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The oxidation of Rh field-emitter surfaces during the CO oxidation reaction has been investigated
by imaging atom-probe mass spectroscopy. Rhodium samples were heated to 500 K in various
mixtures of O; and CO at total pressures between 1 and 2 Torr (1 Torr = 133.3 N m~?) and were
subsequently transferred under ultrahigh vacuum to the atom probe for analysis. Surface oxides
were detected when the O,/CO ratio was 40/1 or greater, but not when the ratio was 30/1 or less.
The 40/1 ratio correlates with the ratio where deactivation of the reaction has been observed, and
the results provide direct evidence that oxide formation is the surface process responsible for
deactivation. Quantitative atom-probe analysis indicated that the oxide formed during the reaction

is stoichiometric Rh,0;.

I. INTRODUCTION

The CO oxidation reaction on noble
metals exhibits interesting kinetics in its or-
der dependence on partial pressure of the
reactant gases (/). On rhodium the order of
the reaction in O, partial pressure at 500 K
changes from positive to negative when the
0,/CO ratio exceeds values in the range
from 20/1 to 40/1. This behavior has been
observed on both dispersed particle cata-
lysts (2) and on well-defined Rh(111) sur-
faces (3). There is strong evidence from
both of these studies that this change in or-
der (i.e., deactivation) is due to the forma-
tion of some inactive form of oxygen or ox-
ide which poisons the reaction. The
oxide-induced deactivation mechanism is
also supported by low-pressure studies of
the reaction using in situ mass spectros-
copy (4).

In the study reported here, we have in-
vestigated the oxidation of Rh field-emitter
surfaces during the CO oxidation reaction.
Field-emitter surfaces are advantageous for
this type of study because the size and mor-
phology of the surface are comparable to
those of a typical, commercial catalyst par-
ticle; but, unlike a commercial catalyst par-
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ticle, the surface is defined on an atomic
scale (5). The study consisted of examining
the surface for oxidation following the CO
oxidation reaction over a wide range of O,/
CO ratios. The O, partial pressure was kept
constant at 1 Torr, and the CO partial pres-
sure was varied from 0.01 to 1 Torr. The
conditions required for surface oxidation
were determined and correlated with the
above conditions where deactivation has
been observed. This correlation was used
to confirm that the deactivation is oxide in-
duced. Analysis of the oxide was carried
out to determine its chemical form.

II. EXPERIMENTAL

A. Apparatus. The apparatus used in this
investigation is shown schematically in Fig.
1. The experimental system consists of a
reaction chamber, in which reactions are
performed at pressures in the range 1-10
Torr and an analysis chamber, in which
imaging atom-probe mass spectroscopy (6)
and field ion microscopy (5) are carried out
at pressures in the low 10-'-Torr range.
The sample examined with these tech-
niques is a sharply pointed needle called a
field emitter or ‘‘tip.”” In our system the tip
is spot-welded to the end of a platinum wire
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FiG. 1. A schematic drawing of the apparatus used
in this study.

loop, and the loop ends are inserted into
lengths of nickel tubing running through a
cylindrical, sapphire block. The sapphire
block is mounted inside a copper cup, and
the entire assembly is transferred from one
chamber to another on a stainless-steel rod
magnetically coupled to the exterior of the
vacuum system. During analysis, the rod is
detached from the sample assembly, and
the analysis chamber is isolated from the
reaction chamber by an all-metal gate
valve.

The sample can be heated in either cham-
ber by passing a dc current through the plat-
inum wire loop. Two potential leads (0.001-
in.-diam. Pt) are used to measure the
voltage drop across the center portion of
the loop, and the sample temperature is de-
termined by resistance measurements. The
details of this temperature control system
are discussed in a previous publication (7).

The reactant gases used in this study
were spectroscopic grade O, and CO sup-
plied from 1-liter glass flasks without fur-
ther purification. The background pressure
in the reaction chamber was typically in the
mid 107%- to low 10-8-Torr range; however,
upon sealing off the reaction chamber from
the vacuum pumps, the background pres-
sure would slowly increase. During a typi-
cal reaction interval (15 min) with 1 to 2
Torr of reactant gases present, the back-
ground would probably increase to as much
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as 10~° Torr. The primary background
gases were CO, H,0, and H,.

B. Techniques. The surface analytical
techniques used in this investigation were
field ion microscopy and imaging atom-
probe mass spectroscopy. Field ion micros-
copy was used primarily for structural char-
acterization of the surface prior to the
reaction. In the field ion technique, the pro-
truding atoms on the apex of the tip are
imaged by admitting an inert gas (He and
Ne were used in this study) to the analysis
chamber and applying a high, positive volt-
age (5-15 kV is typical) to the tip. The ap-
plied voltage produces field strengths at the
surface of the order of several volts per
Angstrom, and this field ionizes the imaging
gas atoms above the tip surface. The ions
produced in this ‘‘field ionization’’ process
are accelerated by the field to an imaging
detector (i.e., the channel-plate assembly
shown in Fig. 1) where they produce a di-
rect image of the protruding surface atoms.
An example of a field ion image from one of
the Rh samples used in this investigation is
shown in Fig. 2. The dark regions of the
image correspond to flat, single-crystal
planes, and the concentric circles corre-
spond to atomically stepped regions. The
overall size (several hundred ;\ngstroms in
tip radius) and morphology of the surface
make the field emitter an excellent model of
a catalyst particle. Further details concern-
ing the field ion microscope technique can
be found in the literature (5).

The chemical composition of the surface
following reaction was examined by imag-
ing atom-probe mass spectroscopy. The
process which underlies the operation of
the atom probe is known as ‘‘field desorp-
tion”” and involves the field-induced re-
moval of surface species. In the imaging
atom probe, surface species are desorbed
and ionized by applying a high-voltage elec-
trical pulse (2-kV pulses were used in this
study) and a dc holding voltage to the tip.
The applied voltages produced an instanta-
neous electric field even higher than that
employed for field ion imaging resulting in
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FiG. 2. A field ion image of one of the Rh samples
used in this study. Imaging voltage = 5.6 kV, imaging
gas = 2 x 107° Torr He.

the desorption of surface species. The
mass-to-charge ratios of the field-desorbed
ions are determined by measuring their
flight times from the tip to the channel-plate
ion detectors. The flight time measurement
is made on the sweep of a transient wave-
form digitizer. The digitizer trace, which
forms the imaging atom-probe mass spec-
trum, consists of a series of peaks, and the
peak intensities give the relative abun-
dances of the field-desorbed species. For
more information on the imaging atom
probe, the reader is referred to a review
article by Panitz (8).

C. Procedure. The rhodium field-emitter
samples were prepared from 0.005-in.-di-
ameter polycrystalline wire. The tips were
sharpened by electropolishing in 4: 1 wt/wt
ratio of molten NaNO; + NaCl at several
volts (dc). The samples were introduced
into the vacuum system through the reac-
tion chamber and transferred to the analy-
sis chamber for final surface preparation.
Surface cleaning was accomplished using a
combination of neon cathode sputtering (9)
and field evaporation (5). The cathode sput-
tering technique, which removes contami-
nation from the emitter shank as well as the
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apex, was employed to eliminate the possi-
bility of contaminant species migrating
from the shank during the reaction. Field
evaporation, which is the high-field re-
moval of surface atoms, was used to re-
move the sputter damage and any remain-
ing contamination from the tip apex. The
surface structure was then characterized by
field ion microscopy. For the present inves-
tigation the analyzed tip apex area was sin-
gle crystal and the tips were all (100) ori-
ented.

Following the above surface preparation
procedure, the tip was transferred to the
reaction chamber, and the CO oxidation re-
action was carried out. A mixture of O, and
CO was admitted to the chamber and the
sample was heated. The O, partial pressure
was kept constant at 1 Torr, and the CO
partial pressure was varied from 0.01 to 1
Torr. The reaction time interval and tem-
perature were 15 min and 500 K, respec-
tively. To terminate the reaction, the sam-
ple heating was discontinued followed by
removal of the reactant gases.

When the background pressure in the re-
action chamber fell to the low 10~7-Torr
range, the sample was returned to the anal-
ysis chamber. Imaging atom-probe mass
spectra were recorded using 2-kV voltage
pulses and increasingly higher holding volt-
ages. In a typical experiment, 20-30 mass
spectra were recorded. The experiment
was completed when all surface species had
been removed. The mass spectra obtained
were analyzed for the presence of surface
oxides.

III. RESULTS

Mass spectra recorded following heating
in equal mixtures of O, and CO gave no
indication of surface oxides. The major sur-
face specie detected was CO, and similar
mass spectra were observed at increasingly
higher O,/CO ratios up to a ratio of 30/1. An
example of an imaging atom-probe mass
spectrum taken from a sample heated in a
30/1 mixture is shown in Fig. 3a. The five
species identified are associated with ad-
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F1G. 3. Imaging atom-probe mass spectra recorded
following heating at 500 K in 1 Torr of O,/CO mix-
tures. (a) O,/CO = 30/1, (b) 0,/CO = 40/1. Surface
oxides are detected at an O,/CO ratio of 40/1.

sorbed CO, CO fragments, and the Rh sub-
strate. Increasing the ratio to 40/1, how-
ever, resulted in a qualitative difference in
the mass spectra as shown in Fig. 3b. In-
stead of adsorbed CO, the mass spectra
contained signals indicative of a surface ox-
ide. In fact, the four signals observed were
identical to the signals observed when the
sample was oxidized in pure O,. (A system-
atic study of the oxidation of Rh field emit-
ters has been carried out and will be pub-
lished elsewhere (10).) The experiment was
repeated at ratios of 30/1 and 40/1 several
times on two separate samples and the dif-
ference in surface composition was abso-
lutely reproducible.

The extent of surface oxidation was
found to be a sensitive function of the CO
partial pressure. This can be seen in Fig. 4,
where the CO* and RhO" signal intensities
are plotted as a function of CO partial pres-
sure. The intensities plotted represent the
total signal amplitude for the given species
summed over all mass spectra of the experi-
ment. The intensities can be converted to
ions detected using a conversion factor of
~6 ions/mV (see below). Note that the ox-
ide signal increases from nearly zero to its
maximum value as the partial pressure of
CO is decreased from 33 to 10 mTorr. The
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CO™ signal, which reflects an unoxidized
surface, changes from its minimum value to
its maximum value over an even narrower
range of CO partial pressures.

The chemical form of the oxide was de-
termined by plotting the cumulative number
of oxygen ions vs the cumulative number of
rhodium ions obtained from successive
mass scans through the oxide layer. In
imaging atom-probe mass spectra, the peak
height of a given signal is proportional to
the number of ions of that species desorbed
(8). A procedure for converting peak
heights to ions desorbed has recently been
developed (7), and we have applied this
procedure to rhodium and oxygen ions. The
proportionality constant was determined to
be 6 = 1 ions/mV for our experimental con-
ditions. Within this experimental error, the
proportionality constant was the same for
all species and for the entire range of ap-
plied voltages required to remove the ox-
ide. Figure 5 shows a cumulative plot taken
from a sample heated to 500 K in a 100/1 O,/
CO mixture. The plot is linear initially,
where the oxide desorbs exclusively, and
has a slope of 3/2 indicative of stoichio-
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FIG. 4. The total signal intensity for RhO* and CO*
as a function of the CO partial pressure at fixed O,
partial pressure (1 Torr) and temperature (500 K). The
surface oxidizes when the CO partial pressure is 25
mTorr or below. At higher CO partial pressures CO is
the predominant surface species remaining after reac-
tion.
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F1G. 5. A plot of the cumulative number of oxygen
ions vs the cumulative number of rhodium ions ob-
tained from imaging atom-probe mass spectra re-
corded after heating in a 100/1 O,/CO mixture at 500 K.
The initial slope of 3/2 indicates that the oxide is stoi-
chiometric Rh,O;.

metric Rh,O;. Note that this compositional
analysis is only valid for the outer oxide. As
the oxide is removed and the interface is
approached, both oxide and metal may de-
sorb simultaneously giving an erroneous
composition for the oxide at the interface.
At lower O,/CO ratios, the data were more
limited due to the presence of less oxide,
but all data from experiments where the O,/
CO ratio was 40/1 or greater were consis-
tent with Rh,O; being present on the sur-
face.

IV. DISCUSSION

The above results have identified the
conditions of reactant partial pressures
which result in the oxidation of Rh at 500
K. The 30/1-t0-40/1 range of O,/CO ratios
where oxides were detected correlates well
with the ratio found for deactivation of the
CO oxidation reaction. In a study of the CO
oxidation reaction on a 0.01 wt% Rh/Al,0,
catalyst, Oh and Carpenter (2) found that
the CO, production rate first increases and
then decreases under net oxidizing condi-
tions. The CO concentration was held fixed
at 0.3%, and deactivation occurred at 500 K
when the oxygen concentration reached
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10%. This condition represents an O,/CO
ratio of 33/1 in excellent agreement with our
findings for surface oxidation. The same
study (2) also reported evidence for the for-
mation of surface oxides during the CO oxi-
dation reaction. Using X-Ray Photoelec-
tron Spectroscopy (XPS), the catalyst
particles were examined following the CO
oxidation reaction at 573 K and various O,/
CO mixtures. Because the temperature was
significantly higher than that used in our
study, a direct comparison between the two
studies is not possible. However, even al-
lowing for the higher temperature, the two
experiments differ significantly. Whereas
we found no evidence for surface oxidation
at 0,/CO ratios of 30/1 or below, the XPS
study indicated that the surface was oxidiz-
ing at a ratio of 2.5/1. If surface oxidation is
indeed responsible for deactivation, the
XPS result implies that the reaction should
deactivate at an O,/CO ratio of 2.5/1 and a
temperature of 573 K. Unfortunately, their
reaction rate data showing deactivation was
not taken for temperatures higher than 518
K. The conditions required for oxidizing
our field-emitter samples at higher tempera-
tures will be explored in the near future.
The 30/1-to-40/1 ratio for surface oxida-
tion also correlates with the deactivation of
the reaction on the Rh(111) plane. In a
study reported by Fisher and Goodman (3),
the CO, production rate at 500 K was found
to increase up to an O,/CO ratio of 20/1 and
decrease at a ratio of 40/1. Auger Electron
Spectroscopy was used to examine the sur-
face following the reaction, and, in agree-
ment with our results, evidence for surface
oxygen was found only when the O,/CO ra-
tio exceeded deactivation conditions. The
excellent agreement between the two ex-
periments, which were performed on such
different types of surfaces, is a good indica-
tion that surface structure does not play a
significant role in the deactivation process.

V. SUMMARY

Surface oxides form on Rh field emitters
during the CO oxidation reaction at 500 K
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when the O,/CO ratio is 40/1 or higher. That
these conditions correlate with the deacti-
vation of the reaction is confirming evi-
dence that oxide formation is the surface
process responsible for deactivation. The
chemical form of the oxide is identified as
stoichiometric Rh,Os. The strongly oxidiz-
ing conditions required to produce surface
oxides obviously represent conditions
where surface oxygen is building up faster
than it can be removed by reaction with ad-
sorbed CO. At higher temperatures, ther-
mal desorption of CO will reduce the CO
oxidation rate, produce a higher concentra-
tion of surface oxygen, and cause the sur-
face to oxidize at lower O,/CO ratios. A
study of the temperature dependence of the
0,/CO ratio required for oxide formation is
planned for the near future, and, upon com-
pletion of the experiments, we will deter-
mine if the process can be modeled by a set
of simple, coupled rate equations.
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