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The interaction of carbon monoxide with small nickel (Ni) particles supported on UHV-cleaved
mica was studied using flash thermal desorption, Auger electron spectroscopy, and transmission
electron microscopy. Molecular desorption was accompanied by decomposition of CO at a rate
strongly dependent on particle size. Recombination of surface-precipitated carbon with adsorbed
oxygen was observed, and gas-induced morphological particle changes because of exposure to CO

and O, are analyzed in some detail.

INTRODUCTION

One of the key steps in a number of cata-
Iytic reactions, such as the carbon monox-
ide methanation reaction on nickel (Ni), is
the dissociation of CO (I -3). Ultra high-
vacuum (UHYV) studies on low-index planes
of single-crystal Ni have shown that CO
dissociation typically occurs at tempera-
tures above that of the CO desorption peak
(4-6). The activation energy for CO de-
composition was found to be lowered on Ni
surfaces that have structural damage, e.g.,
grain boundaries, steps, or sputtering de-
fects (7-9). This could be important for
various catalytic processes.

Particulate Ni films might be expected to
behave similar to a stepped or damaged
surface with regard to the activity toward
CO decomposition. This should be particu-
larly true for very small particles because of
the high density of edge and corner sites.

In this study, the interaction of CO and
O, with particulate Ni films is investigated
by a combination of flash thermal desorp-
tion (FTD), Auger electron spectroscopy
(AES), and transmission electron micros-
copy (TEM). Results show that, (1) CO de-
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composes on Ni clusters at a rate strongly
dependent on particle size, especially for
clusters below 5 nm in diameter, (2) the
associative desorption of carbon with ad-
sorbed oxygen varies in temperature with
the oxygen coverage, and (3) exposure to
gas and thermal treatments causes morpho-
logical particle changes.

EXPERIMENTAL

For model studies of gas interactions
with well-defined supported metal parti-
cles, a UHV system of two chambers was
constructed; a sample preparation chamber
and a smaller-volume reaction chamber
(see Fig. 1). The chambers were separately
pumped and could be isolated from one
another during dosing and desorption/re-
action experiments. This eliminated reac-
tions from undefined surfaces in the
preparation area. The reaction chamber
was pumped with a closed-cycle He
cryopump with a very high pumping
speed, producing essentially no back-
streaming of impurity gases during dosing.
The preparation chamber was ion pumped.
Both chambers routinely reached base
pressures below 2 X 107 Torr (1 Torr =
133 N m™2).

" High-grade natural mica (muscovite) was -
used as a substrate material. Mica is an
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Fi16. 1. Schematic diagram of the experimental system.

excellent support material for several rea-
sons. First, the gases of interest in these
experiments (CO, CO,, and O,) do not ad-
sorb on mica. Second, particle growth of
several metals has been studied on mica
(10-12). Third, clean surfaces are easily
obtained by cleaving the sample under vac-
uum. [Auger analysis of a freshly cleaved
sample reveals only oxygen, potassium, sil-
icon, aluminum, and traces of iron which
are all typical (/3).] Finally, specimens are
easily prepared for subsequent TEM anal-
ysis by the mica stripping method described
in detail by Lee (14), except that an evapo-
rated carbon layer was not deposited on the
samples before stripping.

Although samples were exposed to atmo-
sphere during the preparation and transfer
process for TEM, substantial changes in
the particles are not believed to occur. Un-
tested Ni deposits were observed by trans-
mission electron diffraction (TED) to have
not been oxidized by air exposure. Also,
changes in the particles due to relatively
minor in situ gas—thermal treatments (to be
mentioned under Results) were still observ-
able by TEM. (A preliminary in situ TEM
study involving air exposure of small Pd
particles (as small as 1 nm) on recrystal-
lized alumina films showed no observable
change either.)

Untreated mica has a fairly high concen-
tration of water incorporated into its bulk.
The concentration of water on the surface
plays an important role in metal particle
nucleation and growth (15). To achieve re-
producible surface conditions for metal
deposition, the mica was heated for 24 hr at
450°C. Then, each metal deposition was
preceded by cleaving of the mica and an-
nealing for 15 min at 450°C.

Vapor deposition by electron beam evap-
oration of a high-purity Ni source produced
the particulate films on the mica. The size,
morphology, and orientation of the parti-
cles are controlled by the substrate temper-
ature, metal flux, and the deposition time.
A constant substrate temperature of 300°C
during deposition was achieved by sur-
rounding the sample with a cylindrical oven.
A rectangular aperture in the oven wall
defined the area of the deposit which was
about 0.3 cm® A quartz crystal microbal-
ance was used to monitor the metal flux to
the sample which was held at 2.9 x 10
atoms/cm?/sec for all samples. The deposi-
tion time was controlled by a manually op-
erated shutter between the metal source
and the mica. Deposition times ranged from
1 to 200 sec for samples in this study.

The background gas pressure in the sys-
tem during metal deposition was typically
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about 3 x 10™® Torr. The primary gases
were found to be CO, CO,, H,, and H,0. At
this low pressure and with elevated sub-
strate temperatures for the deposits, no ef-
fects of the residual gases on the metal films
and their structure were noticed.

After deposition, the sample was re-
turned to the reaction chamber which was
equipped with a quadrupole mass spec-
trometer (QMS), an Auger electron spec-
trometer, and an oven for sample desorp-
tion heating. CO, O,, and H, gases could be
leaked into the system for adsorption—de-
sorption or reaction studies by mechanical
UHV leak valves. During CO or H, dosing,
background impurities remained below 1%
of the signal as measured by the QMS. Ox-
ygen exposures were usually accompanied
by increases in the H,O, CO, and CO, sig-
nals due to replacement reactions within
the system. These gases accounted for less
than 6% of the total pressure and could be
easily differentiated from the reaction prod-
ucts of the sample. Following the closure of
the leak valves, the normal background
pressure was restored within seconds due
to the high pumping speed of the cryo-
pump.

Thermal desorption spectra were ob-
tained by rapidly inserting the specimen
into the desorption oven and then measur-

. ing the product gases as a function of time
with the line-of-sight QMS. The preset tem-
perature of the desorption oven determined
the heating rate of the sample. The surface
temperature (7T) vs time (7) could not be
determined directly. However, it could be
approximated from temperature calibra-
tions obtained for a continuous metal film
by attaching a thermocouple to the mica
with silver paste as reported previously
(16). This yielded the function: T = (T; —
Tl — exp(—at)] + T,, where T, is the
maximum temperature of the sample in the

oven, T, is the initial sample temperature, _

and « is a constant which is dependent on
the oven temperature. This temperature
function is, of course, only an approxima-
tion for particulate deposits because ex-
posed mica is a better absorber of infrared

radiation than metals. Thus, the quoted
temperatures are considered to be low.
However, comparisons of desorption spec-
trum features should be reliable because,
(1) reproducibility for samples prepared
and tested under identical conditions was
excellent, and (2) the variation in actual
heating rate should be quite small over the
relatively narrow range of metal coverages
used in most of this study. The oven tem-
perature was held at 350°C for all CO de-
sorptions and at 450°C for C—O recombina-
tion tests. Desorption spectra are shown as
a function of time rather than of tempera-
ture, but desorption features will be charac-
terized by temperatures approximated from
the calibration mentioned above.

AES provided a measure of the amount
of metal deposited on the mica surface. For
very small particles (under 2 nm diameter),
practically all of the metal atoms are at the
surface and therefore contribute to the AES
signal. However, with larger particles, at-
tentuation of the Auger electrons from
deeper metal atoms must be considered.
Nevertheless, in the range of deposit thick-
ness used, the Auger signal for ‘‘as-depos-
ited’’ samples can still be used as a monitor
of the amount of metal on the mica surface.
In addition, AES was used to detect
changes in the dispersion of the metal de-
posits (for particles larger than twice the
escape depth of the Auger electrons) as-
suming that not metal atoms are lost from
the surface during our gas—thermal treat-
ments. Thus, coalescence of the particles
would cause some attenuation of the Auger
signal. Likewise, any redispersion of the
particles should be accompanied by either
no change in the signal (if the particles are
initially very small) or an increase in the
signal. Finally, AES provides a means for
the detection of contamination on the sam-
ple. Because of the number of Auger peaks
from the mica constituents and from the
metal deposit, it is difficult to detect some
contaminants. However, carbon contami-
nation was followed closely during CO ad-
sorption—desorption cycles.

Electron beam irradiation is known to
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decompose the mica surface (/3). Also,
electron beam exposure is known to de-
compose CO on Ni (5). Therefore, the elec-
tron beam current density and the exposure
of the sample to the beam were held to the
minimum levels with acceptable signal-
noise during AES; whenever possible, Au-
ger measurements were performed without
adsorbed gases on the Ni particles.

RESULTS
1. Sample Characterization

Samples with various Ni exposures were
removed from the system ‘‘as deposited”
and analyzed by TEM/TED. The average
particle diameters and number densities of
these samples are shown as a function of
deposition time in Fig. 2. Ni exposures of 5
to 50 sec produced particles with average
sizes which increased almost linearly with
time from 1.6 to 5.4 nm. Examples of these
deposits are shown in Fig. 3. The particle
number density grew rapidly to a peak of
about 2.5 X 102 particles/cm? after 15 sec
of deposit. The number density was re-
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F1G. 2. Average diameter and number density of Ni
particle grown on mica vs deposition time. The Ni flux
and substrate temperature during deposition were 20
nm/min and 300°C, respectively.

duced by further deposition due to particle
coalescence. The Ni deposits were ob-
served by TED (see Fig. 3) and exhibited
only weak textures in contrast to a greater
degree of epitaxy expected for higher sub-
strate temperatures (/0).

Nickel deposits of longer than 50 sec pro-
duced particle size distributions with two
distinct maxima due to secondary nucle-
ation of particles. Most of the chemisorp-
tion results we present are limited to sam-
ples with shorter deposition times and cor-
respondingly simple size distributions.

Because of the difficulties encountered
with the TEM detection of very small metal
particles, the average particle size of the
smallest deposits used in this study is most
likely overestimated. A Ni deposit of only
1.5 sec produced an easily detectable CO
desorption signal, but no particles could be
positively identified by standard TEM. By
extrapolation of the particle diameter curve
identified by standard TEM. By extrapola-
tion of the particle diameter curve in Fig. 2
to smaller deposition times, the average
particle size of this deposit would be about
1 nm.

The growth of Nion the mica surface was
monitored by AES as a function of metal
exposure. The Ni 848-eV Auger peak was
used for most of this study because an alu-
minum Auger transition from the mica in-
terfered with the more surface sensitive 61-
eV Ni peak for small deposition times. The
Ni 848-eV Auger peak grew linearly with
metal exposure up to a deposition time of
20 sec where the particles were around 3
nm in diameter and the growth rate de-
creased. In Fig. 4, the Ni Auger peak height
vs metal exposure is plotted.

Immediately after the Auger spectra
were recorded, the samples were exposed
to a saturation dose of CO [greater than 6 L
(1 L = 107 Torr sec)] and a FTD was
performed. The CO desorption peak areas
are also plotted in Fig. 4. (Because of the
high pumping speed, the desorption peak
area is proportional to the total gas de-
sorbed (17).) Assuming an adsorption stoi-
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F1G. 3. Representative transmission electron micrographs of Ni particles grown on mica: (a) 5-sec
deposition time (1.6 nm average particle size); (b) 25-sec deposition time (33 nm); (c) 50-sec deposition
time (5.4 nm); and (d) transmission electron diffraction pattern of the deposit in (c). The metal flux and
substrate temperature during deposition were 20 nm/min and 300°C, respectively.

chiometry that is independent of particle
size, this area is a direct measure of the
surface area of the metal. Initially, the FTD
peak area increases linearly with metal ex-
posure; after 10 to 15 sec the slope de-
creases. The change in slope of both the
metal Auger signal and the CO FTD peak
area is due to the growth of three-dimen-
sional particles. As the particles grow, an
increasing percentage of the metal atoms
become ‘‘bulk’’ atoms, which contribute
less to the Auger signal (Auger escape
depth of the 848-eV electrons is about 1.3
nm) and none to the CO desorption. There-
fore, the change in slope of the CO FTD

peak area occurs earlier in deposition time
than the corresponding change in the Ni
AES signal.

2. Adsorption and Surface Reactions

Figure 5 shows the first CO desorption
spectrum from a set of samples with differ-
ent metal deposition times ranging from 1.5
to 100 sec. Each spectrum was taken about
15 min after deposition of the metal was
complete. The time of the desorption maxi-
mum (peak time) was observed to increase
with metal exposure. Assuming identical
heating rates, which is reasonable for these
low metal exposures, the total shift in tem-
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Fi1G. 4. The peak-peak height of the Ni 848-eV Au-
ger signal and the area under the CO desorption peak
vs Ni deposition time plotted on a log-log scale.

perature was about 20°C. For metal expo-
sures greater than 100 sec (not shown), the
peak temperature was independent of the
metal exposure.

As shown previously for Pd particles on
mica (/8), a steady loss of the CO desorp-
tion peak area occurs during successive ad-
sorption—desorption cycles from small Ni
particles. Primarily, this loss is from the
high-temperature side of the peak causing
an apparent shift in the peak to lower tem-
perature. The reduction of the peak area
with the number of desorptions was nearly
linear initially; after a substantial reduction,
further losses appeared exponential with
the number of desorptions. (The average
reduction in the CO FTD peak area per
flash is referred to here as the peak decay
rate.) The decay of the CO desorption peak
area was accompanied by a corresponding
increase in the carbon (C) 272-eV Auger
peak (a direct measure for the buildup of C
on the particle surface). These effects can
be observed for a 15-sec Ni deposit in Fig.
6.

The desorption peak decay rate (in per-
centage of the original desorption peak

area) and the average rate of increase of the
C Auger peak per flash (in percentage of the
original Ni Auger peak-peak height) are
shown as a function of average particle size
in Fig. 7. It can be seen that the rate of
carbon buildup per flash follows the same
behavior as the FTD decay rate. For de-
posits with particles less than 5 nm in size,
the decay rate increases rapidly with dimin-
ishing size. For the smallest particles, over
20% of the peak area was lost with each
desorption. Thus, the FTD decay is inter-
preted as being due to an accumulation of
surface carbon during the adsorption-de-
sorption cycles.

Surface carbon can also be identified
chemically on Ni particles by dosing C-con-
taminated samples with a small amount of
oxygen at room temperature before FTD. A
CO desorption peak (B,) is observed at
about 250°C; this is much higher than the
standard molecular (o) CO desorption peak
at around 130°C. A corresponding reduc-
tion of the C Auger peak is observed fol-
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FiG. 5. First CO desorptions from particulate Ni
films with various metal exposures. The CO dose for
all samples was 6 L. (6 x 107® Torr x sec).
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lowing this process. When the oxygen cov-
erage was increased for a given C coverage,
the B, peak temperature decreased until a
minimum was reached. In Fig. 8a, succes-
sive flashes of a C-contaminated 25-sec Ni
deposit preexposed with 5§ L of O, are
shown. (Notice the higher desorption oven
temperature of 450°C.) The 8, CO desorp-
tion peak area was proportional to the C

r C AUGER
SIGNAL,
s arbitrary units
S A A 8
gt 5 §
F] Cc 3
&
x
=
- -
w
2
=]
-
-9
@
[=3
&
w
(=]
Q
o
1 1 N
0 20 40 60 80
a DESORPTION TIME, sec b

]

30 —@— CO DESORPTION 430
DECAY RATE
A -+&-CARBON BUILDUP
25| ‘\ RATE 4258

- N
Ll Q
T T

CO DESORPTION DECAY RATE,
=
T

% OF INITIAL CO PEAK LOST PER FLASH

o
—

PER FLASH, % OF 61 eV Ni AUGER SIGNAL

1
&
AVERAGE INCREASE OF THE 272 eV C AUGER SIGNAL

0 1 It ! ! ]
1 2 3 4 5 6

AVERAGE PARTICLE DIAMETER, nm

F1G6. 7. Carbon deposition rate on Ni particles during
successive CO adsorption—desorption cycles vs parti-
cle size. Surface carbon was measured by the average
change in both the CO desorption peak area and the C
272-eV Auger peak per desorption.

coverage and did not shift in temperature
(about 200°C). The appearance of the 8,
desorption peak and the effect of varying
the oxygen coverage on CO desorption
from Ni have been observed on single-crys-
tal Ni (6, 8); they were attributed to the
associative desorption of carbon and oxy-
gen atoms from the Ni surface.
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FiG. 8. CO desorption from C-contaminated Ni particles with a 3.3-nm initial average size; (a)
exposed to oxygen alone with three different C coverages (5-L oxygen doses), (b) successive desorp-
tions following adsorption of oxygen and CO (oxygen adsorbed first). The oven temperature was 450°C

for these desorptions.
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When a C-contaminated sample was ex-
posed first to O, then to CO, the molecular
(a) and the B, desorption states were ob-
served [see Fig. 8b]. The a and B, peaks
both shifted to lower temperatures with in-
creasing O, exposure. The shift of the «
peak is again consistent with work on sin-
gle-crystal Ni (19). The reduction of the
molecular CO binding energy was sufficient
to inhibit CO adsorption at the adsorption
temperature (50°C) used in our work. Thus,
the a« peak decreases in amplitude with in-
creasing O, exposure.

Extensive heat treatment of the contami-
nated particles in oxygen, e.g., 10 min at
300°C in 5 X 1077 Torr of O,, succeeded in
completely removing the carbon. However,
residual oxygen strongly inhibited CO ad-
sorption following such a treatment. This
oxygen could be removed by heat treat-
ments with H,. For continuous Ni films
(where oxygen on the Ni could be moni-
tored by AES without interference from the
mica), surface oxygen was removed by sev-
eral minutes exposure to 5 X 1077 Torr of
H, at 300°C. No effort was made to opti-
mize these cleanup reactions. However,
such treatments had a significant effect on
particle morphologies and their state of dis-
persion.

3. Gas-Induced Changes in Particle
Morphology

During the first few desorptions of a FTD
series, the CO desorption peak from Ni par-
ticles moved to higher temperatures; in
contrast to Pd, where the peak shifted in
the opposite direction (/8). For the smallest
Ni deposits, the upward temperature shift
of the peak was quickly overcome by the
shift to lower temperature caused by the
rapid buildup of surface carbon. However,
for midsized particles (2.5 to 5 nm), the
peak position approached that of the 100-
sec deposit (see Fig. 5). The shift to higher
temperature is shown in Fig. 9a for a 25-sec
Ni deposit with an average particle size of
about 3.5 nm. When a similar sample was
subjected to a 5-min vacuum anneal at
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300°C immediately after deposition, the
first CO FTD peak was unchanged from
that of an unannealed sample; further CO
desorptions again produced an upward shift
in the peak time. Thus, CO induced a
change in the Ni particulate deposits
which alters the desorption kinetics. Simi-
larly, the variation in peak temperature of
the first CO desorption with particle size
(see Fig. 5) is interpreted as being due to
differences between the morphology of
small and large particles.

The first few desorptions also affected
the Ni Auger peak amplitude. Initially the
Auger peak decreases rapidly, then more
slowly with further desorptions. Repeated
insertions of samples into the oven without
CO preexposure do not change the Ni Au-
ger peak height; subsequent CO desorp-
tions again produce Ni Auger peak reduc-
tions [see Fig. 9b for this result on a 15-sec
deposit with a particle size of about 2.6
nm]. Only a small portion of this loss can be
attributed to the buildup of carbon on the
surface, because such strong attenuation
should not be produced by only a partial
monolayer. The major part of this decrease
in Ni signal is due to other changes in the
particles induced by CO desorption, e.g.,
changes in morphology and/or dispersion.

For further investigation of gas-induced
effects, several sample sets were prepared
and subjected to various gas—~thermal treat-
ments. After these treatments, the particu-
late deposits were analyzed by TEM and
compared with samples prepared under
identical conditions and removed from the
system ‘‘as deposited.”

The first set of particulate deposits was
grown with various Ni exposures and each
sample was subjected to two CO desorp-
tions. After these CO desorptions, the par-
ticle diameters were much larger than those
of ‘‘as-deposited’’ samples with identical
metal depositions. For a 25-sec deposit,
nearly a 40% increase in diameter was ob-
served, accompanied by only a small reduc-
tion of the particle number density. In com-
bination with the AES results mentioned
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FiG. 9. The effect of CO adsorption—desorption cycles on the CO desorption peak position and the
Ni 61-eV peak; (a) first three desorptions of a 25-sec Ni deposit, (b) Ni 61-eV Auger peak height before
and after successive desorptions, first without adsorbed CO, then with adsorbed CO.

above (where a reduction in the Ni signal
was observed with repeated CO desorp-
tions), CO-induced coalescence of Ni parti-
cles below the detection limit of TEM could
be responsible for this effect.

Next, three sets of five samples each
were prepared. Samples within each set re-
ceived the same metal exposure, but the
deposition time was varied for the three
sets—25, 50, and 200 sec, respectively.
Each sample within a set received a differ-
ent gas—thermal treatment: (1) no treatment
(as deposited), (2) two CO desorptions, (3)
a 10-min exposure to 5 X 10~7 Torr of O, at
300°C, (4) treatment 3 followed by a 10-min
exposure to 5 x 1077 Torr of H, at 300°C,
and (5) a 6-L O, exposure followed by a 60-
sec flash heating (maximum sample temper-
ature of 200°C). TEM results of the above
are shown in Fig. 10 (except treatment 5
which produced results similar to treatment
2).

As described earlier, treatment 2 (two
CO desorptions) caused an increase in the
diameter of the small particles. For the 25-
sec deposits, treatments 2 and 5 also seem
to produce particles with uneven contrast
when seen in the TEM. The similarity of
the two cases supports the idea that oxygen
atoms from CO dissociation diffuse into the

bulk of the particles. However, no evidence
could be found by TED that bulk oxidation
of Ni took place on any of the samples
because of this treatment.

During the extended high-temperature
oxygen exposure (treatment 3), particles
oxidize and spread over the mica surface.
For the shorter deposits (25 and 50 sec) and
the small particles of the 200-sec deposit,
complete oxidation of the Ni occurs and
TED patterns show only epitaxially tex-
tured NiO. Right-angled particle habits fre-
quently formed, which is consistent with
the cubic lattice of NiO. The large particles
of the 200-sec deposit do not totally oxidize
and diffraction rings of both Ni and NiO are
found. It is interesting to note, however,
that the NiO shows some degree of prefer-
red orientation, stemming from the epitax-
ial spreading of the oxide phase from the
deposit.

Following the reduction treatment in hy-
drogen (treatment 4), much of the oxide
produced by treatment 3 was converted
back to Ni. In all deposits, the particles that
are left after this final reduction are vastly
altered from those of the ‘‘as-deposited”
state. The average diameters of the parti-
cles in all deposits increased, and in the
larger deposits (50 and 200 sec) fewer de-
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fects and twin boundaries were observed
(as seen by the more uniform contrast
within the particles). The small particles of
the 200-sec deposit almost totally coalesced
with the larger particles. However, the re-
duced particles still exhibit little or no in-
crease in epitaxy compared to the ‘‘as-de-
posited’”’ state.

DISCUSSION

CO has been well studied on single and
polycrystalline Ni surfaces (4—9). On the
low-index faces, CO is known to adsorb
molecularly at room temperature, desorb-
ing completely at around 160°C. Two other
CO desorption peaks have also been pro-
duced at about 350°C (8,) and 550°C (B,) in
a number of circumstances. These are due
to the associative desorption of surface car-
bon and oxygen atoms. Madden and Ertl
(6) were able to produce these states by
heating the sample in a CO background to
produce carbon on the surface and then
dosing with oxygen prior to desorption.
They found that-if the carbon and oxygen
coverages were increased, the 8, peak was
shifted in temperature to as low as 250°C,
whereas the 8, peak temperature was inde-
pendent of the C and O coverage. From this
they concluded that the 8, peak was due to
the recombination of mobile oxygen and
carbon atoms on the Ni, and the 8, peak was
from oxygen combining with graphite nu-
clei. Erley and Wagner (8) were also able to
reproduce these high-temperature desorp-
tion peaks with a stepped Ni (111) surface.
In that case, the B8, peak was interpreted as
due to associative desorption from terrace
sites, while the B8, peak was due to desorp-
tion from step and kink sites. The decom-
position was thus concluded to occur on
surface defect structures during the desorp-
tion of molecularly adsorbed CO. They also
suggested that CO binds to steps with a
higher binding energy than on terraces as is
the case for Pt (20), and CO decomposition
takes place at a temperature below that for
this site.

In our work, a number of similarities be-
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tween small Ni particles and large stepped
Ni single crystals have been observed.
Small Ni particles grown on mica decom-
pose CO at a rate that increases with dimin-
ishing particle size. This decomposition is
at a temperature below where molecular
desorption is completed. We assume that
CO decomposes at specific surface sites,
the density of which increases for smaller
particle sizes.

One possibility is that CO dissociates on
the edge and corner sites of the particles in
a way similar to the step and kink sites on
single-crystal Ni surfaces. Since their den-
sity increases with diminishing particle size
(21), the higher CO decomposition activity
of the smaller particles would be expected.

The metal-support interaction also in-
creases with diminishing particle size. The
higher number density of the Ni particles
compared with that of other metals such as
Pd (16, 22) or Au (/1) grown under compa-
rable conditions is evidence of the stronger
interaction of Ni with mica. The fraction of
Ni atoms-that comes in contact with the
mica surface also increases with diminish-
ing particle size. This interaction could pro-
duce lattice distortions and/or changes in
intrinsic electronic properties (23-25) of
the particles that can lead to higher activity
toward CO decomposition.

Since no associative desorption or reac-
tion products were observed during the de-
sorption, dissociated C and O atoms would
be left on the sample. The C atoms remain
bound to the surface as seen by AES and
result in a continuous decay of the CO de-
sorption peak with successive adsorption—
desorption cycles. Oxygen atoms must ei-
ther leave the surface (by reaction with CO
to form CO,, diffusion in the bulk of the
particle, or incorporation into the mica sub-
strate) or be immobile and prevented from
reacting with the surface carbon. Since the
carbon reacts easily with further oxygen
adsorbed on the surface, the latter case is
considered unlikely.

The B, peak of a C-contaminated sample
dosed with O, was typically found around
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250°C but decreased in temperature with
oxygen dose. However, no shift in the peak
was observed when only the carbon cover-
age was varied. Since both the carbon and
the oxygen coverages were changed simul-
taneously in the experiment reported by
Madden and Ertl (6), it is difficult to reach
any conclusion about the reaction mecha-
nisms from the desorption peak shift they
observed. Our results imply that only the
oxygen needs to be mobile on the particle
surface.

The a desorption peak from the Ni parti-
cles also shifts in temperature with increas-
ing preexposure to oxygen. This resulted in
a dramatic reduction of the peak size with
increasing O, exposure because of the low-
ered binding energy of the particle surface.
(Equilibrium coverage of CO at the 50°C
adsorption temperature was reduced by the
low binding energy.) These results are
again consistent with the work of Conrad et
al. (19) on single-crystal Ni (111).

Physical changes of particles due to var-
ious gas—thermal treatments used in these
studies were considerable. Although our
results of these processes are very limited,
it was, nevertheless, apparent that smaller
Ni particles were affected more than large
particles. These morphological changes in-
cluded alterations in particle size and habit
which were accompanied by changes in the
CO binding energy. Perhaps the most sur-
prising result was that these changes oc-
curred at relatively low thermal and gas
exposures when compared to similar
results obtained with other transition
metals during TEM studies at higher pres-
sures and temperatures (26, 27). The possi-
bility of such changes being readily pro-
duced during catalytic studies must
therefore be seriously considered in future
investigations of this nature.

CONCLUSIONS

The decomposition of CO occurs more
readily on small Ni particles than on low-
index faces of single crystals. This is similar
to the interaction of CO with stepped Ni

DOERING, DICKINSON, AND POPPA

(111) bulk surfaces. The rate of CO decom-
position is a strong function of particle size
with the smallest particles exhibiting the
fastest rate. This can lead to rapid contami-
nation of the particle surface by carbon. It
is probable that the oxygen atoms from CO
decomposition do not remain on the surface
because of several removal processes; 0Xy-
gen could react with CO to form CO, as
seen by Madden and Ertl (6) on Ni (111), or
diffuse into the bulk of the Ni particles at
elevated temperatures, or become incorpo-
rated into the mica lattice.

The associative desorption peak of C +
O — CO is found on Ni particles only after
dosing a contaminated sample with O, and
the B, peak temperature was dependent on
the oxygen coverage only. Changes in the
carbon coverage only affected the area un-
der the peak and not the peak temperature.
Thus, it would appear that the recombina-
tion involves mobile oxygen and stationary
carbon atoms. A B, peak is always accom-
panied by a reduction of the carbon Auger
signal. Oxygen dosing of the Ni particles
leaves residual oxygen on the particle sur-
face which acts as a contaminant, blocking
subsequent Co adsorption. This oxygen can
be removed by heat treatment of the sample
in H,.

Some of the gas—thermal treatments fre-
quently used in this study also altered the
morphology and state of dispersion of the
Ni particles. CO adsorption~desorption cy-
cles caused gas-induced changes in particle
size and shape, and a corresponding shift in
the average CO binding energy. Coales-
cence and epitaxial ordering of NiO crystal-
lites could be formed by extended O, expo-
sures at elevated temperatures. H,
reduction of the oxidized particles pro-
duced metal particles larger than the origi-
nal ‘“‘as-deposited’” Ni particles and with
fewer defects. All of these gas-induced ef-
fects were more complete on the smaller Ni
particles, occurred at relatively low tem-
peratures and gas pressures, and produced
significant changes in the CO adsorption
properties of the Ni particles. More system-
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atic attention will have to be paid to particle
morphology and dispersion in future model
studies of supported metal particles under
UHV conditions.
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