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The dynamic behavior of the O+H, reaction on a Rh(111) surface alloyed with Ni has been studied in the 10" mbar range

with photoemission electron microscopy (PEEM) as spatially resolving method. For T = 773 K and p(0,) = 5 x 10° mbar the
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bifurcation diagram has been mapped out as function of the Ni coverage in a range 0 ML < ®y; 2 1.3 ML. A critical Ni
coverage Oyicir = 0.13 monolayers (ML) is required for excitability. In the excitable parameter range pulse trains and

irregular chemical wave patterns are found. Whereas the propagation speed of the pulses exhibits no clear-cut

dependence on the Ni coverage, the frequency of the local PEEM intensity oscillations increases linearly with Ni coverage
in the range from @y; =0.13 ML to Oy = 1.3 ML.

Introduction

Bimetallic catalysts play a prominent role in heterogeneous
catalysis because by mixing two metals one can obtain a cata-
lytic performance superior to each of the individual constitu-
ents.” While the electronic and adsorption properties of bime-
tallic surfaces have been well studied, not much is known
about the dynamic behavior of bimetallic catalysts under reac-
tion conditions.”™ Segregation effects, dealloying and chemical
transformations might occur and change the composition of
the surface depending on the reaction conditions. Recently
Lovis et al. showed that by alloying a Rh(111) surface with
nickel the originally bistable reaction system Rh(111)/0,+H,
became excitable/ oscillatory displaying chemical waves and
rate oscillations.® An excitation mechanism has been proposed
based on the reversible segregation of Ni to the surface. This
earlier study has been conducted with a fixed amount of Ni
corresponding to ®y;=~ 0.25 monolayers (ML) deposited on the
surface. Here we study systematically the dynamic behavior of
the reaction system as we vary the amount of deposited Ni
from zero to several monolayers. The results are summarized
in a bifurcation diagram.

The dynamic behavior of the O,+H, reaction on Rh(111)
has been studied in the 10 and 10 mbar range with photo-
emission electron microscopy (PEEM) but only bistability was
found.” Rate oscillations and propagating pulses were detected
in the O,+H, reaction on a Ni foil but these studies were con-
ducted at atmospheric pressure.gf10 The reaction
isothermal under these conditions as evidenced by tempera-

is non-

ture pulses propagating on a Ni ring.10 The rate oscillations and
the chemical waves in the reaction on Ni were usually dis-
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cussed in terms of an oxidation-reduction mechanism. In fact,
NiO formation was detected but a detailed mechanism still
needs to be established.

On the alloyed Rh(111)/Ni surface a precipitation of small
NiO particles was observed under reactions conditions but,
first of all, the formation of NiO seems to be bound to higher
Ni coverages and, secondly, these small NiO particles were
more or less inert on the time scale of a chemical wave (a few
seconds).6 The NiO particles were therefore considered to play
a kind of spectator role in the excitation mechanism but on a
larger time scale and/or at higher pressure they might as well
act as a kind of dynamic Ni reservoir in the excitation mecha-
nism. In this paper we do not address the question of the
mechanism which remains to be experimentally clarified but
we focus on systematically investigating the influence of the
amount of deposited Ni on the dynamic behavior of the reac-
tion system. The dependence of the system behavior on the Ni
coverage will of course pose a critical test for any excitation
mechanism proposed for this reaction system.

Experimental Section

All experiments are carried out in a standard Ultra-High-
Vacuum (UHV) chamber with a base pressure of
5x 107 mbar, a chamber volume of 80L and an effective
pumping rate of 100 L/s. The chamber is equipped with a pho-
toemission electron microscope (PEEM),11 an Auger electron
spectrometer (AES) and LEED (low energy electron diffraction).

In the PEEM experiments the sample is illuminated with a
deuterium discharge lamp with a wavelength of ~160 to
400 nm. The emitted photoelectrons are collected with the
PEEM optics and imaged onto a phosphorous screen. PEEM
images primarily the local work function with a spatial resolu-
tion of about 1 um.
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Gases of purity 5.6 and 5.0 (both Linde) are used for hydrogen
and oxygen. The pressures given here have been corrected for
the smaller ionization probability of H, by multiplying the read-
out of the ionization gauge by a factor of 2.

The Rh(111) sample (Mateck) of the
10 x 10 x 1 mm® could be heated resistively through two Ta
wires attached to it and through electron beam bombardment.
The temperature is measured with a chromel/ alumel (K-type)
thermocouple.

Cleaning of the rhodium sample is done by repeated clean-
ing cycles of argon ion sputtering (1kV, 773K, p(Ar)~
5x 10 mbar) followed by flashing the sample to ~1300 K.
Afterwards the sample is heated in oxygen (1023K,
2.0x10° mbar) and again flashed to ~1300 K.

The nickel is deposited on the surface by electron beam
evaporation from a 2 mm nickel rod (Goodfellow, purity:
99.99 %). Nickel is evaporated at a sample temperature of
673 K and at a partial pressure of oxygen of 2.0 x 10° mbar.
Calibration of the Ni coverage is achieved by taking the change
in the slope of the Ni AES signal plotted vs. the deposition time
as one monolayer.

dimension

Results and discussion

Ni is deposited always on a freshly prepared surface which was
sputtered in order to avoid any Ni remnants of preceding reac-
tion experiments. The Ni coverage was determined from AES
using the monolayer calibration for Ni on Rh(111). For con-
structing the bifurcation diagram always the Ni coverage as
determined directly after deposition was used. During expo-
sure to reaction conditions the amount of Ni detectable by AES
typically decreases by about 50 — 60 % presumably because
some of the Ni dissolves into the bulk region of the Rh crystal.
This behavior is illustrated in Fig. 1 for an initial Ni coverage

Blyi = 0.73 ML. After 1 — 2 hours exposure the Ni signal is already
close to its stationary value. As indicated in the plot by the red line
keeping the crystal after Ni deposition in an oxygen atmosphere at
5.0 x 10° mbar drastically reduces the loss of Ni due to diffusion but
a decrease of the Ni concentration is not completely suppressed.
The strong scatter of the data does not result from noise in the
Auger spectra but reflects the sensitivity of the system to slight
changes in the preparation conditions.

The boundaries of the parameter range for excitability are
mapped out for a fixed temperature T=773 K and for a fixed
partial pressure of oxygen p(O,) =5.0 x 10®° mbar. The system
is excitable also at much higher temperature; chemical waves
are seen around 1000 K. Towards lower temperatures it be-
comes more and more difficult to observe chemical waves. At
473 K no excitability is observed any more. This temperature
range agrees with the observations of Wander et al. who
found out that vertical intermixing of Ni deposited on Rh(111)
requires temperatures above 600 K.'? The experiments are
conducted such that the state of the surface under reaction
conditions is monitored with PEEM while the partial pressure
of hydrogen is varied as control parameter.

Upon variation of p(H,) one obtains two limiting cases, an
oxygen covered surface at low p(H,) and a surface with a very
low oxygen coverage at high p(H,). The excitability range is
enclosed by these two boundaries. Depending on the direction
in which p(H,) is varied the boundaries differ by as much as
2 % of p(H,).
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Figure. 1 Loss of Ni in the surface region under reaction conditions and in
pure O,. The ratio of the Ni signal at 848 eV to the Rh signal at 302 eV is
plotted vs. time with t = 0 referring to completion of the Ni deposition for a
coverage of ®y;=0.73 ML at T=673 K and p(0,) = 2.0 x 10°® mbar. The black
bold line indicates the loss of the Ni signal under reaction conditions at
T=773K, p(0;) =5.0x 10” mbar and p(H,) = 4.0 x 10”° mbar. The red line
marks the decrease of the Ni signal in pure O, at T = 773 K and p(0O,) =
5.0 x 10 mbar.
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Figure. 2 (a) Bifurcation diagram for the O, + H, reaction on a Rh(111) sur-
face alloyed with varying coverages of Ni measured for T = 773 K and with
fixed p(0,) = 5.0 x 10° mbar. The Ni coverage prior to exposure to reaction
conditions was taken. The vertical line marks the critical Ni coverage
Onicrit = 0.13 ML necessary for obtaining excitable behavior. In the bistable
range left of this line only the transition from the oxygen covered to the
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nearly oxygen free state of the surface is shown in the diagram. (b) PEEM
image showing regular pattern formation at Oy =0.67 ML, p(H,) =
4.0x 10” mbar, p(02) =5.0x 10" mbar and T = 773 K. (c) PEEM image show-
ing irregular pattern formation at T = 773K, On=0.33 ML, p(0y)=
5.0 x 10 mbar and p(H,) = 5.0 x 10° mbar. For both PEEM images the field
of view is 500 um.

For the bifurcation diagram the maximum and minimum val-
ues were taken so that the excitability range reaches its maxi-
mum extension. The bifurcation diagram one obtains in this
way is displayed in Fig. 2a. . The error bars in the diagram
reflect the difficulty in determining visually the exact transition
point and the scatter in the data when the experiment is re-
peated with a freshly prepared surface. The most remarkable
feature in the bifurcation diagram is the existence of a critical
Ni coverage Oy «it= 0.13 ML which is required for the system
in order to exhibit excitable behavior. Below this Ni coverage
the system displays the bistable behavior of the clean Rh(111)
surface with only small dependence of the boundary oxygen
covered/ oxygen free on the Ni coverage. A small hysteresis
behavior could be observed here also but the values are quite
close to each other (within 2 %). In the diagram only the transi-
tion coming from an oxygen covered surface is indicated.

Mainly two kinds of pattern formation are observed. At the
lower boundary, excitable/ oxygen covered, one finds regular
pulse trains in the excitability range originating from target
patterns or spiral waves. A typical example of such a pulse
train is displayed in Fig. 2b. In some cases, one also observes
irregular wave patterns of the type displayed in Fig. 2c but
within about 10 min the irregular waves transform into a regu-
lar pattern. Quite in contrast, at the upper boundary i. e. the
boundary excitable/ oxygen free one finds exclusively irregular
pattern formation in the excitable range. These patterns re-
main irregular even after a long time under reaction conditions
(>4 hours).

In the system Rh(111)/ O,+H, the assignment of the grey
levels in PEEM to adsorbates is simple. Chemisorbed oxygen
appears as a dark area in PEEM due to the work function (WF)
increase caused by the strongly electronegative oxygen; bright
areas represent a nearly adsorbate free Rh(111) surface. The
alloying with Ni makes the assignment of the grey levels much
more difficult but it is probably safe to attribute the very dark
areas in PEEM to chemisorbed oxygen.

In the Ni coverage range from 0.13 ML to 0.4 ML the
boundary excitable/ oxygen free shifts very strongly with rising
Ni coverage changing by almost a factor of three. Remarkably,
beyond ®y;= 0.4 ML, a further increase of the Ni coverage has
hardly any effect on this boundary. Quite in contrast to the
boundary excitable/ oxygen free, the boundary oxygen cov-
ered/ excitable shows only a weak dependence on the Ni cov-
erage over the whole width of the diagram. Only at very high
Ni coverages, at about 10 ML of Ni, the excitability of the sys-
tem is completely suppressed.

While the boundaries of the excitability range are almost
0.4 ML, the wave
patterns vary quite strongly with the Ni coverage as demon-
strated by the PEEM images in Fig. 3. In these experiments we
compare the properties of chemical waves keeping the tem-

independent of the Ni coverage beyond Oy; =
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perature, p(0,), and p(H,) constant and varying only the Ni
coverage. The hydrogen partial pressure is not exactly con-
stant but varies in a range +0.5x10° mbar around 3.5x10°
mbar. The properties of the chemical waves are only evaluat-
ed after having the patterns going for at least one hour. In this
way any transient effects are avoided.

With increasing Ni coverage the wavelength of the pulse
trains decreases from 600 um at ®Oy;=0.33 ML to 60 um at
Oy = 1.33 ML. Local time series constructed by integrating the
PEEM intensity inside a window of ~1000 p.m2 size (Fig. 3c)
show that the frequency of the local PEEM intensity oscilla-
tions increases with rising Ni coverage. A plot of the local oscil-
lation frequency vs. Ni coverage in Fig. 4 demonstrates a linear
relationship over a Ni coverage range from 0.13 ML to 1.3 ML.
Quite in contrast to the very strong variation of the oscillation
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Figure. 3 Dependence of the chemical wave patterns on the Ni coverage.
Shown are PEEM images (a - c) and the local oscillation frequency (d - f) as
determined by integrating the PEEM intensity in a small window of
1000 umz size indicated in (c). The temperature (773 K) and the partial
pressure of oxygen (5.0 x 10° mbar) were held constant while the nickel
coverage and the partial pressure of hydrogen varied as follows: (a +d):
Oy\=0.33ML, p(H)= 3.0x 10" mbar (b+e): On=0.67ML, p(Hy) =
4.0x 10° mbar (c +f): Oy = 1.33 ML, p(H,) = 3.4 x 10° mbar.
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Figure. 4 Dependence of the local oscillation frequency and of the propaga-
tion speed of the pulses on the Ni coverage. The p,T-parameters p(0,) =
5.0 x 10”° mbar, p(Hz) ~ 3 x 10° mbar and T = 773 K were held constant and
they were chosen such that regular pulse trains can be observed. The error
bars reflect the accuracy with which the frequency can be determined from
a time series.

e/ s

frequency with Ni coverage the propagation velocity varies
little as shown in Fig. 4. There is some spread in the velocity
between 15 and 35 um/s but this spread does not seem to
exhibit a systematic dependence on the Ni coverage. For ex-
plaining the experimental observations a detailed mechanistic
model would be required but some of the trends seen in this
diagram can nevertheless be explained tentatively. The strong
shift of the boundary excitable/ oxygen free with rising Ni
coverage between ®y;=0.13 ML and Oy;=0.4 ML can be at-
tributed to a rising Ni coverage making the reduction of the
oxygen covered state more and more difficult. Chemically, the
effect can be traced back to the higher affinity of Ni to oxygen
as compared to Rh. What does not fit into this pattern is the
monotonous increase of the oscillation frequency with Ni
coverage shown in Fig. 4. One should expect that the oscilla-
tion frequency slows down with rising Ni coverage as it be-
comes more difficult to remove oxygen from the surface.

The behavior of ultrathin Ni layers exposed to oxygen
(®n; <2 ML) on Rh(111) and on the vicinal surfaces of Rh(111)
has been explored in several detailed structural and spectro-
scopic studies.”” ™" However, in order to construct an excita-
tion mechanism the dynamic behavior of the Rh/Ni/O phases
in a reacting environment needs to be known. Such experi-
ments are currently underway.

Conclusions

The bifurcation diagram of the O, + H, reaction on a Rh(111)
surface alloyed with Ni has been determined. A critical Ni cov-
erage Oy;it=0.13 ML is required for obtaining excitable be-
havior. In the excitable range one observes regular pulse trains
and irregular chemical wave patterns. With increasing Ni cov-
erage the wavelength of the observed pulses decreases while
the frequency increases linearly.
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