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Chemically resolved dynamical imaging of catalytic reactions on
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F. Esch? S. Gunther?, E. Schiitz?, A. Schaak®, I.G. Kevrekidis®, M. Marsi 2, M. Kiskinova? and R. Imbihl ®

adncrotrone Trieste, Area Science Park, 34012 Basovizza, Italy
bInstitut fur Physikalische Chemie und Elektrochemie, Universitat Hannover, Callinstr. 3-3a, D-30167 Hannover, Germany
¢ Department of Chemical Engineering, Princeton University, Princeton, NJ 08544-5263, USA

Received 11 December 1997; accepted 11 March 1998

The catalytic reduction of NO by hydrogen is investigated at 7" = 650 K and p ~ 10~% mbar on a microstructured Rh/Pt(100)
surface consisting of Pt(100) domains surrounded by a 600 A thick Rh film. Synchrotron radiation scanning photoemission microscopy
(SPEM), using photons focused into a spot of less than 0.2 um diameter, is employed as a spatially and chemically resolving in situ
technique. The chemical waves which arise in the bistable system NO + H»/Rh are imaged with SPEM monitoring the N 1s and
O 1s photoelectrons.  The reaction fronts initiate transitions from an inactive oxygen-covered surface (©p ~ 0.25 ML) to a reactive
nitrogen-covered surface (O ~ 0.06 ML). At the Pt/Rh interface, synergetic effects can be observed: the chemical waves on the Rh
film nucleate preferentially at the Pt/Rh interface. This nucleation is poisoned by carbon contamination on the Pt area but is prevented
in the vicinity of the PYRh interface by the adjacent clean Rh film. No segregation of Pt to the surface was observed for the 600 A

thick Rh film.
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1. Introduction

Rea catalysts typically contain several components
which are combined in order to obtain a cataytic perfor-
mance superior to that of the individual constituents [1-3].
In order to understand the synergetic effects, amethod is de-
sirable that allows monitoring the distribution of the various
adsorbate species and substrate constituents under reaction
conditions. The recent development of spatially resolved
photoemission with an ultrabright synchrotron source made
feasible chemically and time-resolved imaging during the
catalytic reactions. This opens the opportunity, in addition
to a static microcharacterisation of the catalyst, to investi-
gate dynamical effects as well [4].

This letter presents chemically resolved imaging of cat-
alytic reactions on a Pt/Rh composite surface constructed by
microlithography. Such a composite surface can be consid-
ered as a model catalyst for the automotive catalytic con-
verters, since the conventional three-way catalyst (TWC)
contains, on a ceramic support, highly dispersed Pt to which
Rh is added because of its higher efficiency in dissociat-
ing NO [5]. We studied the O, + H; reaction to H,O
and the NO + H, reaction to N, and H,O on a microstruc-
tured Rh/Pt(100) surface under isothermal conditions at low
pressures (p < 10~° mbar). The dynamica behaviour of
each reaction system is well known from a large number of
single-crystal studies conducted mostly under low pressure
conditions (p < 10~ mbar) [6-8]. On microstructured
Rh/Pt(100) surfaces, these reactions were studied before
using photoemission electron microscopy (PEEM) which
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images the local work function variation caused by the ad-
sorbates [9,10]. Chemical waves initiating transitions be-
tween a high- and a low-reactivity state of the surface have
been found.

PEEM, however, provides only limited information
about the chemical identity of the imaged species. More-
over, on composite surfaces, intermixing due to lateral or
vertical diffusion of the metals can occur leading to laterally
varying changes in the composition of the substrate. Here
we demonstrate that chemical imaging by scanning photoe-
mission microscopy can be employed to examine in situ
the compositional differences in the catalyst substrate and
in the adsorbate layer, and allows for following the local
dynamics on a micron scale. Different adsorbate species
can be identified under reaction conditions, chemical waves
can be imaged and synergetic effects can be observed at the
interface of the two metals, Pt and Rh.

2. Experimental

The experiments were performed with the scanning pho-
toemission microscope (SPEM) at the ELETTRA light
source. The microscope uses a photon-focusing optical
system (combination of a Fresnel zone plate and an order-
sorting aperture) which can demagnify the beam to a spot
with a diameter of less than 0.2 um. Specific information
about the composition and el ectronic structure of the surface
and interface is provided by the photoelectron (PE) spec-
tra measured with a hemispherical (HS) electron analyser,
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mounted at a grazing angle of 70° with respect to the X-ray
beam and the surface normal. This geometry enhances the
surface sengitivity of the microscope. Spatially resolved
chemical images were obtained by tuning the analyser to
collect photoelectrons emitted from a specific core level of
the surface and adsorbate layer constituents and scanning
the sample with respect to the focused beam (acquisition
time was about 30 ms/pixel). A more detailed description
of the ESCA microscopy beamline and SPEM set-up can
be found in [11]. In the present study, we used 620 eV
photons to monitor the specific core levels of all metal
congtituents and of all species that can be present in the
adsorbate layer. The energy resolution used was >1 eV
for images and <0.6 eV for spectra. The binding ener-
gies were caibrated by using the 3ds/, peak of the clean
Rh film (307.2 eV) as a reference. The oxygen cover-
ages given in this paper were calibrated by the intensity
of the background-corrected O 1s spectrum of the oxygen-
saturated Rh film, assuming that the saturation coverage of
oxygen for NO adsorption at 650 K is 0.25 ML, as in the
case of stepped Rh(533) and Rh(111) [12,13]. Nitrogen
and carbon coverages were evaluated on the basis of the
O 1s calibration by using the tabulated cross-sections for
O 1s, N 1sand C 1sin [14].

As a model catalyst, we used a Pt(100) single-crystal
surface on which a thin Rh layer of 600 A thickness had
been deposited via a negative photoresist process. In this
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way, Pt domains of varying geometry and size were created,
surrounded by a reactive Rh layer. Before introduction
to the SPEM, Auger electron spectra taken after brief Ar
ion sputtering showed the presence of carbon which was
expected to be removed under reaction conditions.

3. Reaults and discussion

First, we will illustrate and discuss the removal of the
thin graphitic layer which remained on the microstructured
Rh/Pt(100) surface after sputtering. The oxidation of the
carbon to CO and CO, under reaction conditions, and thus
cleaning of the catalyst surfaces, isaprocessthat readily oc-
curs in exhaust gas converters [5]. In particular, we exam-
ined the evolution of the surface composition after expos-
ing the carbon-contaminated catalyst to a NO+ H, ambient
(pno = 8 x 108 mbar and varying H, pressures) at 650 K.

Figure 1(a) shows SPEM images of a surface area cen-
tered on a Pt circle of 20 yum diameter surrounded by the
deposited Rh film, after being treated under reaction con-
ditions for two days. Only after this long period, the for-
mation of chemical waves occurred on the Rh film. The
images are taken with the HS electron analyser tuned to the
Pt 4f; 5, Rh 3ds,2, C 1sand O 1s photoelectrons. The con-
trast in the images corresponds to intensity variations of the
PE signal and can be used as a fingerprint for the different
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Figure 1. Reactive removal of a carbon layer on a microstructured Rh/Pt(100) catalyst. Experimental conditions: pnyo = 8 x 108 mbar and variable

PH,, T’ = 650 K. (a) SPEM Pt 4f7,5, Rh 3d5/», C 1s and O 1simages of a Pt circle surrounded by the Rh film taken &fter treatment of the catalyst

for two days in an oxidizing NO + H, ambient. (b) Line profiles of the PE intensities obtained by a cut along the vertica dashed line marked in the

Pt 4f image. The Pt 4f (filled circles) and the Rh 3d signal (open circles) are scaled to their respective maximum. The C 1s (filled squares) and the
O 1s signal (open squares) are converted to coverages.
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local concentrations of the elements on the surface and in
the near-surface region. The Pt circle surrounded by the
Rh film can be clearly seen in the Pt 4f and Rh 3d images.
The C 1s image shows that, after a long treatment under
NO + H, reaction conditions, the carbon film has been re-
moved from the Rh surface and from the border areas of
the Pt circle, but it is still present in the inner part of the Pt
circle. Thewidth of the carbon-free zone at the Pt border is
2-3 pm and is found to be the same for all microstructures
on the surface; the larger carbon-free spot at the upper bor-
der of the Pt circle in the image series figure 1(a) is due
to Rh remains on the Pt which can be distinguished as a
brighter area in the Rh 3d image. The difference in the
contrast of the carbon-clean Pt and Rh areas in the C 1s
image is due to the different secondary background level
on Pt and Rh and does not reflect different carbon cover-
ages. Thisis consistent with the PE spectra taken from the
different areas which confirmed that carbon can only be
found inside the Pt circle where it reduces the Pt 4f signal
by about 60%, as seen in the Pt 4f image.

The lateral changes in the concentration of Rh, Pt, car-
bon and oxygen are clearly manifested by the line profiles
shown in figure 1(b), obtained by cutting the imagesin fig-
ure 1(a) on the line marked in the Pt 4f image. The Pt
and Rh line profiles show that the pattern edge is rather
sharp, i.e., the intermixing of the two metals is confined
within less than 1 ym at the periphery. No Rh could be
found inside the Pt circle, neither Pt on the Rh film. The
C 1s and O 1s profiles show that in an oxidising ambi-
ent the carbon-free surface is covered by adsorbed oxygen.
For these two species, we can convert the PE intensities to
coverages, following the procedure described above. The
obtained carbon coverage of 1.6 ML inside the Pt circle is
in good agreement with the observed damping of the Pt 4f
signal.

The presence of carbon only on Pt can tentatively be
attributed to the different activity of Pt and Rh with re-
spect to NO dissociation. On the Rh surface, the removal
of the C layer via oxidation is faster because the NO dis-
sociation which provides oxygen proceeds more effectively
on Rh than on Pt. The efficient removal of C from the
Pt edge areas in the vicinity of the Rh film indicates that
the NO dissociation is aso enhanced at the Pt/Rh interface
region, consistent with the multiple edge effects exerted by
laterally confined films (a 600 A thick Rh film here) on
the surrounding surface. Oxygen provided by NO dissoci-
ation on the Rh and at the rough Pt/Rh interface diffuses
onto the Pt surface leading to propagation of the carbon
oxidation front deeper into the Pt area. Similar cleaning
of the carbon-contaminated Pt area was also observed on a
sample with a thinner Rh film, where the cleaning could be
followed until nearly complete carbon removal from the Pt
area under NO + H, reaction.

The second aim of this study was to follow the dynami-
cal changesin the adlayer composition related to the propa-
gation of chemical waves formed during the NO+ H, reac-
tion on Rh. In this reaction system, which is bistable within

the parameter range investigated here, reaction fronts initi-
ate transitions between a non-reactive and a reactive state
of the surface. Starting conditions are catalyst at tempera-
ture 650 K in aNO ambient (pno = 8 x 10~8 mbar), which
lead to a saturation-oxygen coverage of ~0.25 ML on the
Rh surface. This oxygen-covered surface has low reactivity
because the presence of oxygen inhibits dissociative adsorp-
tion of Hz [8]. By introducing H» and increasing the pn, up
to a sufficiently high value, a reaction front nucleates and
reacts off the oxygen. This is accompanied by a build-up
of an nitrogen layer, reaching a coverage of ~0.06 ML.

The propagation of the reaction front is shown by the
O 1s and N 1simages in figure 2, taken successively af-
ter introducing hydrogen in the gas phase (pn, = 1.2 x
10~7 mbar). Each N 1s image precedes the O 1s image.
The dark triangle in the upper right corner is the Rh-free
Pt substrate, the rest of the imaged area is the Rh film (the
contrast between both metals is clearly visible in al im-
ages). In the lower right corner one can see an already
propagating wave which has started from an interface be-
low the imaged area. Nucleation and propagation of a new
chemical wave, with a starting point marked by an arrow,
can be seen in the second O 1s image. By cutting the
O 1sand N 1simages in the lower part, as marked by the
dashed line in the upper left image of figure 2(a), the line
profiles of the chemical wave can be obtained. They are
plotted in figure 2(b), after conversion of the PE intensi-
ties to coverages. In brief, the following important features
should be noted from the images in figure 2: (i) the reac-
tion front nucleates at the Pt/Rh interface (see the arrows
in figure 2(a)); (ii) the propagating front causes a switching
from an oxygen- to a nitrogen-covered surface; and (iii) the
reduction of the hydrogen pressure reverses the propagation
direction and restores the initial state.

The nucleation centers for these chemical waves are usu-
ally structural defects and/or areas with a different chemical
composition on the surface [6]. The preferential nucleation
of reaction fronts at the Pt/Rh interface is consistent with
the properties of Pt, which has less affinity to oxygen than
Rh [15]. Since the presence of oxygen inhibits H, disso-
ciation, Pt preserves a certain activity for Hy dissociation,
because it adsorbs less oxygen. This explains the higher re-
activity when both metalsarein contact. The high reactivity
of the Pt/Rh interface is also consistent with the enhanced
catalytic activity found for the Pt/Rh alloys [15,16].

The present results clearly demonstrate that the chemi-
cal wave nucleates at the Pt/Rh interface and restores the
active, reduced state of the Rh surface, if the interface is
not carbon-contaminated. On the other hand, as described
before, the C contamination of the interface is prevented by
the adjacent Rh surface, thus providing an example for the
synergistic effect of two components of a bimetallic cata-
lyst under conditions which might model the cold start of
a car-exhaust catalyst.

At the reaction front, the transition from the oxygen- to
the nitrogen-covered Rh surface is rather sharp: the width
of the N/O interface is less than 1 um, as manifested by
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Figure 2. Propagation of a chemical wave during the NO + H reaction on Rh after its nucleation a the Pt/Rh interface. Experimental conditions:

pno = 8 x 1078 mbar, pH, = L2 % 10~7 mbar, T = 650 K. Acquisition time per image 8 min. (a8 SPEM images of oxygen, O 1s (left), and

nitrogen, N 1s (right). The dark triangle in the upper right corner is the Rh-free Pt substrate, the rest of the imaged area is covered by the Rh film. The

nucleation of a new chemical wave at the PY/Rh interface, indicated by the arrow, and its propagation can be monitored (see text). (b) Line profiles

showing the local coverages of oxygen (filled circles) and nitrogen (open circles) in the chemica wave. The profiles, obtained by a cut along the
horizontal dashed line marked in the top O 1simage of figure 2(a), are converted to coverages.
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Figure 3. N 1sand O 1s XPS spectra recorded before (black line) and after passage of the reaction front (grey line) on the Rh film. The spectra indicate
a complete switching from an oxygen to a nitrogen adlayer. Experimental conditions: pyo = 8 x 10~8 mbar, PH, = 1.2 X 10~7 mbar, T = 650 K.
The atomic nitrogen has a binding energy of 397.3 eV and the atomic oxygen of 529.5 eV.
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the N 1s and O 1s line profiles in figure 2(b). It should
be noted that the scatter in the N 1s data is due to the
very low coverage of nitrogen, which correlates with the
high catalytic activity and selectivity of Rh resulting in
substantial thermal desorption of nitrogen at 650 K.

The PE spectra taken from different spots on the surface
show that in the reaction system NO + H; only two sur-
face species can be identified at 7' = 650 K, chemisorbed
oxygen and chemisorbed nitrogen. Figure 3 demonstrates
O 1s and N 1s spectra recorded from the Rh surface be-
fore and after passage of the reaction front. The presence
of one species excludes aways the presence of the other
in the investigated parameter range. The binding ener-
gies (O 1s: 5295 eV, and N 1s. 397.3 eV) are charac-
terigtic for chemisorbed oxygen and chemisorbed nitrogen
species and correspond to binding energies measured on a
stepped Rh(533) surface under similar conditions [12]. At
T = 650 K, the dissociation of NH,, is already substantial
on Rh surfaces and this should be the reason that no NH,,
(z = 1, 2) species can be identified in the N 1s spectra [8].
A possible influence of photon-stimulated desorption can-
not be ruled out, but the high photon flux (~10° photons/s
in the spot) does not modify the behaviour of the reaction,
as compared with PEEM measurements conducted under
the same conditions.

SPEM and PEEM measurements showed that the veloc-
ity of the reaction front can be tuned from stationary at
pH,/Pno = 1 up to 0.4 ums at py,/pno = 2 (pno Was
kept constant). For py,/pno less than 1, the direction of
front propagation is reversed, indicating a true bistability of
the reaction system. Comparable front velocities were also
observed during the O, + H> reaction, demonstrating that
chemisorbed nitrogen (at low coverages) has a negligible
influence on the propagation of the reaction front.

Under the relatively mild reaction conditions of our ex-
periments, no segregation of Pt to the surface of the Rh film
was detected. In experiments under similar conditions, but
with only a70 A thick Rh film on top of Pt(100), significant
vertical intermixing occurred [17]. In the reversed system
consisting of a 300 A thick Pt film on top of Rh(110),
oxygen-induced segregation of Rh to the Pt surface was
observed [18]. The absence of detectable Pt segregation
and surface aloying for the Rh film in our experiments
can be attributed to (i) the large film thickness of 600 A,
and (ii) to the absence of a strong adsorbate-induced seg-
regation, since the preferred binding partner of oxygen is
Rh [15,16].

Pattern formation on microstructured surfaces was stud-
ied beforefor catalytic CO oxidation on Pt(110) and Pt(100)
domains surrounded by an inert Ti/TiO; layer [19]. In these
experiments, PEEM, used as a spatially resolved method,
images the local work function, but yields no information
about the chemical identity of the adsorbate. While such
a shortcoming might be irrelevant for a chemically sm-
ple system as CO oxidation, for more complex systems the
identification of the adsorbate species remains a challeng-
ing task. A number of other techniques based on a differ-

ent contrast mechanism have also been applied to image
chemical waves, such as low-energy electron microscopy
(LEEM) [20], field electron (FEM) and field ion microscopy
(FIM) [21], and optical methods [22]. Similar to PEEM, all
these methods do not alow discrimination between differ-
ent chemical species on the surface. Since a proper mech-
anistic understanding and realistic mathematical modelling
require qualitative data about the surface species and quan-
titative data about the coverages, SPEM is a valuable tool
for investigation of dynamical processes in catalysis.

4, Conclusion

In summary, this is the first photoemission microscopy
study which shows that imaging of dynamical processes on
catalytic surfaces with chemical contrast is possible. It has
been demonstrated that the bistable O, + H, and NO +
H, reactions on Rh exhibit transitions via reaction fronts
between an inactive oxygen-covered state of the surface
and an active reduced state (nitrogen-covered in the case of
the NO + H, reaction).

On the bimetallic Pt/Rh model catalyst, we observe two
synergetic effects at the Pt/Rh interface under reaction con-
ditions: (i) Rh prevents poisoning of the adjacent Pt area by
carbon contamination because it acts as a supplier for oxy-
gen, and (ii) the Pt/Rh interface acts as a nucleation center
for reaction fronts on the Rh which convert the surface to
its reactive state. These two effects can be related to the
fact that the catalytically more active Rh provides the oxy-
gen for the reaction (via O, and NO dissociation) for both
reactions. carbon oxidation and water formation. Pt, on the
other hand, preserves a higher activity for H, dissociation
and acts as a more active hydrogen source. The results of
this study demonstrate in particular that the interface of two
metals plays an important role when dynamical effects in
catalytic reactions come into play.
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