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The reaction of CO with Rh crystals of almost hemispherical shape (field emitter tips) was studied
at various temperatures between 200 and 420 K and at pressures up to 10! Pa. Strong morphological
changes of the crystals could be observed with atomic resolution by field ion microscopy (FIM).
After field-free reaction with CO at 360 and 420 K the hemispherical Rh crystals appeared to be
transformed into polyhedral shapes. High-index surface planes were absent on these crystals, i.e..
kink sites were largely used up in faceting. More generally, the morphology of the reshaped crystals
contained mainly planes with {001}, {011}, {111}, and {113} symmetry. The CO-induced restructuring
was found to be thermally activated: atomic displacements were first observed at a reaction
temperature of 240 K but were absent at 200 K. Using (atom-probe) pulsed field desorption mass
spectrometry (PFDMS), the underlying reaction mechanisms and kinetics were studied in small
selected surface areas containing about 150 atomic sites. Besides CO the surface layer always
contained Rh-subcarbonyls, Rh%CO), (x = 1-3). Time-resolved measurements (reaction times
between 0.5 ms and 0.1 s) revealed temperature-dependent delay times for Rh%CO), formation.
This observation could be consistently interpreted on the basis of a reaction model leading to the
liberation of mobile, adsorbed Rh%CQ), after Rh—Rh bond breaking in kink site positions. More
generally, the structural changes of Rh crystals observed in FIM were most likely caused by
{thermally activated) Rh%CO), formation and decomposition at kinks with intermediate diffusion
across the surface. The results of the present study suggest Rh%CO), to be the likely precursor

species for Rh'(CO), formation as observed in studies with Rh/ALL,O; mode! catalysts. © 1993

Academic Press, Inc.

INTRODUCTION

One of the ultimate goals in the applica-
tion of surface science to fundamental cata-
lytic research is the identification of inter-
mediates during an ongoing reaction on a
catalyst particle while characterizing the
atomic structure of the particle surface at
the same time. The invention of scanning
tunneling and atomic force microscopy
(STM and AFM) has led to the widespread
opinion that the essential experimental basis
for reaching this goal has now been laid. In
fact, during the past few years a great deal
of information has been gained about the
atomic-scale structure of surfaces. For ex-
ample, STM studies with metal single crys-
tals have made visible various adsorbate-
driven surface reconstructions or well-or-
dered adsorbate layers. The identification

of transient species with unknown chemical
composition, however, is difficult, if not im-
possible, even when operating the micro-
scope in the spectroscopic mode.

STM and AFM studies with more realistic
models of catalyst surfaces are still rather
scarce. Recent attempts to image small sup-
ported metal clusters with atomic resolution
were partly successful (/-4). Some progress
was also made in determining morphologies
of catalyst particles prepared by impregna-
tion from a precursor solution on conducting
supports (5). It appears, however, that
atomic-scale information about surfaces of
three-dimensional particies, say larger than
~2 nm, cannot be easily obtained by STM
or AFM. Thus, at present there are draw-
backs in the application of these methods
to the structural characterization of catalyst
particles, in particular, if one is interested
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in observing adsorbate-induced crystal re-
shaping along with reconstructions of par-
ticular surface planes.

With this background other experimental
techniques have gained significance in pro-
viding microstructural information. Im-
portant contributions to this field were made
by transmission electron microscopy. For
example, changes in the morphology of sup-
ported catalyst particles due to heat treat-
ment or chemical reaction, occasionally
leading to the disruption of the particles,
were made visible (6). Even in situ studies
of dynamic processes on the atomic scale
were performed (7). Modern TEM can be
combined with X-ray microanalysis or elec-
tron energy loss spectroscopy, there are,
however, conceptual and technical restric-
tions which do not allow the identification
of chemical species under reaction condi-
tions on a crystal surface well-defined in its
atomic structure.

Another method capable of providing ulti-
mate structural information is field ion mi-
croscopy (FIM). One of the advantages of
this technique is that the sample is given in
the form of a near hemisphere (‘*field emitter
tip’’) with a radius of curvature of some ten
nanometers. Thus, a tip can be considered
a model of a single catalyst grain in the ab-
sence of any insulating support material.
Early FIM work brought forth partly ambig-
uous results (8, 9) and it was argued that
structural damage to the samples may be
caused by the imaging process in high elec-
tric fields (/0-15). Recently, however, it
was shown that safe conclusions can be
drawn and that adsorbate-induced recon-
structions of single crystal planes can be
viewed with atomic resolution (16, /7). On
the one hand, the stringent vacuum condi-
tions maintained during imaging impose re-
strictions to applications in heterogeneous
catalysis. On the other hand, however, the
combination of FIM with atom-probe tech-
niques like pulsed field desorption mass
spectrometry (PFDMS) provides a unique
tool for the study of surface chemical reac-
tions in a time-resolved manner and at the
atomic scale. In a number of recent applica-
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tions the high potential of PFDMS to eluci-
date reaction mechanisms and kinetics was
demonstrated (/8-20).

In the present paper results are presented
that were obtained from studies of the CO
interaction with Rh field emitter tips at tem-
peratures up to 450 K. FIM was applied to
reveal strong morphological changes trans-
forming crystal shapes from nearly hemi-
spherical into polyhedral. The chemical
analysis of the adsorbed layer by PFDMS
has identified Rh-subcarbonyl species,
Rh%CO), (x = 2,3), as mobile entities most
likely involved in the restructuring pro-
cesses. Some of the data were previously
published in short communications (/7, 27).
A full account of the work is given here.

EXPERIMENTAL

Two different setups were used for the
studies reported in this paper. Both were
described in detail elsewhere (19, 22, 23).
Thus, only a brief outline will be given here.
The atomic structure of Rh tips before and
after reaction with CO was determined in
an all-metal field ion microscope equipped
with a channel plate (¢ = 3 in.) for image
intensification. Field ionisation was contin-
uously monitored by means of a video re-
cording system. Individual micrographs
presented below were taken by a camera.
Field electron microscopy (FEM) was per-
formed at reversed polarity before and after
FIM. Samples were mounted on a four-pin
holder which could be plugged into a fellow
at the end of a magnetically coupled rod.
Temperatures were measured by a thermo-
couple attached to the shank of the tip and
connected to one pair of the pin holder.

The rod allows for a rapid sample transfer
under ultrahigh-vacuum (UHV) conditions
between the microscope and a reaction
chamber. In order to follow product forma-
tion during catalytic reactions, differentially
pumped quadrupole mass spectrometers are
attached to both chambers. The reaction
chamber can be operated at pressures up to
2 x 107% Pa. The residual gas pressures
are always below 5 x 107? Pa in the FIM
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screen

F1G. L. Scheme of the experimental setup for pulsed field desorption mass spectrometry (atom-probe).

chamber and ~10~7 Pa in the reaction cham-
ber. The low-pressure studies (up to ~10"!
Pa) reported here were conducted in the mi-
croscope.

Strictly field-free conditions were main-
tained during the reaction experiments.
After field ion imaging of the clean tip sur-
faces, the voltages were switched off before
introducing the CO gas and adjusting the
reaction temperature. At the end of a reac-
tion experiment the sample was cooled to
cryogenic temperatures before removing
the CO gas. Subsequently the sample was
imaged in Ne.

Kinetic reaction studies were performed
by PFDMS in another apparatus.

The basic principle of this method is to
apply high electric field strengths F < 50 V/
nm in form of short field pulses (widths >
100 ns, repetition rates < 100 kHz) to a
counter electrode (with a hole), mounted at
adistance of 0.1 mm in front of a Rh sample.
This leads to the desorption of adsorbed spe-
cies in form of ions which are separated and
detected in a time-of-flight mass spectrome-
ter. Thus, conclusions about the composi-
tion of the adsorbed layer can be drawn. As
shown in Fig. I, a screen with a probe-hole
is mounted at the entrance of the flight tube.
By tilting the Rh tip in front of the hole,
crystallographically different planes with up
to ~250 atomic sites (the size of the moni-
tored area can be adjusted by means of elec-

tron lenses, but depends also on the radius
of curvature of the tip which is determined
from the calibrated onset voltage for kryp-
ton field ionisation) can be probed. The se-
lection of a particular surface area is usually
controlled in a separate experiment by FEM
at reversed polarity. Gas pressures were
measured by means of a spinning rotor vis-
cosity gauge (Leybold Heraeus VM212).
In the time tg, between the pulses, an
arbitrary dc field F;, can be maintained. For
the measurements to be reported here, a dc
field was not applied. Kinetic data of surface
reactions can be obtained as schematically
illustrated in Fig. 2. While continuously dos-
ing the sample surface by CO, adsorption
takes place only in the time interval, g, be-
tween two field pulses. At the end of 7, the
adsorbed layer is desorbed by a field pulse.
If the pulse field strength 1Fp is high enough,
the ion intensity is a measure of the species’
concentration on the surface (provided, the
influence of fragmentation and association
is known as, for example, from dc field
strength variation). Under these conditions
the beginning of each reaction period is
characterized by a zero adsorbate concen-
tration. The longer tg becomes, the more the
adsorption process proceeds. As the surface
layer builds up, consecutive chemical reac-
tions become possible. Thus, by systemati-
cally varying g, the kinetics of these pro-
cesses can be monitored. This is normally
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F1G. 2. Schematic diagram of field pulses with various repetition rates analyzing the formation of

reacuon mtermedlates and products.

done in the range between 100 us and sev-
eral seconds.

Rh field emitter tips were prepared by
electrochemical etching in a molten mixture
(1:4 w/w) of NaCl and NaNO,;. The tips
were cleaned in UHV by cycles of either
field evaporation and Ne-sputtering (for
FIM) or field evaporation and heating in hy-
drogen/oxygen (for PFDMS). The CO gas
used in the reaction studies preceding FIM
was purified by freezing out contaminations
in a molecular sieve cooled by liquid nitro-
gen (the partial pressure of CO at 78 K is

in the range of some 1072 Pa). Research
grade CO (99.997%) was employed in
PFDMS.

RESULTS
Field lon Microscopy

In this part of the paper we present FIM
resuits which provide evidence that the mor-
phology of Rh field emitter tips changes dur-
ing their reaction with CO. In order to dif-
ferentiate between purely thermal and
chemical effects, blank runs were made by
heating several Rh specimens to tempera-
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tures between 400 and 500 K in the absence
of gaseous CO.

Figure 3a shows a micrograph of a (111)-
oriented Rh tip cieaned according to the pro-
cedure described above. Imaging was per-
formed in Ne at 94 K and at 37 V/nm. An
average tip radius, » = 18 nm, can be deter-
mined from net plane counting. For this ra-
dius a considerable number of different sur-
face planes, both low and high index, are
clearly developed. For better orientation, a
schematic sterographic projection (ignoring
true angles and distances) is shown in Fig.
3b. Stepped pianes like {113} and {011} are
located along the (110) zone lines connecting
the central (111) pole with the peripherical
{111} and {001} poles. {133} planes, though
smaller, are present between {111} and
{011}. Six {012} planes are also clearly visible
and located along the (211) zone lines.

Heating the tip at 500 K for 1 min and
subsequent imaging in Ne at 94 K and 33
V/nm resulted in the micrograph shown in
Fig. 3c. A comparison with Fig. 3a reveals
that atom displacements have taken place
in certain areas of the sample surface. This
may occasionally have caused reconstruc-
tions such as those occurring between (021)
and (153) (see arrow). There is also no doubt
that surface diffusion has led to some shrink-
age in the topmost layers of small planes.
Some of the very bright spots as, for exam-
ple, on (201) or (111) are possibly associated
with impurities either segregated from the
bulk to the surface or adsorbed from the gas
phase. Most importantly, however, there
are neither changes in the overall tip mor-
phology nor well-defined faceting of individ-
ual planes due to heating. This is a general
result which also holds when heat-treating
the sample during extended time periods or
when using samples of orientation other
than {111}. An increase of the field strength
from 33 V/nm in Fig. 3¢ to 36 V/nm in Fig.
3d was found to cause field evaporation of
less than one surface layer so that the origi-
nal morphology of the Rh tip, imaged in Fig.
3a, reappeared.

In the following, we present FIM results
of our experiments with CQO. Reaction tem-
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peratures of 200, 300, 360, and 420 K were
chosen. The starting point for each experi-
ment was a clean (001)-oriented Rh sample,
imaged at F = 37 V/nm. The shapes of the
Rh field emitter tip before the reaction ex-
periments with CO are shown in Figs.
4a-7a. The results obtained from measure-
ments at 420 K are shown along with sche-
matic stereographic projection in Fig. 7. The
radii of curvature of the clean specimens are
similar and vary between 20 nm in Fig. 4a
and 27 nm in Fig. 7a. The transition regions
leading from the central (001) plane along
(110} and (100} to the peripherical {111} and,
respectively, {110} planes are neatly divided
up into high-index planes. The outermost
{111} poles and a number of smaller stepped
planes are not shown in the stereographic
projection of Fig. 7. In particular, there are
always {015}, {013}, {012}, and {023} planes
connecting the (001) pole with the {011}
planes along the (100) direction. Stepped
{115}, {113}, and {112} planes are located
between the (001) pole and {110} planes
along (110). Other planes such as {135} and
{133} along (310) or, respectively, {123} and
{122} along (100} are also visible.

A number of important observations can
be made by comparing the micrographs of
the clean surfaces (Figs. 4a to 7a) with those
obtained after reaction with CO (Figs. 4b to
7b). Similar experimental conditions con-
cerning the reaction times and gas pressures
(10 min at 10~? Pa and 30 min 10~¢ Pa) were
applied in order to allow cross-comparisons
revealing the influence of the different tem-
peratures applied during the reaction stud-
ies. Subsequent field ion imaging of the sam-
ples in Ne was always performed at quite
low field strengths so that the rings of atoms
surrounding the low-index poles remain in-
visible. Of course, these rings could be re-
vealed by further increasing the viewing
field. Due to the onset of concomitant field
desorption/field evaporation with conse-
quent layer damage, the respective micro-
graphs are not presented here.

Almost no topographic changes seem to
have occurred during reaction with CO at
200 K. Additional small spots are observed
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F1G. 3. Ne-field ion micrographs of a [ 111]-oriented Rh field emitter tip (a,c,d) along with a schematic
stereographic projection (b) indicating surface planes and zone lines; experimental conditions are:
(a) clean surface imaged at 94 K and F ~ 37 V/nm, (¢) same Rh sample imaged at 94 K and F ~ 33
V/nm after heating at 500 K for | min under UHV-conditions, (d) same Rh sample imaged at 94 K

and at increased field strength of F ~ 36 V/nm.

in the bright areas of {012} and its surround-
ings. They are most likely due to the pres-
ence of impurity species. The imaging field
strength was ~24 V/nm, i.e., ~65% of the
value used in Fig. 4a. Neither field desorp-
tion of chemisorbed CO nor field evapora-
tion of Rh was seen under these conditions.

Measurements with PFDMS have shown
that at 298 K a field strength of at least 26
V/nm is necessary for these processes to
occur (19). Interestingly, the image contrast
in Fig. 4b is quite high so that some high-
index planes appear with inner-plane resolu-
tion. Field ion imaging of Rh tips covered
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FiG. 4. Ne-field ion micrographs of a [001]-oriented Rh field emitter tip: (a) clean surface imaged at
85 K and F ~ 37 V/nm and (b) same sample imaged at 85 K and F ~ 28 V/nm after interaction with

CO for 10 min at 200 K and 107" Pa.

by CO at temperatures below 200 K were
also taken and revealed micrographs identi-
cal with those shown in Fig. 4.
Conspicuous structural changes of the Rh
specimens seem to have taken place during
the reaction with CO at higher tempera-
tures. They are most clearly developed in

Figs. 6band 7b, i.e., after exposing the sam-
ples to CO at 360 and 420 K. Nevertheless,
there is clear evidence that topographic
changes in the sample surface take already
place at 300 K. According to Fig. 5b, mainly
the {012} and neighboring planes (e.g., {023})
are involved. Single atoms seem to be dis-

F1G. 5. Ne-field ion micrographs of a [001]-oriented Rh field emitter tip: (a) clean surface imaged at
85 K and F ~ 37 V/nm and (b) same sample imaged at 85 K and £ ~ 27 V/nm after interaction with
CO for 10 min at 300 K and 1077 Pa.
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FiG. 6. Ne-field ion micrographs of a [001]-oriented Rh field emitter tip: (a) clean surface imaged at
85 K and F ~ 37 V/nm and (b) same sample imaged at 85 K and F ~ 27 V/nm after interaction with
CO for 30 min at 360 K and 10~ Pa.

placed from their original positions so that
vacancies are left and new extra spots ap-
pear. Chains of atoms oriented perpendicu-
lar to the {100} zone lines are also observed.
The number of net planes along (100) seem
to be reduced, which is in accordance with
the formation of facets.

After reaction with CO at 360 K, the struc-
tural features are more clearly developed.
Planes such as {013} have now also under-
gone faceting. The terraces of the facets
along the (100} zone lines are of {110} and
{001} symmetry. This can be easily shown
by using ball models. More generally, the
morphology of the whole crystal consists
of planes with {001}, {110}, {111}, and {113}
symmetry.

The field strengths used for ion imaging
after reaction at 300 and 360 K were quite
low again, i.e., about 26 V/nm. A somewhat
higher value, 28 V/nm, was used to reveal
details of the CO-induced structural changes
occurring at 420 K. Nevertheless, the re-
spective micrograph shown in Fig. 7b was
stable during minutes of imaging, with no
spots either moving or disappearing. As
compared to Fig. 7a the whole apex of the
specimen seems now to be reshaped. The

resulting morphology is visualized in the
schematic stereographic projection at the
bottom right of Fig. 7. Obviously, the origi-
nal crystal shape is transformed from nearly
hemispherical before reaction into polyhe-
dral after reaction. This transformation is
associated with a faceting of the high-index
planes, most clearly visible for the vicinal
planes of the (001) pole. As compared to the
study at 360 K, the {113} planes seem to be
smaller. On the other hand, the structural
features of the {012} and its neighboring
planes along the (100) zone lines are not as
clearly discernible in Fig. 7b as in Fig. 6b.
This is likely related to the presence of
surface carbon (and oxygen) which can be
more easily deposited by dissociation of
chemisorbed CO at 420 K than at 360 K.
In fact, it was shown recently that surface
carbon can block the CO-induced recon-
struction on {012} (24). Details are discussed
below.

The polyhedral particle morphology im-
aged in Fig. 7b can be easily built up by ball
models in order to illustrate the faceting of
the slopes. The terraces of the facets contain
planes of {001}, {110}, and {111} symmetry.
Furthermore, it is seen that the bright spots
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F1G. 7. Ne-field ion micrograph of a [001]-oriented Rh field emitter tip along with schematic stereo-
graphic projections indicating surface planes and zone lines of the Rh field emitter tip: (a) clean surface
imaged at 85 K and F ~ 37 V/nm, (b) same Rh sample imaged at 85 K and F ~ 29 V/nm after
interaction with CO for 30 min at 420 K and 10~* Pa, (c) schematic stereographic projection of the
clean sample, applying also to Figs. 4a, 5a, 6a, and (d) stereographic projection indicating morphological
changes of the crystal along with faceting of crystallographic planes due to the reaction with CO.

present in Fig. 7b are located in the bound-
ary regions between differently oriented
slopes of the polyhedron. The brightness of
the spots is due to the high local field
strengths present in these strongly curved
regions. When increasing the field strength
slightly (by about 5%), the brightest spots
disappeared first. Field evaporation became
more intense at about 33 V/nm. Several Rh

layers {exact counting is difficult as field
evaporation occurs rather unregularly
across the sample surface) had to be re-
moved in order to restore the almost hemi-
spherical shape of the apex.

The FIM results presented above have
demonstrated that the CO-induced reshap-
ing of the Rh specimens is thermally acti-
vated. Though detailed structural informa-
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FiG. 8. Time-of-flight mass spectrum during reaction of CO with a Rh field emitter tip, obtained by
probing a region of vicinal surfaces around the Rh (001) pole; monitored area: ~150 surface sites
containing parts of the (013) plane; experimental conditions: 7 = 473 K, pcy = 1.3 X 10 Pa, and

field strength F ~ 17 V/nm.

tion was obtained in real-space with atomic
resolution, no conclusions could be drawn
on the underlying mechanisms and chemical
processes.

Pulsed Field Desorption Mass
Spectrometry

In this section we present results of our
time-resolved reaction studies by PFDMS.
Various regions of the tip apex were ana-
lyzed for their chemical composition during
CO adsorption.

Figure 8 shows a typical time-of-flight
mass spectrum obtained by probing about
150 surface atoms in the vicinity of the (001)
pole of the tip. A previous check by field
electron microscopy showed parts of the
(013) plane to be contained in the monitored
area. PFDMS was performed while CO was
impinging on the surface at 1.3 x 1074 Pa
and 473 K. The desorption field strength
was quite low, i.e., ~17 V/nm, during these
measurements. Only pulses were applied,
with no dc field, F,., being present during
the reaction time, t; = 0.5 ms. For Fp <
26 V/nm, at 298 K, quantitative desorption
of the adsorbed layer did not occur. This

had been previously shown in elaborate
studies on the field strength dependence of
species desorption (/9). Thus, a qualitative
rather than a quantitative analysis of the
surface layer was performed here. Small
amounts desorbed by the field pulses were
refilled during 7 so that a quasi steady ad-
sorbate coverage was maintained.

Various ionic species are seen in the mass
spectrum of Fig. 8. The respective intensi-
ties, plotted in relative numbers by relating
to the total amount of material desorbed,
were accumulated during 5 x 10° desorption
cycles. Besides CO and the substrate mate-
rial, Rh, subcarbonyls, RhCO, Rh(CO),,
and Rh(CO),, appear in the mass spectrum
as either singly or doubly charged ions. This
result is interpreted in terms of a consecu-
tive reaction taking place in the adsorbed
layer and involving the respective neutral
species. RhCO?* is understood as an ionic
species resulting from field desorption of CO
chemisorbed at steps, i.e., most probably
at kinks, whereby the bonds between the
respective Rh atom and its neighbours are
broken. The high-index subcarbonyl spe-
cies, Rh(CO), and Rh(CO),, are formed by
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subsequent addition of another one or two
CO molecules to the respective Rh kink
atom. Details of the Rh(CO), formation ki-
netics can be deduced from reaction time
variation measurements as described be-
low. There is no indication that CO* and
RhCO?* result from field fragmentation of
adsorbed Rh(CO), ; (/8). Rh field evapora-
tion, i.e., the removal of Rh lattice atoms
in form of ions, is only of limited importance
at Fp, = 17 V/nm. Carbon and oxygen atoms
released during the decomposition of the CO
molecule are not desorbed at this low field
strength.

Kinetic reaction studies cannot be per-
formed at field strength values as low as
those applied in Fig. 8. One of the prerequi-
sites for these studies to become possible is
that the field pulses lead to complete desorp-
tion of the adsorbed layer. As mentioned
above, previous field strength variation
measurements (/9) indicated that a CO de-
sorption probability of unity can only be
obtained at field strengths higher than 26 V/
nm (at 298 K). Under these conditions the
sum of the RhCO?* and CO* ion intensities
in terms of the number of ions per desorp-
tion pulse is a measure of the CO surface
coverage built up during t,. This is a quite
general result obtained with a number of tips
and probing crystallographically different
areas. Variations, however, were seen in
the relative amounts of RhCO?* and CO™.
More specifically, the intensities of both
species could be reversed while keeping
their sum constant. This is likely due to vari-
ations in the step densities within different
monitored areas.

A point of particular interest is the forma-
tion of Rh-subcarbonyls. Due to their high
ionisation probability these species domi-
nate the mass spectrum in Fig. 8. On the
other hand, it was found that in the ‘‘kinetic
regime,”’ i.e., at high field strengths, the re-
action towards the Rh(CO), stage is too slow
to occur during 71z = 1 ms at 298 K (25).
Thus, longer reaction times had to be chosen
to reveal the onset as well as the progress
of subcarbonyl formation. It had already
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F1G. 9. Experimental intensities (ions per 100 pulses)
as a function of the reaction time, ry, monitored at
~150 surface sites with the probe-hole position as
in Fig. 8; experimental conditions: T = 298 K,
pco = 1.3 x 107% Pa, and high field strength, i.e.,
F ~ 28 V/nm.

been demonstrated that kinetic data are ac-
cessible in this manner (25). We now give
a more complete account of these studies.

In Fig. 9 the ion intensities of the various
species are plotted for various reaction
times between |1 ms and 0.1 s. Again, about
150 atoms close to the (001) pole, i.e., in
a region containing the vicinal (013) plane,
were probed during the reaction with CO at
1.3 x 107 Pa. However, the field strength
was now as high as 28 V/nm, sufficient to
ensure quantitative desorption by the field
pulses at 298 K. Under these conditions ad-
sorbed Rh(CO); was only found in statisti-
cally insignificant amounts. They are omit-
ted in Figs. 9 and 10.

There is a general trend in Fig. 9 in that
the number of ions per desorption pulse
(~surface coverage of the respective spe-
cies) increases with extending reaction
times. However, there are marked differ-
ences in the specific behavior of the various
ionic species. It is seen that only RhCO?**
and CO™ are desorbed over the whole range
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of reaction times. In contrast, Rh(CO)3* and
C"*/0O* appear with delay times. Moreover,
both RhCO** and CO* intensities increase
linearly with time whereas a higher order
time dependence seems to apply for
Rh(CO)* and C**/0O".

It has been argued above that RhCO?**
and CO* are representative for chemi-
sorbed CO. According to Fig. 9 the build-
up of CO,4 proceeds with a constant rate,
i.e., according to the simple Langmuir
model. This is expected as the maximum
coverages reached within the measured time
scale are always considerably below the
monolayer limit. Sticking probabilities can
be derived by comparing the slope df.y/dt
with the impingement rate from the gas
phase (the line marked ‘‘impingement rate’’
shows the expected ion current if all mole-
cules impinging into the monitored surface
area were measured, i.e., 100% sticking
probability, no thermal desorption, no net
diffusion supply or loss). Valuesof 0.85. . .
0.95 are obtained which are somewhat larger
than those determined for CO adsorption
on a macroscopic (111)-oriented Rh single-
crystal surface (26). This is most likely due
to the presence of the many steps acting as
trapping sites for impinging CO molecules.

In order to demonstrate more clearly that
the ficld desorption rates of Rh(CO);* and
C"*/0O* depend on the reaction time, the
ion intensities are replotted in terms of the
number of ions per second in Fig. 10. The
lowest intensity values entered into this fig-
ure are at the detection limit of the PFDMS
instrument. The time lag in the formation
of Rh(CO)3* is about 2 ms at 298 K. The
desorption rate of this species increases un-
til it reaches a constant level at long reaction
times. This behaviour is a strong indication
for Rh(CO), being formed chemically during
a consecutive surface reaction. It seems
clear from the data that this reaction is more
strongly dependent on the reaction time
than would be expected for simple second
order kinetics. As the intensities are quite
low, we refrain from an evaluation of the
respective rate law. Instead, direct compari-
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Fi1G. 10. Experimental intensities plotted in terms of
the number of ions per 10 seconds as a function of the
reaction times, 7y, with the same conditions as in Fig.
9 except for inclusion of a measurement at 350 K.

son is made with measurements performed
at somewhat higher temperature, i.e., 350
K. Though the number of data points is
small, it is seen that the overall time behav-
iour of Rh(CO)3* desorption is similar to
the one observed at 298 K. An important
difference, however, is that this species now
occurs with a shorter delay time. Thus,
Rh(CO), molecule formation is thermally
activated. This result is consistent with the
view that Rh—Rh bonds are broken during
this process. Then, accordingly, Rh(CO),
would be field desorbed after its diffusion
into the terrace layer.

In Fig. 10, the field desorption rate of the
C"*/0™ species increases at long reaction
times. In fact, the behavior is similar to
Rh(CO);* at short reaction times, and it is
most likely that both C"* and O* ions origi-
nate from field desorption of adsorbed car-
bon and oxygen formed previously by chem-
ical decomposition of CO,,;. This latter
process does not follow simple first-order
kinetics. It seems that a certain amount of
CO,, must be accumulated on the surface
before decomposition begins. As the statis-
tical significance of the measured ion inten-
sities is not clear, fitting procedures, e.g.,



538

with a rate law df./dt ~ k0 have not been
applied. In addition, field desorption of sur-
face carbon is unlikely to be complete at
F = 28 V/nm so that the coverages are
higher than those reflected by the ion inten-
sities. Possibly, accumulated carbon
amounts inhibit the formation of Rh(CO),
as both decomposition and association ne-
cessitate step sites for their occurrence.
This could explain why the Rh(CO)* field
desorption rate decreases with increasing
reaction times. The temperature depen-
dence of the C"* intensities has as yet not
been measured so that more detailed conclu-
sions about the kinetics of the CO decompo-
sition on stepped Rh surfaces cannot be
drawn here.

PFDMS results very similar to those pre-
sented above were obtained by probing sur-
face areas other than stepped (001). It must
be concluded that the behavior of Rh field
emitter crystals in reaction with CO is domi-
nated by step sites which are always present
no matter which specific area is monitored.

DISCUSSION

In the preceding section experimental evi-
dence has been presented for the occurrence
of CO-induced morphological changes of Rh
field emitter particles. FIM has revealed the
gross structural features of the particles as
well as the detailed surface atomic arrange-
ments. The remarkable finding of this study
is the transformation of nearly hemispheri-
cal crystal particles into polyhedral shapes
through reaction with adsorbed CO. A con-
siderable mass transport must be assumed
in order to understand this result. Time-re-
solved studies by PEFDMS have clarified the
transport mechanism and the associated re-
action Kkinetics. Accordingly, a diffusion
process is set into action through conversion
of Rh kink site atoms into mobile, adsorbed
Rh%CO0),. Before proceeding to a more gen-
eral discussion of these results, some argu-
ments will be summarized which dispel con-
cerns about misinterpretation of the data
due to the application of the high-field exper-
imental methods.
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Field Effects

It was reported in early FIM work of O,
or CO adsorption on W that layer damage
occurs during ion imaging (/0-15). Mecha-
nisms advanced to explain this effect were
based on electron impact during field ioniza-
tion (10, 12) or energy transfer of ‘‘hot,”
i.e., polarized image gas atoms (/1). In order
to account for increasing surface disorder
while imaging, gas-promoted displacement
and desorption of substrate-adsorbate com-
plex compounds was envisaged (/3-/5). In
the present study the ion images were sta-
ble, i.e., spots neither moved nor disap-
peared at viewing fields of 26 V/nm. Thus,
we conclude that the detailed Rh atomic ar-
rangements were imaged as formed during
the preceding field-free reaction experi-
ments. However, it cannot be discarded that
single CO molecules underwent desorption
(though there is evidence from studies of
CO adsorption on Pd emitter planes that this
may occur only to a negligible extent). This
process would escape observation since Rh
atoms or, possibly, Rh complex compounds
and not CO molecules are visible in FIM.
Even though adsorbate coverages remain
uncertain during ion imaging, the general
conclusion reached in this study is left un-
altered. Accordingly, the morphological
changes of the Rh particles are caused by a
chemical reaction with adsorbed CO in the
absence of an external electric field. This
reaction is thermally activated: at 200 K the
Rh atomic positions are unaffected by ad-
sorbed CO; topographic changes are found
to occur at 300 K and merge into a morpho-
logical reshaping of the crystals at 360 K (or
higher, but still below the thermal desorp-
tion temperature of CO).

In contrast to FIM, the PFDMS method
intentionally perturbs the ongoing reaction
processes. Field desorption and evapora-
tion by field pulses are destructive processes
which clear away the adsorbed layer and
provide a well-defined crystal surface at
the beginning of each field-free reaction pe-
riod. As discussed elsewhere (19), the corre-
lation of ionic masses with neutral surface
species is crucial for the interpretation of
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the data. An important point in the present
study is the occurrence of Rh-subcar-
bonyls, Rh(CO)?*. The time dependence
of the intensity of the dicarbonyl ion,
Rh(CO)3*, differs strongly from that of the
CO"/RhCO** ions. Thus, field-induced as-
sociation cannot be the determining pro-
cess. There is also no evidence for the oc-
currence of adsorbed cluster compounds,
Rh,(CO), (as might be suspected in view of
the rich chemistry of polynuclear Rh car-
bonyls), so that a fragmentation process
leading to di- and tricarbonyl species can
be likewise dismissed. In an imaging atom-
probe study on the same subject, Kellogg
(28) concluded that the origin of CO™ and
RhCO?* was due to field fragmentation of
neutral Rh(CO),. Rapidly rising field pulses
were used in his study so that, indeed, frag-
mentation might have been important. In
our study, the relatively long rise times of
the pulses, 100-200 ns or more, make this
process unlikely (ions leave the surface dur-
ing ~0.1 ns so that they are no longer af-
fected by further increasing field strengths).

In consideration of the above arguments
we infer that a chemical surface reaction
takes place in which adsorbed CO molecules
are consecutively added to a single Rh (step)
atom. Of course, the electric field may assist
in this process and alter individual rate con-
stants. A dc field strength variation would
reveal this influence, but up to now such a
measurement has only been performed in a
study of Ru-subcarbonyl formation (which,
however, should be quite similar to the Rh
case). There, Ru(CO)3" species (x =< 4)
were detected with relative intensities
strongly dependent on the dc field. In partic-
ular, it was found that increasing field
strengths favoured the formation of low-
rather than high-index species. The same
trend of stabilities was obtained in a theoret-
ical study by Wang and Kreuzer (29). It
must be concluded from these studies that
the surface reaction towards high-index
subcarbonyls is impeded by dc fields. Fur-
thermore,it is likely that the relative surface
coverages of these species are altered during
the course of field pulses with otherwise
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field-free reaction intervals. For this reason
and with regard to the lack of knowledge
of detailed field effects in Rh-subcarbonyl
formation, we refrain from a calculation of
respective surface coverages.

Mechanisms and Kinetics

In this section a microscopic model is set
up which describes the initial reaction steps
leading to the topographical and morpholog-
ical changes observed in FIM. The experi-
mental evidence for the model was obtained
in PFDMS and is based on the knowledge
of layer composition and kinetic data of re-
action processes.

Adsorption of CO was found to take place
with high initial sticking probabiliites, S, =
0.85-0.95. Both terrace sites and steps can
be occupied. The former dominate the crys-
tal surface and act as a gate for CO mole-
cules impinging from the gas phase. Of
course, direct adsorption at steps can also
occur. However, occupation via surface dif-
fusion is more likely.

COgas + l ]ad g COad
COad + [ ]slep < COslep + [ ]ad'

(1a)
(1b)

A Rh-dicarbonyl species can be formed by
addition of another CO,, species to an occu-
pied step site. CO,4 bound in muitiple form
to a single Rh terrace atom is not considered
here since this binding mode has never been
observed in vibrational spectroscopy of
low-index Rh single crystal surfaces. The
temperature dependence of Rh(CO);* de-
sorption suggests the formation of the re-
spective neutral species to be thermally acti-
vated. It is most likely that this process is
associated with Rh—Rh bond rupture in kink
site positions:

(RhCO)ie + CO,y & RA(CO),.y + [ Jiins.
(2)

The liberation of a Rh(CO), 4 species is a
repetitive process as long as kink sites are
reproduced (usually, until an open chain of
atoms is used up). This is illustrated in Fig.
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FiG. 11. Ball model to illustrate the continuous re-
moval of Rh kink site atoms as subcarbonyls.

11. From an energetic point of view,
Rh(CO), ,, formation requires considerable
effort. In fact, this is reflected by the rather
long delay times of the order of milliseconds
as measured in PFDMS. Once a Rh(CO), 4
species is liberated, it may diffuse across
the surface and, occasionally, react with an-
other CO,, to give Rh(CQ), 4. For the short
reaction times, fg, applied in PFDMS, the
forward reaction of step (2) dominates.
Thus, from the initial rise of the Rh(CO)*
intensities in Figs. 9 and 10 (and by taking
into account ~20% transmission probability
of the spectrometer) formation rates of 5 x
1077 to 10~ molecules per site per second
at 298 K can be calculated. This takes for
granted that (i) field effects as discussed
above are negligible and (i) diffusion does
not alter the respective surface coverages
in the monitored area. For the field strengths
used during tg variation, long-range diffu-
sion from the shank towards the apex is
effectively suppressed (for a more detailed
argumentation, see Ref. (/9)).

C-0 bond rupture causing deposition of
carbon and oxygen was also found to occur.
There is experimental evidence that this
process is quite easily accomplished at step
sites (21, 24). Thus, a competition with
Rh(CO), formation is suspected to exist. For
the rather short time scale of PEFDMS mea-
surements only small amounts of carbon and
oxygen are built up. We infer that dissocia-
tion is slower than association at tempera-
tures up to at least 420 K, i.e., Rh(CO),
production dominates.

It seems clear from the above reaction
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mechanism that Rh(CO), .4 liberation must
lead to changes in the surface structure of
Rh crystals. Our FIM studies have made
visible these changes. In contrast to condi-
tions in PFDMS, the reactions preceding
ion imaging run to completion (the images
remained nearly unchanged for higher CO
gas pressures or longer reaction periods
than used in the figures presented here). Of
course, the reverse reaction, i.e., the de-
composition of Rh(CO), .4 in kink site posi-
tions comes into play when approaching
equilibrium conditions. As a whole, rupture
and deposition of Rh atoms in half-crystal
sites will cause the build-up of facet struc-
tures with low-index terraces as observed
in FIM. Carbon and oxygen atoms occasion-
ally released during CO dissociation at
steps, may block the restructuring of the
surface so that irregular facets will be
formed. In the absence of inhibition effects,
one would expect the formation of regular
polyhedrons with low-index planes in the
facets of their slopes. Kink sites would only
be present at the common edges of the
slopes. Our FIM results have indeed shown
that polyhedral crystal shapes are largely
approached during reaction with CO at 360
or 420 K.

In summary of this section, it has been
shown that Rh kink sites are intrinsically
unstable in the presence of adsorbed CO.
The kinetic constraints associated with their
rupture can be overcome by mild heating.
From a thermodynamic point of view, the
formation of low-index planes during fac-
eting of the crystals is favourable as the en-
ergetic stability of these planes overcom-
pensates the increase of the surface area
during restructuring.

Comparison with Literature

It seems worthwhile to put into more gen-
eral perspective the findings of the present
study and to point out the implications
which they might have for understanding
the reaction behavior of “‘more real’” Rh
catalysts.
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The idea that field ion microscopy could
make visible adsorption-induced structural
changes of field emitter surfaces goes back
to the early work of Holscher and Sachtler
(8). These authors applied FIM to study CO
adsorption on W field emitter tips. They
concluded that the extra spots appearing in
their field ion micrographs were due to metal
atoms displaced from their original lattice
sites rather than due to chemisorbed CO
molecules as previously proposed by Ehr-
lich (9). Later work by others, however,
called in question this interpretation and
suspected much of what Holscher and Sach-
tler (8) attributed to adsorption-induced
phenomena was in fact due to desorption
during ion imaging. The present work has
provided clear evidence for the occurrence
of adsorbate-driven restructuring. Well-de-
fined faceting was seen to occur during the
reaction of CO with Rh field emitter parti-
cles ultimately leading to their reshaping
from nearly hemispherical to polyhedral.
Similarly strong morphological changes
were up to now only observed by Schmidt
etal. (30) in a study of CO on Ni field emitter
crystals. These authors argued that individ-
ual Ni atoms may evaporate thermally in
form of gaseous Ni(CO), so that the crystal
shapes evolve into a dissolution end-form.
For thermodynamical reasons the formation
of volatile Rh-carbonyls can be excluded in
our study (much lower pressures here than
those in Ref. (30)).

The chemical analysis by PFDMS of the
adsorbed layer clearly identified Rh%CO),
as a (mobile) chemical component of the
adsorbed layer. On the other hand, several
IR studies with Rh/Al,O, catalysts (3/-42)
indicated the occurrence of a gem-dicarbo-
nyl with the Rh atom in the +1 oxidation
state. According to the results of Basu et al.
(42), hydroxyl groups of the support surface
are directly involved in the formation pro-
cess of Rh'(CO),. Of course, this takes for
granted that Rh—-Rh bond rupture takes
place in the surface of the particles. Experi-
mental proof for a considerable disturbance
of the Rh coordination number due to CO
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adsorption was obtained in EXAFS (ex-
tended X-ray absorption fine structure)
studies (39). There, small Rh crystallites
were seen to dissolve, ultimately leading to
atomically dispersed Rh! sites. Our PFDMS
results provide a link to these studies in that
they identify Rh%CO), 4 to be the likely pre-
cursor species capable of migrating across
the Rh/support interface and reacting with
OH groups of the support surface:

Rh%CO), ., + AI-OH = Al-O-Rh'(CO),
+[la + $H,. (3)

There is strong evidence from IR work of
other authors (32, 38) that Rh}(CO), forma-
tion on Rh/ALO, occurs via an activated
process. For example, Wang and Yates (38)
found the characteristic doublet of Rh}(CO),
absorbance to develop at temperatures
above 200 K. For technical reasons, PFD
mass spectra could not be taken at this low
temperature. However, this and previous
FIM work (/6) have demonstrated that the
onset for CO-induced topographic changes
of Rh field emitter planes was near 240 K
which coincides nicely with the temperature
for Rh'(CO), occurrence given by Wang and
Yates (38). The same authors have also pro-
vided IR data on the reversible formation of
a Rh'(CO), species. According to our view,
following the PFDMS results obtained here,
Rh%CO), .4 is produced in the terrace re-
gions of the tip surface by addition of an-
other CO,4 to the Rh%(CO), ., precursor.
Equations (1)—(3) of our reaction model
do not predict a dependence on the Rh parti-
cle size. Yet, there is ample evidence that
Rh!(CO), IR detection necessitates high Rh
dispersion. Only for sufficiently small parti-
cle sizes the characteristic doublet ab-
sorbance of Rh(CO), was seen in the spec-
tra (3/—42). This, however, does not mean
that dicarbonyl formation is prevented on
large supported Rh particles. According to
our view, the availability of Rh kink sites is
an important prerequisite for the formation
of Rh%CO), 4. This assumption is appro-
priate for the experimental conditions pres-
ent in PFDMS where concomitant field
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evaporation of the substrate preserves the
number density of kinks. During long-time
reaction with CO, however, Rh particles un-
dergo morphological changes accompanied
by kink site annihilation and consequent
loss of activity in dicarbonyl liberation. The
absence of the Rh!(CO), IR absorbance in
studies with large Rh-supported particles
must mean that the reshaping process in-
volving mobile Rh%CO), is faster than the
dissolution process causing Rh!(CO), forma-
tion. In fact, mild reaction conditions (tem-
peratures at or above room temperature as
well as CO pressures at or below 1073 Pa)
and rather short reaction times (some mi-
nutes) were found sufficient in our FIM
studies to produce polyhedral crystal
shapes. A recent study with transition elec-
tron microscopy (TEM) by Krause and
Schmidt (43) was unable to observe CO-
induced structural changes of Rh-supported
particles with diameters of ~ {0 nm, possi-
bly because of the limited resolution in
TEM. However, the disruption of the parti-
cles with subsequent formation of Rh!(CO),
was not seen either in their study. Instead,
some sintering of adjacent particles was
found to occur at room temperature as well
as at 523 K. This is quite similar to the find-
ings of Solymosi and Pasztor (40), according
to which reductive agglomeration of mobile
Rh'(CO), takes place at 448 K and above.
The FIM results of the present study may
also contribute in answering the question
why certain catalytic reactions are appar-
ently sensitive to the structure of the cata-
lyst surface whereas others are not. In par-
ticular, there is ample evidence from a
number of studies (see, for example,
(44—46)) that CO oxidation over noble met-
als is structure-insensitive in the CO inhibi-
tion regime (though experimental conditions
can be adjusted for which self-sustained rate
oscillations along with periodic changes of
the surface structure can be established; see
(47)). According to our FIM resuits, Rh as
well as Pd emitter crystals (23) undergo re-
structuring whereby facets with densely
packed planes are formed. We infer that in-
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homogeneities in the surface structure of Rh
catalyst particles are likewise removed in
the presence of adsorbed CO. This could
mean that the oxidation reaction always
takes place on rather smooth particle sur-
faces no matter which were the actual parti-
cle shapes before the catalytic run-in period.
Future FIM studies will directly address CO
oxidation over noble metal field emitter par-
ticles.
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