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In this short review we present few selected sections of our own work on the catalytic reactions as studied on a nanoscale using

the field emission and field ion microscopies (FEM/FIM) and the corresponding probe-hole techniques: magnetic field ion mass

separation combined with the field ion appearance energy spectroscopy (FIAES) and an atom probe with a Wien-filter ion mass

selection combined with the time of flight (ToF) and coincidence analyses. We focus on the CO respectively hydrogen oxidation on

Pt nanofacets present on an apex of a Pt tip that serves as a model of a single catalytic pellet of a supported catalyst. Exhibiting a

heterogeneous surface formed by different orientations, like a catalyst pellet, a Pt tip can be prepared and characterized with atomic

resolution. Surface reactions in such a well-defined system can be monitored with a resolution of £ 2 nm by FEM or FIM and the

reacting species originating from few selected surface sites can be analyzed by FIAES or ToF in a probe-hole experiment. By using

the single tip the usual averaging of data over at least few catalytic pellets of the common array-type model catalyst is avoided and

thus a ‘‘smoothing out’’ of the characteristics of the single particles can be eliminated. As a result, the correlation of processes on

individual nanofacets and fluctuation effects can be studied in situ. Until now, the FIM/FEM techniques are known to be quite

successful in studying the oscillating surface reactions on Pt and Rh surfaces. In the present review we concentrate, in turn, on the

local reaction kinetics in the nanosized reaction systems as mirrored by spectroscopic measurements and on the fluctuation-induced

deviations from the behaviour predicted by macroscopic rate laws.

KEY WORDS: CO oxidation; H2 oxidation; field emission microscopy; field ion microscopy; field ion appearance energy
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1. Introduction

The technical importance of heterogeneous catalysis
has motivated numerous fundamental studies concern-
ing physical and chemical properties of dispersed metals
on oxidic supports. Surface science contributed essen-
tially to these studies by revealing an atomic-level
understanding of the structure-activity relationship in
surface-catalyzed reactions. In particular, the catalytic
behavior of nanozised metal particles may be sensitively
controlled by its morphology, by the distribution of
active sites or by variation of the particle size itself,
interdependencies which will be addressed in this con-
tribution by giving an overview of our field emission and
field ion related microscopic and spectroscopic studies.

In last decades there has been achieved a rapid
development of structure sensitive surface analytics on
an atomic level as STM (scanning tunneling micro-
scope), AFM (atomic force microscope) and related
tools, which released a tremendous progress in under-
standing structural and electronic properties of surfaces.
Unfortunately, in the case of real catalytic systems these
nanoscale methods are effectively hampered, which has
to do with the enormous complexity of the supported
catalysts, with the poor accessibility of the intricately
coupled processes on the nanosized metal particles and

with the non-steady-state of kinetics in nano dimensions.
To overcome these serious experimental problems dif-
ferent systems modeling the heterogeneous catalysts
have been designed, allowing particular access to certain
features of the real systems without representing their
entire complexity. One of the successful approaches is
the creation of arrays of the small metal particles grown
on a planar oxidic support. Several strategies of prepa-
ration have been used, such as metal vapour deposition
on oxide bulk crystal surfaces or on well-ordered oxidic
(e.g. alumina) films as substrates for the metal cluster
deposition. The quasi two-dimensional systems pre-
pared that way can be well characterised morphologi-
cally by surface analytic techniques [1–3] and eventually
subjected to an in situ kinetic investigation [4].

Recently, the creation of the planar arrays of Pt
particles on an amorphous SiO2 layer by electron beam
lithography had been reported [5,6]. By such a prepa-
ration method not only the particle size is controlled but
also the interparticle distances can be varied which are
important for the interdiffusion of species between the
particles, i.e. spillover processes, playing an important
role in many reactions.

Despite of these and other recent considerable
achievements, the atomic-scale details of catalytic pro-
cesses on the supported catalysts and even on their
individual nanosized metal particles are not entirely
revealed. The difficulties in addressing the details of the
reaction mechanisms on the single metal nanoparticles
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have primarily to do with the ‘‘averaging’’ operation
modi of the most surface-sensitive spectroscopies: the
data are averaged over an ensemble or in the best case
over few catalytic pellets of the sample, thus the indi-
vidual characteristic of the single particles are often
‘‘smoothed out’’. As a most prominent example of such
a ‘‘smoothed out’’ effect, the local reaction-induced
fluctuations can be mentioned which are mainly con-
fined to a single few nm-small nanofacet but can lead to
the severe deviation from the ‘‘mean-field’’ reaction
kinetics [7]. The size effects related to the size-distribu-
tion of the individual particles and to those of the par-
ticular crystal planes within the each particle can also
hardly be accessed with the standard surface analytic
techniques. Therefore there is a strong interest to study
the reactions in situ on an individual metal pellet of a
supported catalyst or on a single aggregate of a cluster
array (Fig. 1a).

Field emission based techniques, such as Field Ion
Microscopy (FIM), Field Emission Microscopy (FEM)
and Lithium Field Desorption (Li-FDM) Microscopy
can in principle allow investigation of local reaction
kinetics on an atomic-level scale. The studied sample,
the apex of a field emitter tip, exhibits a heterogeneous
surface formed by differently oriented nanofacets
(Fig. 1b, c, [9,10]), and thus can serve as a suitable
model for a catalytic particle of comparable dimensions.
However, in contrast to a catalyst particle, the tip sur-
face can be prepared reproducibly by field evaporation
and subsequently characterized with atomic resolution
by imaging in the FIM. This technique, as well as the
FEM and Li-FDM can be used then to visualize in situ
the catalytic reactions such as CO oxidation or NO
reduction on the platinum metal nanofacets laterally
resolved on the nanoscale [11–13].

Another benefit of the field emission based methods is
the possibility to study the structural changes on an
atomic scale caused by molecular adsorption or by the
catalysed reaction itself. Reconstruction phenomena on
nanofacets not accessible by other analytic techniques
are well observable in FIM [14], the reaction-induced
enlargement of low index planes will be demonstrated
for a Pt tip in present work.

By using the probe-hole techniques the energy of the
field ions of reacting entities emitted from selected sur-

face sites can be analyzed in a retarding potential
experiment (field ion appearance energy spectroscopy,
FIAES), which provides the binding energy of the
(neutral) atoms or molecules adsorbed on these sites.
The probe-hole approach can be also applied for the
mass analysis by magnetic separation or for the time of
flight (ToF) measurements. The ToF analysis can also
provide coincidences of different product molecules
during ongoing reaction in a very narrow time window,
an example will be given below. By monitoring the local
work function of the apex area complementary infor-
mation can be obtained which reflects the local spatial
distribution of adlayers. In situ FIM/FEM measure-
ments are possible at a reactive gas pressure up to some
10)4 mbar at temperatures up to 650 K depending on
the used substrate.

Analysing the different systems emulating the
behaviour of the supported catalysts Prof. K. Hayek
had pointed out the necessity to consider the effect of the
electric field arising from the Schottky-like barrier at the
metal-oxide interface [15]. The field strength depending
on the difference between the Fermi levels of metal and
support and influenced by the degree of electronic
charge screening may range in the V/nm range. For
experimental simulation such a field can hardly be
applied externally in real systems, but in case of a tip
apex it is easy to apply the necessary field of the desired
strength (in the range 0–40 V/nm, limited by the field
evaporation of the probed metal solely) and polarity.

In the following short review on our own work we
will demonstrate the capability of the field emission
based microscopies (FEM/FIM) and of the (often
underestimated) spectroscopies (TOF, FIAES) applied
to the CO respectively hydrogen oxidation on platinum
nanofacets. The FIM allowed first direct atomic scale
observation of reactive sites during the ongoing reaction
[16] and was quite successful so far in studying the
oscillating surface reactions on Pt and Rh surfaces
[17,18], the summary of corresponding studies can be
found in the recent comprehensive review [19]. We focus
in turn in the present contribution on the local reaction
kinetics in the nanosized reaction systems reflected
mainly by spectroscopic measurements and on the
fluctuation-induced deviations from the behaviour pre-
dicted by macroscopic rate laws.

Figure 1. (a) Metal aggregate on an oxide substrate (from [8]). (b) Ball model of the apex of a spherical fcc tip (from [9]) (c) Field ion image of the

[111]-oriented Rh field emitter tip (from [10]).
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2. Experimental

In situ studies of catalytic reactions were performed
in three stainless steel FIM/FEM set-ups equipped with
different field ion analysis techniques. The differentially
pumped FIM/FEM ultra high vacuum (UHV) chambers
were run as constant flow reactors by admitting the
purified (liquid N2 baffle) reactive gases to the Pt sample
via leak valves from constant pressure (Baratron con-
trolled) reservoirs. The pressure in the UHV chambers
as well in the gas supply system was monitored by
spinning ball gauges to avoid effects from hot filaments.
The instruments could be operated either in the FEM
mode, what means, that due to the applied negative field
(<5 V/nm) tunneling electrons monitor the local work
function of the tip apex area, or in the FIM mode where
a positive field (�10 – 40 V/nm) is applied providing the
field ionization of adsorbed species. The emitted field
ions map then the surface location of their formation. In
both modes the radial emission of the electrons/ions
provides a projected magnified (�106) map of the apex
area on the image intensifier some cm away (projection
microscope). The well studied details of the FIM/FEM
imaging processes are comprehensively described in the
literature [20] including the use of the reactive gases as
imaging species [21].

The Pt specimens were prepared as sharp tips with an
apex curvature of about 100 nm by electronically con-
trolled electrochemical etching [22], cleaned in the FIM
by field evaporation and characterized with atomic res-
olution by Ne+ FIM imaging. For further analysis of
the locally emitted field ions two versions of the probe-
hole techniques were used: (i) magnetic field mass sep-
aration combined with retarding potential analysis
(Figure 2), and (ii), an atom probe with a Wien-filter ion
mass selection combined with the coincidence analysis
(Figure 3). Spectroscopic data were collected by a
multichannel analyzer connected to computer aided
data acquisition system.

2.1. Field ion appearance energy spectroscopy

By measuring the onset of the field ion energy dis-
tribution one can derive thermodynamic information
about the energetics of field ionization processes at the
surface as was shown in early experiments by Müller
and Bahadur [23]. In our set-up the local Field Ion
Appearance Energy Spectroscopy (FIAES) was per-
formed by probe-hole selection of field ions originated
from the surface sites of interest. The selected ions are
directed to the entrance of a focussing lens (Fig. 2a,
pos.1), the collimated ions then pass a 60� magnetic
sector field for mass-to-charge separation and are anal-
ysed finally in the retarding potential analyser. The
current of ions reaching the single particle detector is
measured as a function of the voltage d, applied between
retarder electrode and emitter to vary the height of the
retarding electrostatic barrier. The appearance energy A,

as was introduced by Goldenfeld et al. [24], is derived
for a singly charged ion:

A ¼ Uret � edon; ð2:1Þ

where /ret is the work function of the retarder, e is the
charge of the ion and don is the onset voltage for ion
collection. In principle A is the energy to remove an
electron of a given molecule (ground state) to create an
ion at its surface position. By conducting a closed
thermionic cycle the appearance energy for a field
desorbed molecule amounts [25]:

A ¼ IþHðFlocÞ �QðFlocÞ ð2:2Þ

if temperature dependent terms are neglected. In this
expression I means the ionisation potential of the mol-
ecule, H(Floc ) means the adsorption energy at the local
field, and Q(Floc) is the activation energy for field
desorption of this species. An extended discussion of the
energy terms involved in field ion appearance spectro-
scopic measurements is given in references [21,26]. For
field ionisation of a noble gas atom like Ar the field
dependent terms do not contribute essentially at ele-
vated temperatures, so that according to A = I = /ret -
edon the work function of the retarder can be determined
from the known ionisation potential. In case of reactive
gases, such as e.g. CO, typical retardation curve exhibit
shapes shown in Figure 2b [27]. Using equation (2.1)
and (2.2) the field dependence of H(F)-Q(F) can be
obtained from the measured don values (Fig. 2c). From
the temperature dependence of the CO+ and Oþ2 ion
rate a maximum value for Q of only 0.1 eV has been
estimated, so that ordinate in Figure 2c mainly repre-
sents the binding energy of the CO and O2 in the
chemisorbed state at the local field conditions. This
procedure can be repeated for any reactive gas ions and
can also be used during a reaction to provide in situ data
about the binding energy of the reactants (see discussion
in chapter 3.2).

2.2. Laser pulsed atom probe

In the laser pulsed atom probe (Figure 3) a probe
hole in the channel plate-screen detector selects, simi-
larly as in the FIAES, the ions originating from the
region of interest on the apex area. These are focussed
then into the entrance of a Wien-filter (crossed electro-
static and magnetic fields, both perpendicular to the ion
trajectory) [28,29]. The mass-to-charge selected ions can
be directed to different parts of a dual channel plate
detector and registered independently as single events.
By this, correlation of the reaction rate of different
products can be derived. For identifying surface species
the probe is irradiated by a pulsed laser (Nd:YAG, 10 ns
pulses, 532 nm) and the corresponding ions are field
desorbed due to the thermal activation [30]. Chemical
identity of these ions is derived from the time of flight
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(ToF) data at a tube length of 0.6 m. The used time-to-
digital converters (2 ns resolution) could also be applied
for deriving of the time-correlation of different product
species. In this case the clock is started by the arrival of
lighter ion and stopped then by the next heavier one
(laser inactive).

3. Oxidation of carbon monoxide on platinum nanofacets

3.1. Reaction mechanism

Carbon monoxide oxidation has been intensively
and systematically studied since Irving Langmuir [31],
both over the single crystals as well as over the

Figure 2. (a) FIM set-up for mass-to-charge resolved field ion retarding potential measurements (pos.1) and field ion microscopy (pos.2). (b) Oþ2
retardation curves measured at 11.9 V/nm from O-covered Pt(111) step sites at T = 79 K. The dashed line indicates the ionization energy for a

free O2 molecule. The Ar retardation curve used for calibration of /ret is also shown. (c) Data forH-Q as a function of applied field F0. The upper

(lower) results have been obtained from CO+ (oþ2 ) field ion appearance energies measured at 79 K for stepped Pt-surfaces covered with COad

(Oad). Taken from [27].

Figure 3. Scheme of the pulsed laser atom probe. Reaction gases are introduced separately at const. flow and pressure. Field ion micrographs are

recorded by a CCD camera, surface species are field desorbed by pulsed laser irradiation and by TOF measurement identified, local field ion rates

are mass separated by a Wien filter and recorded by a multichannel analyser, for coincidence measurements time to digital converters are started

and stopped by successive events (single particle detection). Taken from [29].
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supported catalysts in UHV and at elevated pressures.
In elegant modulated beam studies by Engel and Ertl
[32] the Langmuir-Hinselwood mechanism (LH) of the
reaction was proven and is now commonly established
for the CO oxidation on Pt. The LH mechanism
implies the adsorption of the reacting species on the
surface before the reaction itself and proceeds in the
case of the CO oxidation on Pt in accord to the fol-
lowing steps (*means empty surface site):

2CO þ 2� $ 2COad ð3:1Þ

O2 þ 2� $ 2Oad ð3:2Þ

COad þOad ! CO2 þ 2� ð3:3Þ

In the first step CO adsorbs molecularly (adsorption/
desorption equilibrium), in the second step oxygen
adsorbs dissociatively (two adjacent surface sites are
necessary), in the third step CO2 is formed and leaves
the surface immediately at usually used temperatures
300–600 K. The additional details of the reaction
mechanism, such as the role of diffusion and lateral
adsorbate–adsorbate interaction are well studied and
utilized in the kinetic modelling which describes the
system using the ordinary differential equations or the
Monte-Carlo modelling [33–35]. The CO/O/Pt reaction
system exhibits a pronounced nonlinearity which
manifests itself under certain conditions in the oscil-
lations in the reaction rate. The oscillating behaviour
of CO oxidation was intensively studied using PEEM
(photoemission electron microscope) on the macro-
scopic (�lm) scale over the many years and is well
reflected in a number of reviews, where such spatial-
temporal phenomena as target patterns, island for-
mation, spirals, standing waves, etc, are described [36].
Since beginning of the nineties, it was demonstrated
that such phenomena can be also imaged in situ with
a nanometer-resolution using the Pt field emitter tips
as samples, many results on such a visualization are
summarized in the recent review [19]. Such a ‘‘quan-
tum leap’’ from the lm- to the nm-scale raised ques-
tions about the compatibility of the ‘‘nanoscale’’
studies with the single crystal measurements, namely
about the: (i) role of the FEM/FEM imaging process
itself (influence of the applied electric field) on the
reaction mechanism, (ii) influence of the structural
heterogeneity of the field emitter tip surface since
dynamic coupling effects between the individual planes
may lead to a different behaviour than that observed
in regular single crystal experiments and last but not
least about the (iii) role of fluctuations on the reaction
kinetics and possible fluctuation-induced deviations
from the behaviour predicted by macroscopic (mean-
field) rate laws.

3.2. The role of the applied field and compatibility of the
nm- and lm-scale studies

To minimize the influence of the dynamical coupling
with neighbouring planes in the revealing of the field-
effects a particular tip geometry was prepared for a
[111]-oriented Pt tip in a way that the {100} planes were
less well developed (see insert in the Figure 4a) [37]. The
reaction zone was restricted therefore to a triangular
area formed by {110} planes which contribute mainly to
the total field electron emission current and to the
intensity of the FEM image. Since the {110} regions and
adjacent vicinals trigger the transition of the whole tip
surface from the inactive (CO covered) to the reactive
(oxygen covered) surface via the spreading of reaction
fronts, the behaviour of the {110} orientations deter-
mine, to a large degree, the results of the FEM obser-
vations.

To prove experimentally the effect of the imaging
electrostatic field (�4 V nm-1) on the dynamic behav-
iour of catalytic CO oxidation, the FEM measurements
with a pulsed high-voltage supply varying the length of
the duty cycles were performed [37]. No influence of the
duration of the pulses on the catalytic CO oxidation was
detected. This shows that the FEM results on the CO
oxidation on platinum metal field emitter tips are not
influenced by the imaging field and can be interpreted as
quasi-field-free.

In the FEM studies the same approach as in the
PEEM can be used to identify the reactive state of the
sample surface. In its catalytically active state, the Pt
surface is oxygen-covered and exhibits a high work
function corresponding to a low emission current,
whereas in its inactive (CO poisoned) state, the surface
exhibits a lowered work function and thus a high
emission current (and image brightness). The existence
diagram for oscillations and bistability in parameter
space (kinetic phase diagram or bifurcation diagram)
can thus be obtained by monitoring the local field
emission current (or image brightness) while adjusting of
the external parameters such as pCO, pO2 and T. Similar
is valid also for FIM, where the different ionization
probabilities for oxygen (used as imaging gas) over the
oxygen- and CO-covered surface [38] create the image-
contrast (we note that the FIM-image appears as a
‘‘negative’’ of the FEM image, that is the active surface
sites emits intensively).

Figure 4a shows the kinetic phase diagrams obtained
with both, FIM and FEM, for the same tip and the same
oxygen partial pressure 4 · 10-4 Torr and Figure 4b
illustrates the local and ‘‘global’’ oscillatory behaviour
of the reaction on the tip apex shown in Figure 4a. In
the FEM diagram (open triangles in the plot) the shaded
area above the crossing point of the two lines defines the
existence range for oscillatory behaviour in the area
between the two lines below the crossing point, one
obtains a simple hysteresis as one varies T cyclewise, i.e.
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the system is bistable (see also the Figure 5d). To the left
of this area, the system is in a monostable (oxygen-
covered surface) state, and to the right of this area, the
surface is CO-covered. Although different facets are
exhibited, the whole tip area undergoes synchronous
transitions from a CO-covered to an oxygen-covered
surface and vice versa at the bifurcation points of the
bistability region (compare variation of the local and
total image intensity in Figure 4b).

The comparison of FEM measurements with data for
catalytic CO oxidation on a macroscopic Pt(110) surface
reveals differences: the study by Eiswirth et al. (open
circles in Figure 4a, [39]) and Moldenhauer (filled cir-
cles, [40]) suggest the position for the bifurcation point
which is significantly shifted in respect to our FEM
results. At elevated temperatures, the oscillating range

on the Pt tip more or less follows the parameter range of
dynamic instabilities on a Pt(110) plane, but the differ-
ences occur with respect to the type of instability
(oscillation on the tip, bistability on the single crystal),
which can be attributed to the size of the system and to
dynamic coupling effects of the {110} facets with
neighboring orientations.

In contrary to the FEM data, the phase diagram
obtained by FIM (filled triangles in Figure 4a) where a
significantly higher imaging field (12 V nm-1) of the
opposite polarity was applied, appeared as shifted sig-
nificantly to lower pCO values in comparison to the field-
free one. Such a significant shift in respect to pCO, and,
particularly, the different plot-slopes in the FEM- and
FIM-diagrams cannot be explained by the known field-
induced modification of the kinetic gas flux known as
the ‘‘field-compression effect’’ [41]. Although the known
theoretical and empirical estimations [42] predict a field-
induced increase in the effective pressure of CO and O2

by roughly a factor of five at fields of 10 Vnm-1, the ratio
pO2/pCO would, however, change by a factor of less than
1.2 (because of similar polarizabilities of CO and O2),
which is far below the factor of 2–4 resulting from
Figure 4a. Moreover, the single crystal data of Refs.
[39,40] predict that pure field compression effect would
introduce the opposite changes in the slope of the
bistability region than that exhibited in Figure 4a.

To explain the field-induced effect, we employ the
FIAES technique presented in chapter 2 to determine
the field-dependence of the binding energy of adsorbed
reactant species. According to the physical meaning of
the appearance energy for field-desorbed ions, the
experimentally obtained values are related to the (in
general field-dependent) binding energy H(F) of adpar-
ticles just before the ionization (see eq. 2.2). In Figure 2c
the corresponding experimental values for the CO+ and
Oþ2 ions emitted from the few step sites of the Pt(111)
nanofacet, are plotted. The plots show that the binding
energy of adsorbed CO increases quite strongly with the
electric field strength, whereas adsorbed O2 displays a
relatively weak dependence on the applied field, in
agreement with the self-consistent calculations by
Kreuzer and Wang [21].

The field effect on the binding strength of adsorbed
species results from the additional charge transfer
caused by a field-induced redistribution of the elec-
tronic charge at the surface: the ‘‘positive’’ field
applied in FIM reduces the electronic density outside
the geometric surface plane as compared to the field-
free case [43]. The changes in the binding energies of
the molecular adsorption states of O2 and CO on Pt,
shift the adsorption/desorption equilibria of the
molecular O2 species and of CO. Enhanced binding
strength of CO modifies the supply rate of CO into
the reaction zone whereas the considerably lower
binding energy of O2 molecules (less than 0.2 eV for
the same field) leads to an insignificant additional

Figure 4. (a) Reactive phase diagrams for CO oxidation on Pt

nanofacets determined with FEM (F0 = 4 Vnm-1) and FIM (F0 = 12

Vnm)1). The shaded areas mark the existence ranges for the

oscillations. Below their crossing point, the boundary lines for

instabilities enclose a region of bistability. The open circles are

Pt(110) single crystal data indicating the existence range for oscilla-

tions [39]; the bistability range of reaction on Pt(110) at T = 349 K is

indicated by filled circles [40]. The insert shows the geometry of the

[111]-oriented Pt tip used in our experiments (clean Pt surface imaged

at 78 K with FIM using Ne as imaging gas, F0 = 35 Vnm-1); the

central (111) and one of three {110} planes are indicated. (b)

Oscillatory behavior of CO oxidation on the Pt tip apex displayed in

the insert of (a). Upper curve, total FEM image intensity; lower curve,

local FEM intensity of the (110) plane. T = 398 K, pCO = 6.2· 10-

6 Torr, pO2 = 4.3· 10-4 Torr. Taken from [37].
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supply of O2 molecules under reaction conditions.
Both effects taken together lead to a shift of the FIM
diagram towards the smaller pCO values in comparison
to the (quasi-field-free) FEM-diagram. At increasing
substrate temperatures, the influence of the field-
modified precursor state for CO becomes smaller, so
that the FIM diagram approaches the ‘‘field-free’’
case, as is clearly visible in Figure 4a.

3.3. Fluctuation-induced effects

Nanofacets on the apex of a Pt field emitter tip exhibit a
prime example of nanosized reaction systems where a
significant influence of fluctuations is potentially expected
because of the N)1/2 scaling of the relative amplitude of
fluctuations in small systems (N being the number of
fluctuating particles, e.g. reacting molecules). Since the
numbers of the reacting particles on such a nanofacet

Figure 5. Fluctuation-induced transitions in catalytic CO oxidation on a Pt field emitter tip. (a) FIM image showing the crystallography of the

[100]-oriented Pt tip (T = 78 K, imaging gas Ne, field strength F = 36 Vnm)1). The rectangular window indicates the area in which fluctuations

were monitored. (b) FEM image of the same area (same scale) but under reaction condition (T = 310 K, pO2 = 4.0 · 10)4 Torr,

pCO = 4.0· 10)7 Torr, F = 4 Vnm)1). (c) Time series of the local (2· 2 nm2) FEM brightness in the area marked in (a) and respective

probability distributions (right hand side). (d) Reactive phase diagram obtained for the tip shown in (a) at constant pO2 = 4.0 · 10)4 Torr, the

inset shows the hysteresis in local FEM brightness (2· 2 nm2) for the area marked in (a) upon cyclic variation of T: filled triangles, heating; empty

trianglses, cooling. The points a–d in hysteresis loop correspond to the respective curves in (c). Based on [7].
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varies in the 102–103 range, one may observe deviations
from behaviour predicted by macroscopic rate laws, such
as, e.g. fluctuation-induced transitions in a bistable sys-
tem for which an infinite residence time is predicted by the
mean-field theory. The ‘‘parallel’’ imaging principle of the
FEM/FIM makes these techniques naturally suitable for
monitoring fluctuations: the processes proceeding on the
different surface regions can be analysed simultaneously
and the time resolution is limited just by the recording
speed of the used video-technique. Digitizing and
sophisticated processing of the corresponding video-
images allow to study the reaction dynamics within the
‘‘virtual probe-holes’’ (regions of interest which corre-
spond to certain surface regions of few nm2) arbitrarily
located on the surface [44]. We employ the FIM with its
atomic resolution for identifying the surface crystallog-
raphy of the studied area and the FEMwith its resolution
of�2 nm formonitoring fluctuations on the same surface
under reaction conditions (Figures 5a and 5b).

As an example, we consider the local time series
recorded for a small 2 · 2 nm2 window inside the area in
the vicinity of the (110) facet (Figure 5a) and focus on
the distinguishing fluctuation behaviour of different
ranges of the reaction. The small amplitude fluctuations
caused mainly by the CO diffusion and characterized by
a Gaussian probability distribution were observed in the
monostable range on the inactive branch of the reaction.
This is illustrated by a time series a (Figure 5c left hand
side) and a corresponding probability distribution
(Figure 5c right hand side) registered at the point a in
the hysteresis loop in Figure 5d. Similar time series but
with somewhat higher magnitude of fluctuations were
also observed in the monostable range on the active
branch (curves b in Figure 5c, corresponding to point b
in Figure 5d). Unexpectedly, in the bistable range of the
reaction the probability distribution becomes broad and
asymmetric and turns even into a bimodal probability
distribution (curves c and d in Figure 5c, correspond-
ingly). This bimodal distribution evidences the fluctua-
tion-induced transitions between the two possible states
in the bistability region [7]. More detailed studies using
the Haar-Wavelet-Analysis detected that such fluctua-
tion-induced transitions occurs spatially correlated over
the flat facet surface (the mentioned region in the
vicinity of Pt(110) was identified as a small (331) facet)
[45], and are confined by the first atomic step due to the
disturbed diffusional coupling over the stepped surface
[46,47]. We note that this effect cannot be predicted
within the mean-field theory, the Monte Carlo simula-
tions naturally incorporating the stochastic nature of
the modelled processes can, in turn, predict such an
effect provided the modelled system is sufficiently small
and in close proximity to a bifurcation (critical) point
where bistability vanishes and fluctuations diverge
[48,49].

Another unexpected result obtained by using
the ‘‘virtual probe hole’’ was the absence of the

synchronization between the fluctuations on the
neighbouring facets [50]. This is unexpected because
the tip is known to behave as one synchronized
dynamic system during kinetic transitions from the
active to inactive state (marked by lines in cross-
shaped diagrams of Figure 4a and 5d) the spatial
coupling occurs apparently due to the fast CO diffu-
sion. The lack of the synchronization in respect to
fluctuations between the various orientations is illus-
trated in Figsures 6a and 6b where the time series
showing the fluctuations of the local FEM brightness
for the chosen (100) and (113) facets on a [100]-ori-
ented Pt tip are recorded simultaneously. This effect
can be understood if one takes into account that dif-
ferently oriented facets may own different intrinsic
bifurcation diagrams at the same external p, T,
parameters. The stepped regions around the individual
facets disturb the diffusive coupling via CO so much
that it is not sufficient to synchronize the fluctuations
on different facets. Figure 6c illustrates this by show-
ing the break in the spatial correlation of the fluctu-
ation at the position of the first atomic step confining
the individual facet. We note that within the individ-
ual facet the reaction-induced fluctuations are gener-
ally well correlated as was demonstrated by the
corresponding POD- (proper orthogonal decomposi-
tion) and Haar-Wavelet-Analysis of the FEM video-
sequences [45,50]. The degree of the spatial coherence
increases at approaching the critical point C simulta-
neously with the amplitude of fluctuations (compare
Figs. 6c and 6d) [49]. Similar behaviour is well known
for the equilibrium systems where the correlation
length diverges (in an infinite system). In our case the
correlation length seems to be limited by the size of
the facets.

The noise-induced transitions in the CO oxidation
detected first on the Pt nanofacets allowed to explain the
vanishing bistability during CO oxidation on a Pd
model catalyst consisting on the small Pd particles [51].
For the model system consisting of particles of �500 nm
size a pronounced bistability is observed which vanishes
when the particle size becomes smaller than 6 nm
(approximately the size of the individual facet of the
field emitter tip). The fluctuation-induced transitions,
which occur in an unsynchronized way lead to the
apparent disappearance of the bistability as observed by
an averaging method (total CO2 rate for many particles
was measured in Ref. [51]).

4. Hydrogen oxidation on Pt field emitter

In comparison to the CO oxidation discussed above
the catalytic oxidation of hydrogen is less relevant from
the technical point of view but the fact that in this case
both educts have to dissociate on the catalyst implies a
higher number of reaction steps and eventually different
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reaction pathways. It is tempting to study this reaction
by field ion microscopy especially as the product
molecular water is directly acting as imaging gas [52],
thus providing direct access to the reaction sites.

4.1. Reaction kinetics

Since 1822, when Döbereiner discovered the cold
combustion of hydrogen by dispersed platinum, the
kinetics of the hydrogen-oxygen reaction has been
studied by many groups (see a comprehensive review by
Norton [53]). There is a general agreement that after
dissociative adsorption of H2 and O2 the reaction

follows a LH-mechanism according to the main steps
(4.1) to (4.3):

Had þOad $ OHad þ � ð4:1Þ

Had þOHad ! H2Oad þ � ð4:2Þ

OHad þOHad ! H2Oad þOad ð4:3Þ

The reaction starts near 120 K on Pt [54], which is well
below the desorption temperature of water at 180 K. At

Figure 6. Fluctuations during catalytic CO oxidation on different facets of a Pt tip. (a) The local time series for a (100) facet recorded for the

points d (upper curve) and c (lower curve) of the hysteresis loop in Fig.5d (from [50]). (b) The same as in (a) but recorded simultaneously for a

(113) facet of the same tip. Time series in (a) and (b) are not synchronized despite of the diffusive CO coupling (from [50]). (c) Break of the spatial

correlation of the first atomic step (marked by an arrow) confining the individual (112) facet. The letters refer to different reaction conditions. The

distance zero refers to the opposite atomic step (edge of the facet). Taken from [49]. (d) Increase in the average amplitude of the local FEM

brightness fluctuations on a Pt(112) facet at approaching the critical point given by the crossing point of the two boundary lines of the bistability

range (from [49]).
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higher temperatures, H2O desorbs from an equilibrated
state indicated by a cosine-angular distribution of the
desorbing molecules [55]. On Pt, the reaction has been
studied in the limit of low coverages [56] as well in the
limit of high coverages [57], where the interaction of
adjacent adspecies shifts the activation energy to lower
values.

The hydrogen oxidation on Pt was visualised by FIM
and FEM for first time in the former group of Block in
Berlin [22, 52, 58, 59] later the FIAES was also applied
[60,61]. The imaging process in FIM is governed mainly
by the ionisation potential I of the impinging molecule
(field ionisation) or by the appearance energy A if the
molecule is adsorbed (field desorption), the lower these
values the higher (exponentially) the field ion rate is [62].
In this context it seems, by comparing the educts
(IO2 = 12.1 eV, IH2 = 15.4 eV) and the product
(IH2O = 12.6 eV) that the oxygen field ionisation rate
should prevail. Otherwise it is known from early field
desorption experiments [63,64] that in this case the
species H3O

+ dominate in the field ion current. The
reason for this stems from the low appearance energy
value of only 10.4 eV for this species [61]. For clarifi-
cation a ‘‘flash desorption’’ was performed by a short
laser pulse (� 10 ns, resulting in a surface temperature
rise of DT� 100 K of same duration [30]). The correct
data analysis affords a measurable residence time of the
adspecies of interest on the selected surface, it was
estimated to be higher than 1 ls at a temperature of
300 K. Although this residence time is short in com-
parison to the time scale of fluctuation intervals, it is
long enough to evaluate it by fast transient methods. By
this method the field dependence of the different surface
species (Fig. 7) was obtained from the ToF data (insert
in Fig. 7) The unexpected occurrence of O2 adspecies in
the ToF spectrum will be discussed later.

Data in Figure 7 suggest the field of about 15 V/nm
for the H2-oxidation experiments (to avoid considerable
oxygen field ionisation respectively desorption). The
diversity of the desorbed ‘‘water’’ species in Figure 7
gets clearer, if the field induced reaction routes for the
H2-oxidation according to [52,65] are considered:

H2Of�ad ! H2O
þ
gas þ e�Pt þ � ð4:4Þ

H2Of�ad þH2Of�ad ! H3O
þ
gas þ e�Pt þ � þOHad ð4:5Þ

OHad þOHad þOHad ! H3O
þ
gas þ e�Pt þ 2Oad ð4:6Þ

Oad þOad ! Oþ2 gas þ 2e�Pt þ 2� ð4:6aÞ

H2Of�ad þHad ! H3O
þ
gas þ e�Pt þ 2� ð4:7Þ

where the subscript f-ad means ‘‘field adsorbed’’. The
rather high dipole moment of the water molecule pro-
vides a field induced binding of the order of 0.4 eV to
the surface according to FIAES data [61]. Even at a
higher reaction temperature the dwell time of this pre-
cursor for the routes (4.5) and (4.7) is sufficient for
formation of the ‘‘volatile’’ H3Of-ad species. Since steps
(4.1) to (4.3) are important precursors for the field
induced steps (4.4) to (4.7) which occur in a FIM (high
positive field), and further on, since the reaction steps
(4.1) to (4.3) are relevant only at FEM conditions
(negative field of �0.5 V/Å, no emission of positive
ions), a comparison of the FIM and FEM experiments
at identical conditions seemed to be mandatory. This
was performed as a defined titration reaction starting
with an oxygen covered Pt-surface (O2 exposure of
> 1000 L at 10)4 mbar) followed by introduction of
hydrogen (4.6Æ10)7 mbar at 395 K, Figure 8, [52]). In
the FEM mode (Figure 8a–d) the disappearance of the
O2-adlayer (dark image, high work function) starts near
the (111) planes on the adjacent (331) terraces, the
reaction front propagates via the (012) planes towards
the central (001) plane, leaving the (011) planes still Oad-
covered until the central (001) plane is completely
reduced and covered by hydrogen finally. The aniso-
tropic motion of the reaction front is displayed by the
switching of the areas from dark to bright, due to the
low work function of the clean or (somewhat later)
hydrogen covered surface.

In the FIM mode the reaction front can be directly
observed (Figure 8e–h) as the bright emission of the
H3O

+ products ions, which are formed according to the
field related steps (4.5), (4.6), (4.7). Surprisingly, the
same surface sensitivity of the titration reaction is

Figure 7. Laser induced field desorption: field dependence of the ion

yield for the system H2O/Pttip at 300 K and at pH2O = 2Æ10)5 mbar,

species: m H3OÆH2O
+, �H3O

+, n H2O
+, . Oþ2 . Insert: ToF-spectrum

at 19 V/nm.
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observed, the front is again starting from (331), (111)
environment and is spreading to the central (001) plane
at the same time scale of ca 2 s, only the retarded
titration of the (011) planes is not observed.

From these observations we derive a conclusion that
for both cases the steps limiting the reaction rate are
given by the reaction equation (4.1) to (4.3) and by the
preceding adsorption process, or in other words, the
field induced routes are very fast in comparison. This
insight justifies the FIM investigation in order to get
information on the reactive sites which should be same
as at field free condition.

At certain conditions the hydrogen oxidation on a Pt
tip shows oscillatory kinetic pattern, observed both in
FEM and in FIM mode and described in detail in Refs.
[52,58]. As a feedback mechanism the reconstruction of
the central (100) plane is deduced directly from the FIM
images. The cycle of reconstruction of (1·1) and lifting
of hex structure is discussed in detail in [66], in this
context it is noteworthy to remark, that the cycle is
connected with a considerable change of density in the
top Pt layer which has to eject about 20% of the atoms
[67]. This process is combined with formation and dis-
solution of surface clusters which will be discussed
below. The observation of creation and removal of
surface aggregates means forming and destroying of the
relevant catalytic centres, an observation which goes far
beyond the static consideration of active sites once dis-
cussed by H. S. Taylor [68].

The fate of such high reactive surface clusters can be
followed by observing the reaction with FIM in a nearly
steady state on the ‘‘oxygen side’’ near the instability
region (Figure 9, [66]). At 430 K the reaction displays a
pronounced crystallographic specificity (Figure 9b, c):
high brightness (and catalytic activity) is observed

mainly in the external regions along the (110) vicinal,
where a broad emission area exists. At temperatures of
about 430 K an atomic resolution cannot be expected
because of the high thermal mobility of reactants which
causes momentum transfer to ionic species at the instant
of ion formation and because some part of the reaction
enthalpy may still present in their kinetic energy [69].
Nevertheless, the central part of the FIM images in
Fig. 9 is of particular interest: the dark broad ring lim-
ited by the {012}-type planes is probably due to a
hydrogen coverage in these areas which are catalytically
inactive. Reaction products are formed only at steps
around the central (001) plane. In Fig. 9b three bright
emitting rings are visible which correspond to the ledges
and kink sites around the (001) terraces. The terrace
sites of this (001) plane are not imaged at all, that means
they are inactive. This example seems to confirm the
adlineation model postulated by Schwab [70]; only those
sites which are exposed by special crystallographic
coordination at ledges and rims [around the (001) plane]
are imaged as catalytic sites where the product (mainly
H3O

+) of the catalytic reaction is formed. Apparently
the sites in the central (001) plane are not always invis-
ible: the central (001) plane in Fig. 9c shows features
which are present only for limited periods (< 200 ms)
during the reaction, just when a chemical wave due to a
sporadic instability has passed over this area. Small
on-top Pt islands are formed, which display a high cat-
alytic activity indicated by their brightness in the FIM.
In the (100) area in the micrographs of Fig. 9d–f the
details of the further fate of the surface clusters can be
observed. In the first step the top (100) face breaks into
surface clusters PtnOm, which move incidently to the rim
of the underlying terrace where they are incorporated
into the ledge. The motion of the ‘‘last’’ cluster at

Figure 8. (a--d) FEM- and (e--h) FIM-images of a Pt tip (rtip = 180 nm) during the titration reaction. The Oad layer (dosing > 1000 L of

oxygen) is reacted off at T = 395 K by hydrogen admitted via a pressure jump at pH2 = 4.6Æ10)7 mbar. In FEM the disappearance of the Oad

layer (dark) is accompanied by bright-field emission from the Had layer; frames are taken at s-values: (a) 0 s, (b) 1.0 s, (c) 1.3 s, (d) 1.4 s. In FIM,

in turn, a bright reaction front (H3O
+ ions) moving from the (331), (111) facets towards the (012) orientations and then towards the central (001)

facet ; corresponding s-values: (e) 0 s, (f) 0.5 s, (g) 1.3 s, (h) 1.5 s. Taken from [52].
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‘‘5.8 s’’ was followed by a random walk analysis: after
19 steps over the (100) terrace this aggregate dissolved
at ‘‘13.3 s’’. The apparent diffusion constant
D = <Dx2>/4s amounts 4.2 · 10)15 cm2/s at 430 K,
which is by nearly 100 times lower than for a single Pt-
atom on Pt(100) as measured by G. Kellogg [71] and
originates from the much bigger size. The original hex
(100) terrace consists of �250 Pt atoms, it is clear from
the FIM image that the clusters formed are 3-dimen-
sional in shape, but the real size of the PtnOm is not
directly accessible by FIM, since the aggregates are
acting as micro protrusion emitters.

More is known about their chemical composition.
This is accomplished by laser induced FD, the measured
ToF-spectrum (not shown) displays besides the water
species H2Oad and H3Oad the substrate as Pt and the
oxides as PtO and PtO2. Due to the preferential field
evaporation of surface clusters, we suggest their partial

oxidation. The abundance of these oxidic species
depends on temperature and gas pressure but details are
still under investigation. Anyway the observed material
transport during the ongoing reaction causes morpho-
logical changes of the Pt emitter, which manifests itself
in a gradual growth of the central (100) plane during
reaction.

4.2. Reaction pathways

The kinetics of the H2/O2/Pt system is determined by
control parameters as T, pO2, and pH2. Keeping T and
pO2 constant and changing pH2 cyclewise a pronounced
hysteresis of the H3O

+ products ion yield is observed
(Fig. 10a, [65]): the total ion yield (mainly H3O

+)
increases until it reaches a critical value pcrit.low where
the regimes switches into bistability. By further increase
at an upper critical pressure pcrit.high the reaction yield

Figure 9. Mobile high reactive surface clusters on Pt. (a) Clean apex surface of a [001]-oriented Pt tip imaged by Ne+ ions at 78 K (rtip = 70 nm,

pNe = 2Æ10)4 mbar, F0 = 45 V/nm, Miller indices indicate the facet orientation). (b) H2 oxidation in situ imaged at 430 K, pH2 = 7Æ10)4 mbar,

pO2 = 5Æ10)4 mbar. The imaging ions are predominantly H3O
+ as a reaction product, F0 = 15 V/nm. (c) the same, but 0.6 s later, after the

reaction wave has passed the central (001) plane (d--f) a magnified view on the central (001) facet: sequence of video frames. Taken from [66].
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drops in a kinetic phase transition and is further reduced
with higher pH2 due to poisoning effects on the
‘‘hydrogen side’’. Within the bistability region pro-
nounced fluctuations and periodic oscillations are
observed. A hysteresis behaviour can be observed also
with FEM but as somewhat less pronounced. The sim-
ilar scenario was observed on a polycrystalline Pt foil
[72], what favours a conclusion that the neighbouring
low index nanofacets are essential for the bistability
since on the single Pt crystals this could not be observed.
We note, that on the oxygen side H3O

+ is formed
according to step (4.6) with A = 10.4 eV (slow) on the
hydrogen side according to step (4.7) with A = 9.2 eV
(fast).

To get access to a chronological linkage between the
different reaction steps a correlation experiment was
performed [65]. According to the reaction (4.5) followed
by step (4.3) we have tested the correlated emission of
ions like: H3O

+ and O+ or H2O
+and O+ or the two

water species H3O
+and H2O

+, for both reaction sys-
tems: H2O/Pt and H2/O2/Pt. It turned out that all these
emission events were statistically independent of each
other on a time scale of ns.

A correlated emission of H3O
+ and of Oþ2 , was

observed in turn for the system H2O/Pt (Figure 10c): the
sharp peak at 667.2 ns on top of randomized pair events
rate exactly corresponds to the difference of flight times
(Dtf) of these ions known from pulsed laser FD experi-
ments. In corresponding measurements during ongoing
H2 oxidation, the same correlation (Fig. 10d) is
observed at the oxygen side of the reaction. The tailing

of the correlation peak is less developed, and a small
additional peak can be identified as the simultaneous
emission of H3O

+ and HOþ2 . Within the experimental
error the coincidence of emission of H3O

+ and Oþ2
occurs from the selected sites within less than 100 ps
(measured with time-amplitude converters). Therefore,
we conclude that the H3O

+ and Oþ2 species are origi-
nating from the same transition complex. To get an
indication of its nature, we analyzed the pulsed laser
field desorption spectrum, as obtained during H2/O2

reaction (Fig. 10b). The minority species are identified
as OH+, HOþ2 and H2O

þ
2 , which were also detected in

the water FD spectrum by Schmidt [64]. The peroxy
complex H2O2 as an intermediate in H2 oxidation has
been already proposed by Verheij et al. [73] who inves-
tigated the reaction on Pt(111) by modulated molecular
beam transient spectroscopy.

Field adsorbed water agglomerates even at room
temperature at the surface, as expressed by the emission
of protonated water cluster ions as a minority route, and
as well by the formation of H3O

+ from two water
molecules in step (4.5) and not by the energetically more
favored direct protonation, as is prevailing at the
hydrogen side of the reaction or also for the H2/H2O/Pt
system [61]. From these findings we conclude that the
hydroxyls are formed in close vicinity, and that the
peroxy complex emerges from two OHad. We explain
simultaneous emission of H3O

+ and Oþ2 for the studied
reaction systems by the following disproportionation:

OHadþðOHad � �OHadÞ!H3O
þ
gasþOþ2 gasþ2e�M ð4:6bÞ

Figure 10. (a)Hysteresis in thehydrogenoxidation reaction rate, pO2
= 3.6Æ10)4 mbar,T = 413 K. (b) Pulsed laser inducedfielddesorptionduring

reaction, pO2
= 2.2· 10)4 mbar, pH2

= 1. 10)4 mbar, T = 400 K. (c) Time correlation ofH2O
+field ions, p = 8 10)5 mbar, T = 300 K. (d) Field

ion correlation for O2/H2-reaction, ‘‘oxygen side’’, p(H2) = 1.35· 10).4 mbar, pO2 = 10)4 mbar, T = 430 K. Taken from [65].
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This should not be misinterpreted as a triple collision
(H2O is also formed in successive steps fromHad, Had and
Oad). By changing the probe hole position, we found out
that only the reactive sites (bright in FIM image) emitted
H3O

+ and Oþ2 simultaneously; the nature of these sites is
still obscure. If the reaction switches to the hydrogen side
(just by increasing pH2), no correlation is detected any
more, in agreementwith the observed protonation ofH2O
by hydrogen as discussed in Ref. [60].

Resuming the interpretation of the simultaneous ion
emission events, a formation of Oþ2 from two ‘‘hot’’ Oad

may be conceived alternatively. ‘‘Hot’’ means that a
fraction of the reaction enthalpy is released as kinetic
energy of Oad. For FD of pure water, Oad can be
exclusively produced by step (4.3). An H2Oad may react
immediately with an adjacent one according to reaction
(4.5) involving FD of H3O

+. The OHad may be attached
to an Oad to form the minority species HOþ2 as observed
in Fig. 10b. Raising the temperature from 300 to 400 K
for the H2O/Pt system the emission of the ion pair
H3O

+, HOþ2 is also detected (Fig. 10c). If Oþ2 would
emerge from a fragmentation of HOþ2 , one cannot
explain the observability of HOþ2 in the coincidence
spectrum appearing only above 400 K.

A direct formation of Oþ2 from hot Oad with a mini-
mum of steps can be conceived by the following: two
H2Oad are produced adjacently according (4.3) from
four hydroxyls, and then the Oad recombine. At the
same instant H3O

+ could be formed by the dispropor-
tionation (4.4). If H3O

+ and Oþ2 were formed in indi-
vidual steps each, then the tailing of the coincidence
spectra would be symmetric in time. But only a delay for
Oþ2 emission is observed in the peak. If this model is
correct, the H2O diffusion forming the water dimer and
the disproportionation in sequence would be very fast
compared to the recombination of the two ‘‘hot’’ Oad

within of some hundred picoseconds.
It has to be stressed that the correlated formation of

Oþ2 and H3O
+ seems to be only a minority route, about

90% of the Oþ2 appear as uncorrelated (as derived from
an analysis of the statistical background in Fig. 10c).
For these ions a formation from thermally equilibrated
Oad is not possible at these temperatures, but as indi-
cated before, ‘‘hot’’ O species according to step (4.3)
may be conceived. At least during H2/O2 reaction, the
sum of the emitted H2O

+ appear to carry up to 0.6 eV
translational surplus energy with it, as the appearance
energy data show [61].

In conclusion to this chapter, the reaction pathways
leading to an Oþ2 abundance in the field ion spectrum of
the H2O-Pt and the H2/O2-Pt system are a consequence
of the preferential H3O

+ emission under field conditions
due to the proportionation reaction of two adjacent
H2O molecules. A peroxy intermediate or a recombi-
nation of non-equilibrated O species are proposed as
precursors.

5. Resumé

In situ microscopic and spectroscopic studies on
carbon monoxide respectively hydrogen oxidation on
various facets of nm-sized platinum tips demonstrate
that the catalytic properties of differently oriented Pt
nanofacets assembled to a complex reaction system can
be effectively studied using the field-emission based
techniques. The findings gained in our experiments for
the well defined heterogeneous Pt surfaces (character-
ized with atomic resolution) demonstrate that resulting
properties of such a heterogeneous system as an apex of
a field emitter tip (or a Pt pellet of a supported catalyst)
cannot be regarded just as a kind of a superposition of
the reactivity of the corresponding crystal planes. To
explain the spatio-temporal behaviour of a catalytic
reaction in such a complex nanosystem one has not only
to consider the local coupling between diffusion and
reactivity on the adjacent nano-facets, but also the
influence of the atomic steps confining the individual
nanofacets and attenuating this coupling as well as to
take into account the prominent role of the fluctuation
effects. The FEM with its resolution of �2 nm and the
FIM with atomic resolution appear to be well suitable
techniques for in situ studying fluctuations: the
‘‘parallel’’ imaging principle of the FEM/FIM makes it
possible to analyse simultaneously the processes on the
different surface regions. Processing of the digitized
video-sequences allow to study the reaction dynamics
within regions of interest of few nm2 arbitrarily located
on the surface with a time resolution limited just by the
used video-technique. The electrostatic field of ca
5 V/nm applied in FEM does not influence neither the
CO oxidation nor H2 oxidation on Pt, the significantly
higher field of ca 10 V/nm (and of an opposite direction)
in FIM influences though both of these reactions, the
study of the field effect allows, however, to reveal the
effects of the electron density redistribution on the sur-
face (important for the understanding of the promoters
effect) and (via influencing the surface diffusion) to
study the details of the propagation of ‘‘chemical
waves’’ and of the diffusive coupling.

The resulting changes in the surface topography
caused by the ongoing reaction can be visualized with
atomic resolution and the atomic-scale mechanisms,
such as motion of the nanosized 3D-aggregates (e.g. Pt-
clusters on a Pt(100) facet during H2 oxidation leading
to the surface coarsening), can be studied in situ by
FEM/FIM techniques.

Recapitulatory, it has to be noted, that although the
FIM and related microscopies are the oldest techniques
that provide the ultimate lateral resolution of the
imaged structures (atomic FIM imaging turns 50 these
days [23]), the capacity of the field emission based
microscopies in the catalytic research is by far not ade-
quately utilised yet. Atomic scale tuning of the single
catalytic particles, external control of the bifurcation
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points and of the whole kinetic phase diagram of a
surface reaction by the particle size and shape, as well as
by the applied electric field are just few points indicating
the potential of this approach to the nanometer scale
catalysis.
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