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Pulse propagation and oscillatory behavior in the NO +H, reaction
on a Rh(110) surface
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Target patterns, rotating spiral waves and solitary pulses have been found in thElJN@action

under nonoscillatory conditions, i.e., when the system was an excitable medium. Using
photoelectron emission microscopPEEM) as spatially resolving method the parameter
dependence of the front velocities, the width of the pulses and the rotational period of the spiral
waves were studied for fixepho=1.8<10"° mbar in aT- range 520—620 K. The front velocities
were strongly anisotropic with the degree of anisotropy depending op#zhg parameters. Under

reaction conditions close to the highy, boundary for pattern formation, gas-phase coupling

becomes efficient, thus, oscillations in the ptoduction rate can be observed. 1®96 American
Institute of Physicg.S0021-960806)01230-3

I. INTRODUCTION tion was to study the parameter dependence and the anisot-
ropy of front propagation quantitatively in order to be able to
Spatiotemporal pattern formation on single crystal sur-develop such a realistic model. In the course of this investi-
faces has been studied under well-defined low pressure cogation, it was also discovered that by choosing certain reac-
ditions (p<<10~3 mba for a number of reactions involving tion parameters, the system which usually under the condi-
catalytic CO oxidation and catalytic NO reductibri. Al- tions of pattern formation exhibits a stationary reaction rate
though mathematical models for chemical waves in isotropican turn into an oscillatory system displaying sustained rate
media can be easily formulated for simple activator-inhibitoroscillations. This transition is attributed to gas-phase cou-
systems, the development of a realistic model for a surfacpling causing synchronization of the reacting surface.
reaction is a much more difficult task. One of the principle
difficulties one faces in the simulations is to take surface
diffusion of adsorbed _particle_s properly into accognt Sincq; EXPERIMENT
adsorbate—adsorbate interactions and adsorbate-induced re-
constructions will make both, the magnitude of the diffusion =~ The experiments have been conducted in a standard
coefficient as well as the anisotropy coverage deperfefent. UHV system(ca. 80 | vo) which under reaction conditions
One system which, on one hand, is rather complex withwas operated as a continuous flow rea¢éffective pumping
respect to the mechanism, but, on the other hand, offers mte ~100 I/9. The system was equipped with LEED, an
particularly rich variety of chemical wave patterns is cata-Auger electron spectrometer, a differentially pumped quad-
lytic NO reduction with B on Rh(110). In this system, be- rupole mass spectromet€®MS), and a photoelectron emis-
sides the usual elliptically shaped wave patterns, rectangision microscope(PEEM) as spatially resolving method.
larly shaped target patterns and traveling wave fragmentEEM which is sensitive to local work function variations
have been founfz® The unusual shape of the wave patternsallows one to image the reacting surface with a lateral reso-
has been attributed to a state-dependent anisotropy of surfattgion of ~1 um and the temporal resolution of video frames
diffusion caused by the presence of different types of’50 m9.** The RK(110 single crystaldiam ~7 mm) which
adsorbate-induced reconstructions in this systéfihe ex- was polished with diamond paste down to 003 was the
istence range for chemical wave patterns has been mapp&éme as used in previous experimeritSefore measure-
out in parameter space afml situ low energy electron dif- ments, the crystal surface was cleaned by a combination of
fraction (LEED) experiments verified the existence of differ- Ar ion sputtering at 800 K2 kV, 2.5 uA, 30—45 min,
ent reconstruction geometries under reaction conditfbns. annealing to 1470 K, oxygen treatment at 1070 K
Although simulations based on a general model could Po,=1%10"° mbar, 5 min followed by a second annealing
reproduce qualitatively the observed effects, no detailedo 1470 K. Gasesgpurity H, 5.3, NO 2.5 were introduced
mechanistic model and, hence, no realistic mathematicalia leak valves. A feedback-stabilized gas inlet system en-
model has yet been develop&d.The aim of this investiga- sured that the partial pressures could be kept constant within
<0.5%. All partial pressures given in this report have been
corrected by the relative ionization probabiliti8&Sy, being

dpresent address: Center for Nonlinear Dynamics, University of Texas,
Austin, Texas 78712. 0.45 for H, and 1.2 for NO.
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FIG. 1. PEEM images demonstrating changes in width of traveling pulses as

pH2 is varied with Prno and T being kept constant alT=560 K and FIG. 2. PEEM intensity profiles showing the changes in the Shape and in the

Prno=1.8X107% mbar. py,. in [10°5 mbai: 1.76 (a), 1.67 (b), 1.25(c), 0.9 width of an individual pulse apy, is varied. The profiles were taken along

(d), 0.5(e). 2 the [110] direction from the PEEM images displayed in Fig. 1. They show
chemical waves moving from right to left.

lll. RESULTS pendence ob on experimental parameters, the veloaity

A. Chemical wave patterns was measured here and in the following diagrams always at a
sufficiently large wavelength, i.e., under conditions where
subsequent pulses do not interact. As expected from the ge-

the whol . dn PEEM to b tormly whit ometry of the unreconstructed surface the fronts advance
€ whole area Imaged In 0 become unriormly white. ., o, rapidly in theg[110] direction, i.e., along the direction

Pn, Was then rapidly decreased to a fixed value. This f|rsrof the (110 troughs than perpendicular to the troughs.
transformed the imaged surface into a uniformly dark area,  Fyrthermore, one notes that the front velocity along the
after a waiting period of~10-30 s, before white bands [go1)-direction exhibits only a small dependence PR,
started to nucleate at some defects and spread out. Examp Rile the velocity along[lTO], vp110 increases steeply with

of the tgrggt patterns whlch are _formed in this way are dis- .. We define as a measure, for the anisotropy of front
played in Fig. 1. The white area in these images correspond- 2

ing to a low work function has been assigned to the bare opropagatlon, simply, the ratio of the velocities along the

nitrogen covered surface while the dark area representing gysttallotghraphlct d|r_ect|ona;[?:§)]/v[ogl]t,h with pd=1 tlre[:jre-
high work function has been associated with a predominantlﬁen Ing the 1sofropic case. Figure en evigently demon-
trates that the anisotropy is not constant but depends on the

oxygen covered surface. The patterns are anisotropic with ;
the long axis oriented in thel 10] direction and it was shown experimental parameters. .

before that the shape and the anisotropy of the wave patterns The d_ependence of the pulse \_/elocny on the tempe_rature
vary with the experimental paramet&fl® The moving is shown in F|g. 4 for the two main crystallographic direc-
white bands in the PEEM images represent traveling pulse ons. Qualitatively the dependence on temperature looks
in an excitable medium and in the following the parameter
dependence of the shape and the velocity of the pulses is

Chemical wave patterns were initiated in a typical pro-
cedure by first raisinng2 up to 1X10 % mbar which caused

investigated. Rh (110)
As demonstrated by the PEEM images in Fig. 1, with Pro= 1.8 x 106 mbar
increasing hydrogen partial pressure, the width and the LET =560K (1701

brightness of the traveling pulses increase quite strongly.
Profile cuts through the PEEM images displayed in Fig. 2
show that first the effect of B, increase is relatively small,
but above a certain threshold which for the chopgg, T
conditions lies around 1610 ° mbar, the width and the 2 [001]
height of the pulses grow drastically wiﬂmz. In addition,
one notes that at the highem;,ti2 the profiles develop a pla- 1k W
teau and a shoulder at the leading edge.

With increasinng2 the pulse velocityy, increases but
as a consequence of the anisotropy of the surface, the pulse 2 5 0 10 18
velocity is strongly anisotropic. This is illustrated by Fig. 3 Pry [10¢mbar]
showing the dependence of the pulse velocitypgn for the

two main crystallographic directions of RH.0). In order to  FiG. 3. Dependence of the pulse velocity, on pu, for the two main
avoid dispersion effects which would have distorted the deerystallographic directions of Rh10).

v [106m/s]
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FIG. 4. Dependence of the pulse velocity, on temperature for the two =
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rather similar to the one opy, but in contrast to thepH2 TIK)

dependence the ratig;; 19;/v ooy almost does not change
with temperature, i.e., the anistoropy remains constant. Theig. s. influence of temperature on the shape of the chemical wave patterns
qualitative picture which results from Fig. 4 is, however, in a parameter range where rectangularly shaped patterns can be(&und

only correct ifp,_ is sufficiently large. If one investigates the PEEM images showing target patterns at different temperatures. Experimen-
2 . . tal conditions: frame No. 1,T=560 K, pyno=1.8x10"° mbar,
T dependence of under conditions of lowpy,, and higher  p —50x10° mbar; frame No. 2,T=600 K, pyo=1.6x<10"° mbar,

temperature, i.e., when rectangularly shaped target pattermps,=6.9<10"° mbar; frame No. 3,T=620 K, pyo=1.8x10"° mbar,

are seen, the dependence displayed in Fig) & observed. Ppu,=5.0x107° mbar. The diameter of the imaged area is 40 for
Here, the anisotropy approaches 1 at the Fﬁgioundary for frames Nos. 1 and 3 and 4%ém for frame No. 2.(b) Dependence of the

. . . . anisotropy of front propagation on temperature in a parameter range where
pattern formatlon. The corresponding PEEM images whychectangularly shaped patterns are observed.

are reproduced in Fig.(8 demonstrate that the change in

anisotropy corresponds to a transition from rectangular pat-

terns at lowT to almost square-shaped target patterns akpjrals which were pinned to structural defects could usually
highT. not develop more than two to three windings. Well-
Pulses in catalytic surface reactions are typically trig-geveloped spirals could, in some cases, be initiated in a pa-
gered by structural defects. If these trigger centers have rameter range in which the chemical wave patterns exhibited
strongly different firing frequencies, one obtains PEEM im-4 rectangular shageAn example of such a rectangular spiral
ages like the one reproduced in Fig. 6 showing a target palyayve is displayed in Fig.(@). For such spirals the depen-

tern with a high firing frequency on the right half and severalgence of the rotational frequency qmy. was investigated
target patterns with low firing frequencies on the left half. 2

Due to annihilation of colliding wave fronts the target pattern
with the high firing frequency will finally displace the other
target patterns. In Fig. 6, the waves which are created by the
fast firing trigger centefright half) propagate much slower
than the waves initiated by the low-frequency trigger centers.
The corresponding dispersion relation is displayed in Fig. 7
for the two main crystallographic directions. The diagram
more or less reflects the fact that a slowing down results if
the wavelength of the patterns becomes so small that each
pulse runs into the refractory tail of the preceding pulse. In
Fig. 7, both directions exhibit similar dispersion behavior but
the curve for thd110] direction is clearly shifted to larger
wavelengths as compared to @1] curve.

In the NO+H, reaction on RIL10) target patterns were
the dominant type of wave patterns and rotating spiral WavelglG. 6. Displacement of a target patterns with low firing frequencies by a

7 .
were only rarely seefi’ In areas with a large number of (arget pattern with a high firing frequency. Experimental conditians560
structural defects, many spirals could be observed, but these pyo=1.8<10"° mbar,p;,~1x10"° bar.

J. Chem. Phys., Vol. 105, No. 10, 8 September 1996
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FIG. 9. Damped oscillations in the LEED intensities of t{&x4)-N,O and
the (2Xx1)-N structure initiated by a sharm_,z decrease from 10 * mbar
to 2.1x10°° mbar.

FIG. 7. Dispersion relation for pulse propagation along the two main crys-

tallographic directions of RA10).

and the results are reproduced in Fi¢)8 For low PH,» the
rotational frequency increases roughly linearly V\;imln2 until
the frequency starts to level off at; ~8% 10" mbar.

b)
—_ -6
N pPnA=1.8 x 10 "mbar Rh(110)
T goof NO
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C
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FIG. 8. Dependence of the rotational frequency of a rectangularly shape

B. Rate oscillations

Rate oscillations can occur in a pattern forming surface
reaction if either the length scale of the patterns is compa-
rable to the dimensions of the surface or if a global coupling
mode is present which synchronizes the local oscillators at
different parts of the surface® A global coupling mode is
provided by the small partial pressure variations of the
educts which arise in an oscillatory system due to mass bal-
ance in the reaction. This mode can become effective if the
surface reaction is sensitive enough to small amplitude varia-
tions of the educt partial pressures.

If reaction conditions are chosen which are well inside
the parameter range for pattern formation in the
Rh(110/NO+H, system, no rate oscillations can be ob-
served. Only damped oscillations can be initiated by a sud-
den synchronizing parameter change but these oscillations
die away within a small number of cycles as demonstrated
by the LEED intensity oscillations displayed in Fig. 9. If,
however, reaction conditions are adjusted close to the high
PH, boundary for pattern formation, then sustained rate os-

cillations develop. The oscillations in the, [droduction rate
and the concomitant small changespig, which are respon-
sible for synchronizing the surface reaction are displayed in
Fig. 10.

At points marked by arrows in Fig. 10, PEEM images
were taken showing at which stages in the pattern forming
process synchronization occurs. The PEEM images dis-
played in Fig. 11 demonstrate that the sharp rise in the reac-
tion rate in Fig. 10 is associated with the development of a
target pattern which then is extinguished at the rate maxi-
mum. The fast time scale in these relaxation-type oscillations
is, therefore, connected with a transition via pattern forma-
tion which transforms the homogeneously dark arE).
11(a)] to a homogeneously white ar¢Big. 11(f)]. A slow
[elaxation process then leads back from the white Hfep

spiral wave onp,, . (8) PEEM image of a rectangular spiral wave. Experi- 11(f)] to the dark are@Fig. 11(i)]. In contrast to the fast rise

mental conditionsT=560 K, pyo=1.8x10"° mbar,sz:5.0><10’6 mbar.
(b) Dependence of the rotational frequency of spiral wavepgn

of the reaction rate, the relaxation process is not associated
with pattern formation. The remaining weakly visible pat-

J. Chem. Phys., Vol. 105, No. 10, 8 September 1996
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The data in Figs. 10 and 11 demonstrate that the rate
minimum is associated with a uniform dark area correspond-
ing to an oxygen covered surface whereas the uniform bright
area at the rate maximum can be associated with a nitrogen
covered/bare RH10) surface'® Starting with the unreactive
surface at Fig. 1), the spreading of the white bands will
cause the reaction rate to increase and consequently the ratio
pNo/pH2 will become smaller. This leads to increase in the

~— 0
—t0
— T
—

N2 productionrate [a.u}
m/e = 28

b =4 3
g T front velocity (see Fig. 3 and, furthermore, it initiates the
o 18 . . .
2 g e T e nucleation of waves as can be seen clearly in Figdjill

2 14 Hence, the reactive area will grow and the concomitant fur-
o i 1 1 1 ) 1 1 . .

o 100 200 300 400 500 600 ther decrease quNo/sz establishes the positive feedback
t (s which leads to a rapid transformation of the whole surface.

FIG. 10. Sustained oscillations in the production rate observed at=550 IV. DISCUSSION
K, Pno=1.6X10"6 mbar,p,42:2.0><10’5 mbar. The diagram also displays }
the variations impyo which arise due to mass balance in the reaction system.A- Pattern formation

The arrows denote the time moments where the PEEM images shown in Fig. . . .
11 were taken from the reacting surface. Front propagation in the N®H, reaction on Rh sur-

faces has been investigated in several field electron micros-

copy (FEM) studies by Nieuwenhuyet al.***In FEM very
terns which are seen in Figs. (flland 11g) are not dynamic regular spatiotemporal patterns with near atomically sharp
and can be attributed to a memory effect of the surface, i.einterfaces were observed which reflect the different reactivi-
they are reminiscence of the patterns formed in steps a—e@es of the various orientations on the Rh field emitter tip. So
These patterns are probably caused by structural changes faf, for the FEM experiments or for the chemical waves in
the surface which were not completely removed in the subRh(110/NO+H, an experimentally proven oscillation/
sequent development. excitation mechanism does not exist. For the latter system, a

The positive feedback which has to exist between thdarge number of single crystal studies have been conducted
partial pressure variations and the surface reaction in order tiacusing on the adsorbate-induced reconstructions which oc-
allow for synchronization can be constructed in a verycur under the influence of adsorbates such as oxygen and
simple way. First, it is important to note that an increase innitrogen!*~'8 These studies essentially demonstrate that the
the reaction rate will lead to a decrease of bqgiip and  system RK110/N,O exhibits an enormous structural vari-
P, Since, however, hydrogen is in excess by about onebility and, consequently, it is rather difficult to understand
order of magnitude, the relative variation[i»p,z is small and the detailed interplay between the surface reaction and
it is sufficient to consider the changespr solely. adsorbate-induced substrate changes.

Although the excitation mechanism for the pulses in
Rh(110/NO+H, has not yet been established, there is little
doubt that the cause for the formation of the primary reaction
front lies in the inhibitory effect of a dense oxygen adlayer
on hydrogen adsorptiolf. The mechanism explaining the
formation of the primary front, i.e., the leading front in a
pulse, can be sketched as follows. Starting with a fully oxy-
gen covered surface the adsorption of hydrogen will be com-
pletely blocked except at some structural defects. Hydrogen
adsorbing at these defects will diffuse to neighboring sites,
react with oxygen thus creating vacant sites. These sites will
allow more hydrogen to adsorb and react leading to an auto-
catalytic increase in the number of vacant sites. The auto-
catalytic reaction in connection with the diffusion of atomic
hydrogen, therefore, creates a propagating reaction front
similar to the mechanism which is causing a reaction front in
the reactive removal of a CO adlayer in catalytic CO
oxidation!?

It has already been outlined before that the presence of
; adsorbate-induced reconstructions with different substrate
4 : geometries leads to a state-dependent diffusional

FIG. 11. PEEM images showing the development of patterns and the influgmsmromﬁ' Such a complex anisotropy explains in prin

ence of gas-phase coupling during rate oscillations. The images were také&iPle 'the origin of the rectangularly shaped patterns but it
at the points marked by arrows in Fig. 10. remains of course to be shown what the actual values of the
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diffusion constants are, to what degree the anisotropy is dé4. CONCLUSIONS
termined by the geometric surface corrugation, and what role

: . + i
adsorbate—adsorbate interactions play. The system R{10/NO+H, behaves as an excitable

medium in almost the entire parameter range for pattern for-
mation and only close to the highy, boundary of this ex-
istence range can oscillations in the reaction rate be ob-
Rate oscillations in the catalytic reduction of NO with served. Pulse propagation in this system is strongly
hydrogen have been observed under low pressure conditioRgisotropic, but the anisotropy is not constant but depends on
(p<10"% mbap on P{100, RN(110, and on RK633.7°7?*  ihe experimental parameters. Pulse propagation exhibits the
Rate oscillations in the N®H, reaction on R{L10) have  characteristic features of an excitable medium as evidenced
recently been found by Kruset al., but these oscillations by a Strong dispersion of the front Ve|ocity vs the wave-
occur at much higher temperature,-a800 K, than the 0s- |ength. Rate oscillations of the relaxation-type have been ob-
cillations presented hefé.For this reason, it is very likely ~served in the Mproduction. The rate oscillations arise under

that a different mechanism is operating in the high temperagonditions when gas-phase coupling becomes effective lead-
ture oscillations. In the oscillation studies periodic variationsing to a synchronization of the reacting surface.

in the production rate of N NH3, and NO have been de-

tected. For the oscnla_ltlons on(RO0 a detailed mathemati- ACKNOWLEDGMENT
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