO partial pressure in a very preshowing that a reaction/diffusion front can be retarded or
dictable manner. If the same experiment is repeated severaven stopped at a line of defects, depending on the mutual
times the resulting overall PEEM photocurrent is practicallydistance of the obstacles. If intrinsic and technical fluctua-
identical. This means that statistical errors can be safely exions can be neglected, the interaction of reaction/diffusion
cluded. Furthermore, it is possilier a given set of external fronts with local surface defects is a purely deterministic
control parametejgo make the reaction/diffusion frontthe ~ phenomenon which may be appropriately described by
phase boundaries between CO and oxygen-covered surfatgaction/diffusion equations.
areas either stop or move back and forth in a well-defined
manner 5|mpl)_/ by admlttmg a_certam CO partial pressure tqv_ DISCUSSION
the reactor. It is really convincing to watch the motion of the
respective fronts on the PEEM screen and their direct re- In order to keep this discussion section as short and con-
sponse to the CO pressure adjustment. cise as possible we will expand on a few points only, all the
Finally, we would like to make another point: Unlike CO more so since we have already given some basic information
oxidation over Rt100, (110), or (210 surfaces wenever in Sec. |, whereby we refer especially to Fig. 1. We will
succeeded in observing spatiotemporal oscillati¢sgirals, particularly provide the reader with some results of simula-
target patterns, standing wayesn Pt111) during cyclic tions which may help to elucidate the role of “active” de-
variation of the CO pressure for otherwise constant externdkects.
control parameters. The only observable features were nucle- The most striking clue of our work is the experimental
ation of small patches and large islands, growth and shrinkproof that a comparatively simple nonlinear reaction system
ing, respectively, of CO and oxygen islands and stationargxhibits a zone of “experimental bistability” inside the re-
fronts as described above. gion of computed bistability determined by two bifurcations.
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PEEM images of CO+0 /Pt (111)
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FIG. 14. Influence of surface defects on the front propagation as monitored by PEEM during the motion of a reaction/diffusion front. Some of the mesoscopic
defects in the surface pin the reaction/diffusion process for a while, and the front velocity slows down. Finally the front passes the defect and becomes flatter
again. Note that the sample position was shifted after images 1d and 2a and some defects were artificially marked for orientation.

Neither is this behavior predicted by current simulationsciently fast. Here we cannot help to note that the frequently
based on the simple homogeneous level of the Langmuirquoted article by Zhdanov and Kasethds not based on
Hinshelwood model with diffusion terms excluded, nor by results of a direct simulation which could confirm the au-
the more sophisticated heterogeneous level which considetBors’ main conclusions.

diffusion processes. Our experimental results rather show A vast amount of previougtheoretical and experimen-
that surface defects play a crucial role in that they can act aml) studies focuses on the physical origin of spontaneous
centers for nucleatioassisted nucleation of either CO or nucleation and pattern formation phenomena occurring dur-
oxygen islands or that they may impair or even stop the ing homogeneous reactions in solutions or in the course of
propagation of reaction/diffusion fronts. There igsmall  heterogeneous surface reactidas in our caset>*?1t is
range of control parameter variatigin our case the CO generally accepted that a so-called pacemaker plays a deci-
partial pressurein which either state of the systefreactive  sive role, a small region with parameters that differ from
state=oxygen covered, nonreactive stat€O coverefl is  those of the bulKfor solution reactionsor the representative
stable The state of the system depends thereby on the hissurface(for heterogeneous surface reactiptts'® Recently
tory, i.e., from which monostable region A or B one ap- Mikhailov®” modeled a surface chemical reaction mesoscopi-
proaches and enters the region of experimental bistabilitycally by including reaction/diffusion equations and con-
We recall that this result is in contrast to theoretical predic-cluded that spontaneous nucleation could come about by at-
tions of Zhdanov and Kasenf,who investigated the cata- tractive lateral interactions between the reactive species.
lytic CO oxidation on a RiL11) surface within the LH model Another recent study by Bat al3 modeled composite cata-
and include diffusion terms, but neglected surface defectdyst surfaces with “inert” and “active inclusions” and
They claim that only a single-valued CO press(equista- showed that spiral patterns and wave trains could evolve
bility point 7) separates the area of exclusive oxygen islandrom these inclusions(In previous experimental work by
growth from that of exclusive carbon monoxide island Grahamet al,***°“inclusions”—which are nothing else but
growth. Therefore a reaction system would inevitably trans-artificial surface inhomogeneities—had been tailored by tita-
form between the steady state of high and low reactivity, ifnium squaregdiameter~7 um) deposited onto a reactive
nucleation and growth of the respective islands are suffiP{110) surface and were shown by the PEEM method to
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affect the formation and shape of reaction/diffusion fronts In principle, the defects or inhomogeneities could affect
In another work, Roset al. could convincingly demonstrate the heterogeneous reaction in various subtle ways, which are
by mirror electron microscopy that nucleation of chemicalcertainly difficult to model appropriately. We recall, how-
reaction fronts can and will take place at surface defécts. ever, that our experiments suggested a distinction between
Yet, quantitative structural or mechanistic information ondefects that are active in oxygen island formation and those
this nucleation process was not available due to the still limthat induce nucleation of CO islands. For the sake of sim-
ited lateral resolutiorfof severalum only) of the respective plicity, we define our “theoretical” defects only as follows:
microscopic experiments. An “oxygen-type” defect provides a lower activation energy
In our work, the role of defects or, more generally, sur-for desorption=binding energy to the surfagef CO, and a
face inhomogeneities on the expansion and propagation ofiCO-type” defect exhibits a lower sticking coefficient for
reaction/diffusion fronts was investigated. These inhomogeoxygen than the surrounding unperturbed surface area. Oth-
neities most likely consist of crystallographic perturbations,erwise, the defect areas behave as the “nominal” surface
but may equally well involve active foreign surface atomsdefined by crystallography, in our case th¢1Ri) surface.
(carbon, for example We learned from our PEEM measure-  The results of the respective simulations are reproduced
ments that certain “active” defects can strongly influencein Figs. 15 and 16. The simulated images of Figs. 15 and 16
the expansion of a growing CO or oxygen island. This beshow the behavior of a moving reaction/diffusion front
havior is known for some time, and in order to pinpoint the spreading across a surface with a kind of a barrier consisting
peculiar role of the defects various simulations were perof a line of seven hypothetical oxygen-type defects. Every
formed in the past for equations of thet8, type’* Some-  such “image” is made up of 108100 surface cells. The
what more sophisticated simulations thereby departed frorgray-level has been adjusted to model the surface coverage
the heterogeneous level of the LH modél as described of CO and oxygen, respectively. According to our actual
above. Motivated by our new findings which revealed thatPEEM experiments we colored areas exhibiting high CO
reaction/diffusion fronts could be stopped by control of thecoverages bright and areas with a high oxygen coverage
CO partial pressure we also use the heterogeneous level ghrk. The defects themselves are symbolized by white dots
Simulation?4’27 but addltlonally include “active” defects in the middle of each “image_” We initialize the Computa-
which are able to “pin” reaction/diffusion fronts. While the tjon in such a way that a stripd0 cells wide on the right
outline of the theory as well as the body of results will be porder of the image is considered covered by CO, and all the
published in a forthcoming papét,we give just a brief rest of the image covered by oxygen. Thereafter, the external
sketch of the considerations, but do not dwell upon theorygntrol parameter “CO pressure” is chosen in a way that an
here. The extended level of the LH model used in our Simuexpansion of the CO stripe into the oxygen-covered surface
lations is expressed in the following nonlinear partial differ- region becomes possible; all other control paramettrs

ential equations which consider the inhomogeneity of thesxternal ones being given in the legend to the figuaee
surface explicitly. Local surface defects are represented byept constant.

spatial subareas;(xy,xz,11,12), 1=1,2,... with sizely,1,, Figure 15 illustrates the situation for a relatively high
surrounding the center of inhomogeneity with coordinatesgc partial pressure. The CO front moves from right to left
X1, X2 and gradually approaches the barrier line of oxygen-type de-
2 2 fects. Apparently, they change the shape of the CO front and
‘7_91:2 E i:D (01,0,,X1,X )‘9_05 reduce its expansion velocity considerably. After a whole
gt G EL ax | ST TR oy while, the front has overcome the defects, its borderline be-

comes flatter, and its original velocity is restored.
Figure 16 shows the behavior characteristic of a some-
what lower CO pressuredto=3.15< 10 © Torr). Again the

+f1(Pco, 01, 02.,X1,%2), (1)

&8_0:: fZ(p021011021X11X2)1 2) CcO _front gradually moves from right to left and reaches t_he

barrier of defects after approximately 150 s. Close to the line
20 of “active” defects, the front slows down and becomes fi-
) =0, 6(Xy,%2,0)=0;(X1,Xp) With i=1,2. _naIIy pinned[Fig. 1_&2_)]. This pinning can also be exprgssed
an ALy L) ' in terms of a vanishing front velocityy0), and the im-

3 portant result of our simulation is that just thexygen-

covered surface part left of the line of defects will never
The symbols have the following meaning: become covered by CO. This inhibition of the motion of a
01(x1,%2,t) and O@,(xy,X;,t) =surface coverages with CO CO front is not tied to a single, specific, CO partial pressure,
and oxygen, respectivelys; ,x,= Cartesian coordinates of put likewise occurs for a whole range of still lower CO par-
the point in the rectangle aréa(L,,L,) with side lengthL;  tjal pressures. We refer once again to Fig) and state that
andL,, t=time, n=normal vector to the rectangle boundary the particular CO pressures at which the front velocity
dQ(L1,Ly), Dys(®1,07,X1,%)=elements of diffusion reaches zero are identified as the mesoscopic pejnisnd
matrix in xk direction, fi(pco,®1,0;3,X;1,Xz)=rate of ;. Obviously our simulations reveal a region of bistability,
change in CO coveragef,(po, ©1,07,X;,Xz)=rate of  which shows up in the experiment as a true macroscopic
change in oxygen coverag@),;(x,,X;) =initial coverages hysteresis, but only then, if “active” surface inhomogene-
of CO (i=1) and oxygeni(=2). ities are appropriately considered. The consequence is that
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Computed images of CO+0/ Pt(111)
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FIG. 15. Simulations of how a barrier of seven artificial oxygen-type defects influences the propagation of a CO front moving from right to the left in an initial
oxygen environment. A relatively high CO pressure has been chosen in the simulation. The front is retarded, but not stopped by the barrier of defects.

for low noise level and in the presence of inhomogeneities Both Pd110 and P{210 exhibit fairly complicated
heterogeneou®n surfacesand homogeneousn solutiong  cross-shaped phase diagrams which contain regions of tem-
chemical reactions are realistically described by the $-shapegbral and spatiotemporal oscillations. For details, we refer to
curve[Fig. 1(0)]! our previous work?44Consequently, an observed hyster-
In the foregoing sections we had expanded on the reesis in the CQ formation rate changes its sense of rotation,
sponse of the reaction system to a variation of a single corand an isothermal cross-shaped phase diagram is obtained. In
trol parameter only, viz., the CO partial pressure. To discusshe case of F111) surface a hysteresis is likewise observed,
the properties of the system more generally, we must invedut it does not rotate with the oxygen pressure, i.e., the phase
tigate also the role of various other control parameters sucHiagram isnot of the cross-shaped type. According to Bois-
as the oxygen partial pressure and temperature. For this pusonade and de Kepgéf®a cross-shaped phase diagram is a
pose, we recall the kinetic phase diagram representations akcessary condition for the occurrence of kinetic oscillations.
Figs. 3 and 4, spanned by the CO and oxygen partial pressufeonsistently, these oscillations were never found in the
and surface temperature. In contrast to, e.g., €LF® or  course of the catalytic CO oxidation on(Pi1), at least not
Pt(210 surface, the kinetic phase diagram of the&1Pf) in the parameter range covered in our experiments.
surface turns out to exhibit much less structure and may be In our opinion the RtL11) surface belongs to a class of
regarded as a prototype of a comparatively simple dynamicaystems that exhibit merely two monostable regions A and B
system, at least within the parameter space investigated. separated by a region of bistability. Our data—the measure-
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Computed images of CO+0/Pt(111)
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FIG. 16. Same situation as in Fig. 15 except that a smaller CO pressure was adjusted. This time the CO front is entirely stopped at the barrier, demonstrating
that reaction/diffusion fronts can be pinned at defects, in agreement with experimental observations.

ments of the finite hysteresis loop as well as the vanishinglown to a velocity of zero. Stokest al. conclude that the
front motion—clearly show that this bistable region really interface may be pinned at microscopic heterogeneities
exists, i.e., the two phase boundarigg): monostable re- present in the surface of the pores. In a theoretical work
gion A |l (computed bistable regiorll monostable region B gpejinget al®* consider the influence of static and dynamic
do not degenerate to a single equistability pojntnstead of ;3 mogeneitiegdisordey on the formation of structure and
this equistability point wo further phase boundaries, ) on the propagation of fronts in a reaction/diffusion system.

appear inside the computed bistable region: assisted nucle- . . . .
ation region of oxygen islandsexperimental bistable region erhiy ];':dt t_halt thi VZ'_?fC'ty c:f S front W'_ltl move W't?_ ave-
|l assisted nucleation region of CO islands. Although ourlocity that is locally different, because its propagation may

time-dependent measuremefitghich enable us to construct Pe hindered or even stopped by disordgmilar to the situ-
the aforementioned macroscopic kinetic phase diagramdtion displayed in our Fig. 34 Similar conclusions, namely
could not truly map the exact location of eith@esoscopic a pinning of a two-dimensional front, are arrived at by Ko-
points uapg and vag, the lines established by thmacro-  plik and Levine®?
scopicpoints 75 g at least indicate the parameter regions in It would be quite interesting and possibly revealing to
which the mesoscopic points will occur. ~ study other heterogeneous dynamic reaction systems whether
Finally, we would like to point to some further experi- or not the computed bistable region may contain a subregion
mental a”i theorlestécal work Lhat might supr;ort our C(fmd“'of experimental bistability. Among others, the very direct
sions. Sto e$t al. _repo_rt a out pinning o an Interface response of the motion of a reaction/diffusion front on the
between two immiscible liquidévater and decanen a po- . i
o : adjustment of an external control parameter may provide a
rous tube. This interface moves under the operation of a. . . R
g_lnd of a “chemical switch” which can be used to control

pressure difference between both ends of the tube but b ] ) ) .
comes pinned in a certain region of this pressure differenctne optical or electrical properties of a macroscopic surface.

(v=0). Outside thispinning regionthe interface moves in On the other hand, artificial inhomogeneities like deposited
proportion to the pressure difference, thus providing an inforeign atoms may allow to stabilize the steady state of high
teresting similarity to our results presented in Fig(d3In-  reactivity by shifting the pointv, and to obtain a higher
side the pinning region the interface motion gradually slowsproduction yield in reactions with technical catalysts.
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