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Abstract

Global and local oscillations in the CO oxidation reaction have been visualized in situ on the apex of a [100]-oriented Pt field emitter
tip used as a well-defined model for catalytically active, nm-sized particles by Field Emission (FEM) and Lithium Field Desorption
(Li-FDM) Microscopes. For the first time experimental evidence is provided that the reconstruction feedback mechanism of the self-
maintained oscillations for the [100] and [110] orientations, which is well established on macroscopic single crystals, is also valid in
the heterogeneous, nm-sized system with its different crystallographic orientations which are coupled by surface diffusion.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The idea of adsorption-induced modifications of the to-
tal surface energy, and thus of adsorption-modified inter-
atomic interactions within the topmost surface layer,
suggested by Irving Langmuir in his Nobel Lecture in
1932, has been impressively confirmed decades later in a di-
rect LEED examination of the adsorption-induced Ni(1 10)
reconstruction by Germer and MacRae [1]. Again decades
later the adsorption-lifted reconstruction of Pt(100) and
Pt(110) surfaces was found to play a decisive role in self-
sustaining oscillations in the CO oxidation reaction on
macroscopic Pt(10 0) and Pt(110) single crystal surfaces
[2,3]. Such spontaneously oscillating surface reactions on
well-defined surfaces provide manifold examples of spiral
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and standing waves, target patterns and other spatiotem-
poral structures, and are almost perfect paradigms for
understanding the complex reaction–diffusion systems
[4,5]. The above experimental observations could be also
nicely described within the mean-field theoretical models
[6,7].

Two key phenomena lead to rate oscillations in the CO
oxidation on macroscopic Pt(100) and Pt(110) surfaces
which proceeds via the Langmuir–Hinshelwood mecha-
nism: asymmetric inhibition and lifted reconstruction.
Asymmetric inhibition of the dissociative oxygen adsorp-
tion by CO provides the bistability in the reaction system.
Since O2 needs two adsorption sites per molecule and can
hardly adsorb on a densely CO-covered surface, two stable
states of the reaction system, with high and low reactivity,
coexist over a range of operating conditions. To exhibit
oscillations, the system requires apart of a bistability a
negative feedback mechanism [8]. In case of the Pt(100)
surface this is provided by a lifting of the ‘‘hex’’ reconstruc-
tion of the Pt(100) surface which is induced by adsorbed
COad, i.e. a hex! 1 · 1 structural phase transition, which
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is accompanied by a drastic increase in the sticking
coefficient for oxygen from �10�4–10�3 for the ‘‘hex’’ to
�0.3 in case of the 1 · 1 structure [9,10], respectively,
and thus in the surface reactivity. In case of Pt(110) it is
the COad-induced ‘‘missing row’’ 1 · 2! 1 · 1 transition,
where the structure-sensitive sticking coefficient for oxygen
increases from �0.3–0.4 to �0.6 [11]. A very fast catalytic
surface process (clean-off reaction) removes then the COad

layer, and the clean unstable 1 · 1 surface reconstructs
again closing the oscillating cycle. The periodic switching
between states of low and high reactivity provides a feed-
back loop in the system, and induces the oscillations. The
validity of the depicted mechanism for ‘‘macroscopic’’
single crystals was directly confirmed by in situ LEED
measurements that have attributed the structural changes
of the substrate to the reaction rate oscillations [12,13].

Despite of the tacit assumption that an oscillating reac-
tion kinetics, including the described feedback mechanism,
should also be valid in the CO oxidation on the nm-sized
facets of ‘‘real catalyst’’ Pt particles, no experimental evi-
dence has been provided so far (a kind of a ‘‘materials
gap’’ problem). However, since the most characteristic
property of such a metal particle is the presence of differ-
ently oriented facets which are confined by stepped regions,
the oscillations on a nanosized heterogeneous sample might
also be induced by reaction–diffusion processes coupled in
a complex manner. Moreover, because of the increasing
role of fluctuations, significant deviations from the ‘‘mac-
roscopic’’ reaction behaviour are expected [14]. Therefore,
alternative mechanisms related to the coupling of the differ-
ent crystallographic orientations need to be taken into con-
sideration, too [15].

In the present study a Pt field emitter tip was chosen as
model system in order to study the possible feedback mech-
anisms in a nm-sized system. The apex of a field emitter tip
exhibits a heterogeneous surface formed by differently ori-
ented nanofacets, and can thus serve as a suitable model
for a catalytic particle of comparable dimensions. How-
ever, in contrast to a catalyst particle, the tip surface can
be prepared reproducibly and can be characterized with
atomic resolution by Field Ion Microscopy (FIM). We
use Field Emission (FEM) and Lithium Field Desorption
(Li-FDM) Microscopy to visualize in situ the oscillating
CO oxidation on the Pt nanofacets and to obtain direct
real-time information about the actual configuration of
the surface during the ongoing reaction. The reconstruc-
tion (including adsorption-induced transitions) of the vari-
ous Pt-metal surfaces have been identified earlier in FIM
[16,17], but not yet under the reaction conditions, where
the elevated temperature impedes the atomic resolution.

2. Experimental

Experiments were performed in a stainless steel FIM
apparatus (base pressure 610�10 mbar) that was used as a
flow reactor. The Pt catalyst sample was the apex of a
[100]-oriented tip etched from a spectroscopically pure Pt
wire (0.1 mm B) and characterized with atomic resolution
in Ne+ FIM at 78 K. For imaging of the surface with Li+

ions in Li-FDM, a submonolayer Li (0.1–0.4 ML) was
deposited onto the tip from a commercial Li source (SAES
Getters). The resulting Li coverage was estimated from
the work function measured in the FEM mode, which could
be switched on by simply reversing the tip voltage polarity.

In the Li-FDM mode, lithium adatoms are field-
desorbed from the apex of the tip as Li+ ions which in
turn create a (channel–plate intensified) projection of the
adsorption sites on the fluorescent screen (see Fig. 1). Re-
moved Li adatoms are replaced by diffusion of Li over
the tip surface from the long-lasting Li deposit on its
shank. Since the tip assembly and the controlling electron-
ics allow temperatures between 78 and 600 K (maintained
with an accuracy 61 K), the surface diffusion rate of Li
from the supply on the shank to the imaged surface sites
can be precisely adjusted. The Li+ desorption rate depends
nearly exponentially on the desorbing field strength and
can thus be controlled by the externally applied field (usu-
ally 5–10 V/nm) and by the tip temperature. Local field
deviations caused by the peculiarities of the surface struc-
ture influence the local Li+ ion emission, an effect which
we use here for the detection of the surface reconstruction.

The UHV system was equipped with a gas supply system
for an imaging gas (Ne, for the FIM imaging of the tip
structure) and the gases used in the reaction (CO, O2)
which were introduced with a flow rate of 2.5 ls�1 and con-
trolled by a spinning rotor gauge and a quadrupole mass
spectrometer. The specifics of the visualization of the CO
oxidation reaction by FEM, FIM and Li-FDM are de-
scribed explicitly in the Refs. [18,19].

The Li-FDM, FIM and FEM images were recorded
during the ongoing reaction by means of a CCD camera
with 40 ms time resolution and digitized with 8 bit resolu-
tion. Rectangular probe regions (ROIs – ‘‘Regions Of
Interest’’) could be deliberately chosen whose location
and size were determined by overlapping the Li-FDM im-
age with a low-temperature FIM image of the same tip.
Typically, the size of the probed area was equal to or less
than about 500 nm2. More details of the digitization proce-
dure can be found elsewhere [20].

3. Results and discussion

The Langmuir–Hinshelwood mechanism of the oscillat-
ing CO oxidation reaction on Pt requires adsorption of
both reactants, CO and oxygen, on the surface. In a simpli-
fied description, an Oad and a COad layer replace each
other periodically during the oscillations by a mechanism
described above, and due to the diffusional coupling most
of the facets present on the tip are involved in the process.
Since the work function of the oxygen-covered Pt surface is
remarkably higher than that of a CO-covered surface, the
oscillation can be monitored by FEM due to the high sen-
sitivity of the field electron (FE) current to the work
function. Since the pioneering work in 1993 [21], many



Fig. 1. Visualisation of the CO oxidation in Li-FDM. A lithium submonolayer on the shank of a field emitter tip serves as a long-lasting reservoir of Li
atoms, that diffuse towards the apex of the tip and desorb from those surface sites where the local field strength is sufficient for field desorption. Li+ ions
created at the instance of field desorption are accelerated towards the screen creating a point-projection of the tip surface, similarly as in a FIM.
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FEM studies of the O/CO/Pttip system have been con-
ducted. An overview can be found in [22].

3.1. ‘‘Hex’’ reconstruction of the Pt(100) facet

Usually, global oscillations are observed where the
whole apex surface is involved. Fig. 2(a) shows a typical
time dependence of the total FE current for such oscilla-
tions. The electric field necessary in FEM for the tunnelling
of field electrons is about 5 V/nm and does not influence
the reaction, as was convincingly shown in experiments
with a pulsed field and varied duty pulses [23]. However,
under certain conditions local, rather irregular oscillations
can be observed on the central (100) facet with a very short
cycle duration of 1–3 s only. Here we focus on a single 1.6 s
long cycle. At the beginning, the Pt(100) facet is covered
with Oad (Fig. 2(b)). Subsequently the Oad layer shrinks
slowly (Fig. 2(c)) due to the reaction with COad at the bor-
ders of the oxygen-covered surface, as also observed in a
recent STM study [24]. Suddenly, the clean-off reaction re-
moves the remaining Oad and creates an area on the (100)
facet with a very high local image brightness (high local FE
current, Fig. 2(d)), which even exceeds that expected for a
surface with the work function values of the clean Pt(100)
surface in its 1 · 1 as well as its ‘‘hex’’ phase [25,26]. The
only possible explanation for this effect is a local electron
current increase caused by the local field enhancement
due to the local transient changes in surface corrugation,
which accompany the formation of the ‘‘hex’’ phase, as
was observed by STM [27]. We will discuss below the rela-
tion between the local field enhancement (at subnanometer
distances to the surface) and the peculiarities of the atomic
surface corrugation.

Because of the very low sticking coefficient of <10�3 for
oxygen on the ‘‘hex’’ surface, this surface will immediately
be covered with CO under the given conditions, which hap-
pens in fact in the next tenths of a second (Fig. 2(e)).
Adsorption of CO forces the hex! 1 · 1 reconstruction,
since CO is more strongly bound to the 1 · 1 surface,
switching back the sticking coefficient of oxygen from
<10�3 to 0.3. Since the partial pressure of oxygen is more
than two orders of magnitude larger than that of CO, this
leads necessarily to the dominance of oxygen adsorption
and the surface becomes covered with Oad again, as can
be seen in Fig. 2(f) which corresponds to the initial state
shown in Fig. 2(b).

The proposed mechanism was proven in a separate titra-
tion experiment at 338 K, where a pre-adsorbed COad layer
on the tip apex surface was reacted off by oxygen which
was introduced into the UHV system at 5 · 10�4 mbar.
The main result of this experiment is shown in Fig. 2(g).
The reaction starts in the vicinity of the (11 0) facet, and
a sharp reaction front moves fast towards the central
(100) facet. After arriving at the latter the reaction front
produces a high local FE current peak comparable to that
observed in the oscillation cycle, but for a somewhat longer
period due to the different time scales of the fast surface
clean-off reaction and of the relatively slow refilling of
the surface due to the low sticking coefficient of oxygen
which is characteristic for the ‘‘hex’’ surface that was cre-
ated during the clean-off reaction. In conclusion, by using
the FE imaging mode with its lateral resolution of about



Fig. 2. Global and local oscillations in the CO oxidation reaction on the apex of an [100]-oriented Pt tip. (a) Global oscillations: total field electron
current vs. time at 403 K, pCO = 1.5 · 10�5 mbar, pO2

¼ 5:3 � 10�4 mbar. The inset shows a corresponding FEM image. All crystallographic orientations
are involved in the oscillations. The dotted rectangle is magnified in (b–f). (b–f) Fast local oscillations: a sequence of FE images obtained on the central
(100) facet at 346 K, pCO = 2.3 · 10�6 mbar, pO2

¼ 4 � 10�4 mbar. Only the central part of the (100) region is oscillating. (b) Central Pt(100) facet
covered with Oad (dotted circle, ca. 10 nm B; dark image due to low work function). (c) Shrinkage of the Oad layer due to reaction with CO. (d) Formation
of the clean ‘‘hex’’-reconstructed (100) surface, as indicated by the very bright image. (e) Lifted ‘‘hex’’-reconstruction due to COad layer formation. (f)
Refilling of the (100) facet with Oads within just one video frame (0.04 s), thus closing the cycle after 1.6 s duration [compare to (b)]. (g) Local FE current
from the Pt(100) facet measured in a titration experiment. Passing the (100) area, the reaction front creates an emission peak attributed to the clean ‘‘hex’’
surface [compare to (d)]. The stripes in the images are due to the video-recording system.
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2 nm, the attribution of the Oad and COad layer to partic-
ular states of the Pt(100) nanofacets is possible. Although
the resolution of 2 nm is not really sufficient to observe di-
rectly the differences in the atomic structure of the ‘‘hex’’-
and 1 · 1 phases, the decisive step of the clean ‘‘hex’’
structure formation can nevertheless be reliably identified.

3.2. ‘‘Missing row’’ reconstruction of the Pt(110) facets

We will now concentrate on the (110) facets of the
[100]-oriented tip, imaged with Li+ ions during the oscillat-
ing CO oxidation at a similar magnitude of the applied
field, but under reversed polarity. In comparison to elec-
trons during the tunnelling process, field-desorbed lithium
ions are much better spatially localized at the instance of
field desorption (almost monoenergetic Li+ ions are emit-
ted in this mode, the FWHM of their energy distribution
being less than 250 meV [28]). For this reason an extreme
sensitivity of the probing Li+ ions on the atomic structure
of the surface can be expected. We note that presence of the
rather rarefied Li-submonolayer (in a 0.1 ML range) on the
Pt-surface does not influence the CO oxidation mechanism
itself, just a slight shift of the reactive phase diagram is
observed and explained using lattice-gas type model calcu-
lations [23,29]. In Fig. 3(a) the time dependence of
the local image brightness collected within a ROI placed
in a (110) region of a [100]-oriented tip and monitored
with Li-FDM during the oscillating CO oxidation is
shown (pCO = 1.8 · 10�5 mbar, pO2

¼ 2� 10�4 mbar, T =
490 K). During the self-sustained oscillations in the reac-
tion, the Li-FDM image switches periodically, with a peri-
od of �120 s, between a circular (Fig. 3(b)) and a cross-
shaped pattern (Fig. 3(c)), where the maxima of the local
image brightness registered in the ROI in the (110) region
correspond to the circle-like pattern, and the minima in the
oscillating brightness curve to the cross-like image. In



Fig. 3. The oscillating CO oxidation reaction on Pt nanofacets monitored with Li+ ions at 490 K, pCO = 1.8 · 10�5 mbar, pO2
¼ 2� 10�4 mbar. (a) Local

intensity of the Li-FDM image in the (110) region vs. time. (b) Li-FDM image of the oxygen-covered apex of the [100]-oriented Pt tip. The dotted circles
indicate the (110) regions. (c) The same for the CO-covered surface. The (110) regions remain dark (no field desorption of Li from those regions under
these conditions).
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order to attribute the local image brightness to adsorption
of Oad or COad, titration experiments were performed un-
der the same experimental conditions. The reaction of a
pre-adsorbed Oad layer with CO leads immediately to the
cross-shaped pattern, and unambiguously proves that
during the minima in the oscillation curve the Pt(110) facet
was covered with CO. In turn, removing pre-adsorbed
COad by oxygen leads to the circle-like image with high
local intensity in the (110) regions, which corresponds to
the maxima in the intensity curve. This Li-FDM image
brightness corresponds to much higher Li+ desorption rate
from the Oad-covered surface, as compared to the COad-
covered surface where Li field desorption does not take
place or is not significant (the corresponding regions of
the image remain dark). Field desorption of Li from metal
surfaces is well studied experimentally as well as theoreti-
cally [30,31]. These studies have demonstrated a high sensi-
tivity of the Li+ desorption rate on the strength of the local
desorption field, which acts on the Li adatom at the instant
of field desorption. Thus the explanation for the brightness
enhancement observed herein in Li-FDM is a much higher
local desorption field on a surface covered with Oad than
with COad. In turn, the question on the origin of this
enhanced desorption field arises.

In order to answer this question, we refer to our own
study of the local electrostatic field distribution above indi-
vidual surface atoms [32]. Using field ion appearance en-
ergy spectroscopy for the determination of the local field
strengths at subnanometer distances over single atoms,
the local field above surface atoms was found to depend
strongly on the local surface corrugation. Fig. 4 illustrates
those findings: a field ion image obtained with Ne+ ions at
79 K from the close-packed Rh(1 00) surface is shown in
Fig. 4(a) with the corresponding surface structure, while
Fig. 4(b) shows the same for a strongly corrugated
Rh(11 3) facet. For the less corrugated Rh(100) surface,
the field strength measured 0.3–0.4 nm above the surface
atoms appears to be locally enhanced by a factor of 1.27
relative to the ‘‘externally applied’’ field of 31 V/nm
measured farther away from the surface (>1.5 nm). In
turn, the local field enhancement factor measured at the
‘‘rougher’’ Rh(1 13) surface was found to be higher, namely
1.54 under at the same conditions. The different enhance-
ment factors are attributed to the particular atomic corru-
gations on the respective surfaces. Details of these atomic
scale measurements, of corresponding theoretical calcula-
tions, and of the physics of the field-induced redistribution
of the local electron density leading to the local field
enhancement are summarised in [33].

The corrugation of the non-reconstructed Pt(110)
surface drawn in Fig. 4(c) is similar to the one shown in
the lower corner of Fig. 4(a) for Rh(1 00), while the corru-
gation of the reconstructed Pt(110) surface (Fig. 4(d)) is
similar to that exhibited in Fig. 4(b) for the Rh(1 13) facet.



Fig. 4. Surface corrugation and local electric fields. (a) Section of a Ne field ion image at 79 K, showing a Rh(100) facet. The white circle shows the
position of the probe hole. The local field enhancement factor was measured to Floc/F0 = 1.27. The corresponding surface corrugation A–B is also shown.
(b) Same as in (a), but for a Rh(113) facet. Floc/F0 = 1.54. Both taken from [32]). (c) Surface corrugation of the non-reconstructed Pt(110) surface.
(d) Same as in (c) but for the (1 · 2) ‘‘missing row’’ reconstruction. Due to the stronger corrugation a higher local field enhancement factor is expected than
for the (1 · 1) structure.
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This strongly suggests that for the same value of the
externally applied tip voltage different local field enhance-
ments, caused by differently strong corrugations, will pro-
vide different local desorption fields for the Li atoms on
these two differently corrugated surfaces. By adjustment of
the externally applied field to a value just sufficient for the
field desorption of Li from the oxygen-covered 1 · 2 surface,
no Li+ emission from the CO-covered and much smoother
1 · 1 surface was observed since the local field strength does
not suffice for Li field desorption. This is another evidence
for two different structures on the same Pt(110) nm-sized
facet caused by different CO coverages. The switching
between the 1 · 1 and 1 · 2 structures modifies the sticking
coefficient for oxygen, thus providing the negative feedback
as described above for the macroscopic single crystal
surfaces.

4. Conclusions

Using the apex of a Pt field emitter tip as a well-defined
model for a catalytically active Pt nanoparticle, the materi-
als gap has been partially bridged in the sense that the feed-
back mechanism of the oscillating CO oxidation reaction in
a heterogeneous nm-sized system was compared with that
known from macroscopic single crystals. The experiments
provide the evidence that also in case of the nm-sized facets
on the curved surface of a Pt tip with its different crystallo-
graphic orientations, where the reaction can be coupled via
surface diffusion, the feedback occurs via the lifted recon-
struction of the Pt(100) and (110) facets, similar to macro-
scopic single crystal surfaces.
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