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The application of static secondary ion mass spectrometry (SSIMS) to the surface investigation 
of small supported palladium particles is described. The method is applied within the frame of a 
catalytic reaction study (CO oxidation). The secondary ion yields are measured during CO adsorp- 
tion and desorption. It is shown that it is possible to identify two states of CO bonding and to make 
quantitative measurements of adsorbed amounts in relation to previous thermal desorption results. 
The effects of heating treatments in CO + O2 mixtures are investigated for various particle sizes. 
0 1986 Academic Press. Inc. 

INTRODUCTION 

Several studies of mode1 supported metal 
particle catalysts in CO oxidation have re- 
cently been reported from different labora- 
tories (1-4). These studies have shown that 
CO adsorption-desorption and catalytic re- 
action mechanisms on small particles are a 
very complex problem, since they are often 
significantly affected by the particle struc- 
ture, morphology, and size which can 
change during the gas treatment (2-4). In 
Parts I and II (3, 4) we presented results 
obtained by transmission electron micros- 
copy (TEM), transmission electron diffrac- 
tion (TED), and temperature-programmed 
desorption (TPD) studies. We showed the 
changes occurring in “as-deposited” small 
Pd particles, during gas treatment in the CO 
+ 02 atmosphere, toward the stable mor- 
phology. We also showed the existence of 
two types of CO adsorption states depend- 
ing on particle morphology and the possibil- 
ity of dissociative CO adsorption on small 
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Pd particles. This is an idea that has also 
been mentioned by other authors (2), but 
which must still be confirmed. 

To investigate a mode1 catalyst, it is es- 
sential that the crystallographic, adsorp- 
tion, desorption, and reaction studies be ac- 
companied by the analysis of the surface 
layers. In the case of small particles the 
electron spectroscopy methods (AES, 
ESCA, EELS) commonly used to analyze 
homogenous surfaces give results whose in- 
terpretation is difficult. This is due to the 
contribution of the particle support to the 
analyzed signal. 

In the case of catalytic reaction studies, it 
would be interesting to monitor directly the 
presence of the molecularly adsorbed CO, 
and other species, on the particle surface 
(separately from the support surface) dur- 
ing the reaction. Furthermore it is impor- 
tant to separate the dissociative CO adsorp- 
tion, which was observed in the case of the 
small Pd particles (2, 3), from the molecu- 
lar absorption. 

Unsatisfactory results for electron spec- 
troscopy methods in surface analysis of 
small supported particles have led us to uti- 
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lize another method, namely, static second- 
ary ion mass spectrometry (SSIMS), which 
has previously been used for surface stud- 
ies on massive crystals. In this article, we 
would like to show that this method can be 
a powerful tool in the surface investiga- 
tion of a model small-particle supported 
catalyst. 

In 1973, Benninghoven showed that it is 
possible to investigate surface reactions by 
the so-called “static” method of SIMS the 
typical feature of which is the bombard- 
ment of a relatively large target area with a 
relatively low primary ion current density 
(5). At 10m9 A crnp2 with an emission yield 
of secondary particles of one per incident 
ion, for example, it takes about half an hour 
to remove 1% of a monolayer. Thus, al- 
though each ion impact damages a small re- 
gion of the surface, the contribution of pre- 
viously damaged regions to the observed 
spectrum can be negligible. To determine 
the kinds of information that SSIMS can 
provide for surface analysis, one must 
focus on the collision process itself. The 
central issue is establishment of relation- 
ships between measured SIMS parameters 
and the structure and chemistry of the sur- 
face (6). 

Recently, several authors have shown 
that SSIMS studies can be successfully ap- 
plied to the investigation of the structure in 
the CO adsorption layer on Ru(l I I), 
Ni(l1 l), Ni( 100) (7-10); on polycrystalline 
Pd and Ag (II); on Pt and Cu (10); and on 
Pd(lll) (7). It was shown that molecular 
adsorption of CO on the metal surface is 
characterized by the appearance of the ion 
cluster species M&O+ in the secondary ion 
spectra, while the M,C,z species are charac- 
teristic of dissociative CO adsorption. 

An empirical approach to the application 
of SSIMS signals for CO coverage studies 
has been necessary. It was shown that 
there exists a relationship between the sum 
of the SIMS intensity ratios and the cover- 
age 8 (7-8): 

Pd,CO+ 
T pd,+ = f(O). 

The advantage of using intensity ratios 
rather than the absolute values of these in- 
tensities is to cancel out the effect of the 
work function variation during the adsorp- 
tion. It was demonstrated that this relation- 
ship is linear, except for the change in slope 
which was observed in several systems, 
and that it was correlated with adsorbate 
structure variations during the adsorption. 

More recently Brown and Vickerman (7, 
8) have shown that the “mass spectrum” of 
molecularly adsorbed CO also contains in- 
formation about the site geometries. Thus 
“linear,” “bridged” and “threefold” 
bonded CO are characterized by specific 
relative yields of MCO+, M2CO+, and 
M,CO+. In the case of linear MC0 sites the 
probability of emission of ion clusters 
M2CO+ and M,CO+ is low with respect to 
the probability of emission of MCO+, and 
the ratio MCO+I(&M,CO+) = 1. For 
bridged and threefold bonded CO all ion 
clusters M,,CO+ occur in the SIMS spec- 
trum and the fragmentation pattern 
MCO+ : M&O+ : M$O+ can be defined. 

EXPERIMENTAL 

The studies were performed in the two- 
chamber type UHV system described in 
Part II (4). 

Pd particles were grown on cleaved mica 
substrate by evaporation in situ from a 
Knudsen cell in the analytical-preparation 
chamber equipped for SIMS experiments. 
The particle samples were prepared at vari- 
ous substrate temperatures (550 to 590 K) 
and various Pd exposures in order to 
achieve an average particle size in the range 
of 2-10 nm. The surface cleanliness of as- 
deposited samples was monitored by 
SSIMS. 

Particle structure, size, and morphology 
were investigated by TEM and TED as well 
as by changes due to annealing in various 
atmospheres during experiments of adsorp- 
tion and desorption and catalytic reaction 
(3). Catalytic reactions were performed in a 
separate reaction chamber, equipped for 
TPD experiments, which could be isolated 
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from the analytical-preparation chamber 
(4). 

The SIMS studies were performed using 
a quadrupole mass spectrometer, with 
range of I-300 a.m.u. and an ion energy 
filter, and an ion gun with differential 
pumping. The primary ion source provides 
a beam of argon ions with energy up to 5 kV 
and the incident angle on the sample plane 
is 45 degrees. The experimental conditions 
were examined in order to optimize signal 
intensities and to minimize damage caused 
to the particle surface during the analysis. 
Thus the experiments were carried out at 
low resolution to increase spectrometer 
sensitivity and a low primary ion current 
density was used (5 to 10 x lop9 A crnp2 at 
600 eV), such that the crystallographic and 
chemical integrity of the surface layer was 
preserved during the period of study. The 
conservation of the integrity of the surface 
was verified on the one hand by the stability 
of the SIMS signals and on the other hand 
by TEM investigations of the particles be- 
fore and after SSIMS studies. 

The sample electrostatic charge, due to 
the polarization of the mica support during 
the ion impact, was neutralized by a low 
energy electron beam of 200 eV. 

RESULTS AND DISCUSSION 

Composition of the Surface Layers 

Figure 1 shows a SSIMS spectrum rela- 
tive to “as-deposited” small particles to- 
gether with their mica substrate. The large 
signals of Na+, Al+, K+, Si+, Ca+, Fe+, and 
0+ are due to the mica support. Simulta- 
neously the ions Pd+ and the ion clusters 
Pd2+, PdCO+, Pd2CO+, and PdK+ are of sig- 
nificant intensity. The appearance of the 
Pd-CO ion species was due to the exposure 
to a background pressure of CO. If carbon 
contamination of the Pd particle surface oc- 
curred during the experimental run, the 
SSIMS spectrum exhibited the correspond- 
ing ion cluster species PdC+, Pd&+, and 
PdC: . 

The relatively high intensities of the 

PdK+ signal were probably due to the high 
SIMS sensitivity for PdK species whose or- 
igin is mainly in the contamination of the 
surface in the region of contact between Pd 
particles and mica support. This is demon- 
strated by the observation of an increase in 
the PdK+/Pd+ ion ratio with decrease in the 
particle size. As no correlation was ob- 
served between the PdK+ ion intensities 
and the results of the TPD and catalytic re- 
action studies, it seems that this contamina- 
tion does not influence the CO adsorption 
and catalytic reaction properties. 

The spectrum in Fig. 1 also exhibits 
PdOH+ ion clusters due to water contami- 
nation of the small particle surface. This 
contamination is caused by insufficient 
heating of the mica substrate in this case. 
We found that annealing of the mica sub- 
strate for 1 h at 580 K before Pd deposition 
is necessary to prepare small particles 
which are not contaminated by water 
vapor. 

CO Adsorption on Particles Larger than 
6 nm 

The possible utilization of SSIMS in the 
investigation of CO adsorption on small Pd 
particles larger than 6 nm is shown in this 
section, combining SSIMS and TPD. 

Before SSIMS and TPD experiments, the 
particle samples were stabilized by thermal 
treatment in oxygen and a CO atmosphere 
(5 x lop7 and 5 x lop8 Torr, respectively) 
at 570 K to obtain a stable particle struc- 
ture, size, and morphology (4). No contam- 
ination (except by CO) of the particle sur- 
face was observed by SSIMS during the 
experiments. This fact was confirmed by 
TPD results because no variations of the 
area under the TPD peaks of a CO-satu- 
rated surface were observed during the 
studies. 

A clean Pd particle surface was exposed 
to increasing doses of CO at 300 K and 5 x 
1O-9 Torr. After each exposure a TPD spec- 
trum was recorded with a linear heating 
rate of 3.6 K s-i. The area S under the TPD 
peaks was used to obtain relative coverage 
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FIG. 2. Relative CO coverage (A) and sum of ion 
intensity ratios Cf(Pd,CO+/Pdz) (0) as a function of 
CO exposure. 

measurements N/3,,, versus the CO expo- 
sure E (Fig. 2). After this procedure the 
sample was exposed to 5 x 1O-9 Torr CO 
pressure at 300 K. During this exposure 
SSIMS data were recorded as a function of 
exposure. Adsorption of CO produced an 
immediate increase in the intensities of Pdz 
and Pd,CO+ species. 

The variations in the Pd+ intensity and in 
the sum of ion intensity ratios, PdCO+/Pd+ 
+ Pd&O+/Pd:, are also presented, as a 
function of exposure E, in Fig. 2. We can 
see that Pd+ and Z,(Pd,CO+/Pd~) intensi- 
ties and O/8, saturate together at 3 L expo- 
sure. Combination of the data in Fig. 2 
makes it possible to plot the relationship 
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5 
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Relative coverage e/8, 

FIG. 3. Plot of the sum of ion intensity ratios 

between the sum of ion intensity ratios and 
the relative coverage 8/o,,,, and this is dem- 
onstrated in Fig. 3. 

The plot in Fig. 3 shows that this relation- 
ship is linear with a small slope change at 
about 13/d, = 0.5. The combination of TEM 
and TPD makes it possible to determine the 
value 8, = 0.5 (the total number of adsorp- 
tion sites was calculated from particle size 
and density assuming a hemispherical 
shape for the particles and Pd(ll1) plane 
atom density), so it is seen that the slope 
change occurs at 8 = 0.25. The slope varia- 
tion has also been observed on the bulk 
metal surface, and has been correlated with 
the change of the adsorbate structure (7, 
10) during exposure. 

In Fig. 4 we have presented the ion inten- 
sity ratio PdCO+/(PdCO+ + Pd2COf) as a 
function of 8/d,, and from this it is possible 
to deduce the site geometry of CO adsorbed 
on the surface of Pd particles as a function 
of CO coverage. 

We can see that in the case of Pd parti- 
cles with an average size larger than 6 nm 
the intensity ratio PdCO+/(PdCO+ + 
Pd,CO+) was about 1 for low coverage. 
Since the fragmentation patterns of twofold 
site geometry (bridge) show that both 

I I 

FIG. 4. PdCO+/(PdCO+ + Pd2CO+) intensity ratio 
Z:(Pd,CO+/PdT) vs relative CO coverage 0/o,. (0) and Pd,CO+ (0) intensity vs 0/o,. 
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PdCO+ and Pd2CO+ fractions must be 
present in the SSIMS spectra, the data in 
Fig. 4 suggest that only linear bonding can 
be found for low coverage on the small par- 
ticle surface, because the Pd2CO+ must be 
about zero if the ion intensity ratio is about 
1. The decrease in PdCO+/(PdCO+ + 
Pd&O+) with increasing coverage of CO 
indicates a movement toward bridge bond- 
ing. A similar change was observed on the 
Pd(ll1) surface, and its relationship to ap- 
pearance of bridge bonds was confirmed by 
IR spectroscopy in that case (7). 

CO Adsorption on Particles Smaller than 
5 nm 

In Parts I and II (3, 4), we pointed out 
the complexity of CO adsorption on Pd 
small particles with regard to the variations 
in the particle parameters during thermal 
treatments with gases. For particles smaller 
than 5 nm, we observed that the area S un- 
der the TPD peaks decreases during ad- 
sorption-desorption cycles and increases 
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during heating in an oxygen atmosphere 
(2, 4. 

This phenomenon was first interpreted as 
due to carbon contamination resulting from 
CO decomposition (2). In previous papers 
(3, 4) it was shown that the particle size 
and change of shape which occurs when the 
particles are heated in a CO + O2 atmo- 
sphere contribute to the desorption peak 
area variations. We also reported that the 
desorption peak area reduction, probably 
associated with the carbon contamination, 
affects the small particles which exhibit a 
high energy desorption peak related to edge 
atoms, suggesting that a particular “bond- 
ing” is responsible for the CO decom- 
position. 

In this section we will show that SSIMS 
combined with TPD results offers impor- 
tant information, which can contribute to 
the solution of these problems. 

The freshly deposited sample was suc- 
cessively studied 11 times by TPD, always 
after saturation by CO (cycle A in Fig. 5). 
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FIG. 5. Variation in TPD peak area S (0) and in the ion intensity ratios E:(Pd,CO+/Pd,+) (A), PdCO+/ 
X:Pd,CO+ (W), PdC+/Pd+ (O), and PdC;/Pd+ (A) during cycles A, B, and C. (A) n adsorption- 
desorption (n = 11); (B) treatment (1 h) in Oz + CO atmosphere at 570 K; (C) = (A). 
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After this process it was treated at 570 K, tion sites is not due to carbon contami- 
for 1 h, in an O2 + CO atmosphere at 1 x nation. 
lo-’ and 1 x 10e8 Torr of O2 and CO, re- During cycle B, an increase in S, an im- 
spectively (cycle B). After this treatment portant increase in the sum of ion intensity 
the sample was studied once more by 11 ratios Z,Pd,CO+/Pdi, and a change in the 
TPD runs (cycle C). site geometry are observed. These varia- 

In Fig. 5 the relative variation of S (area tions can be correlated with an increase in 
under TPD peak) and the variations of the saturation coverage 8,. Because no particle 
ion intensity ratios-PdCO+/Pd+ + dispersion has been observed and the parti- 
Pd&O+/Pd:, PdCO+/(PdCO+ + Pd2CO+), cles take a well-defined cuboctahedral 
PdC+/Pd+, PdC:/Pd+-during cycles A, B, shape (3), the increase in adsorption activ- 
and C are shown, indicating the develop- ity and the variation in site geometry can be 
ment of CO coverage, Pd-CO bonding, and correlated with particle faceting. 
carbon contamination. During cycle A, an In cycle C an important decrease in TPD 
important decrease in S occurs and no car- peak area (presented in detail in Fig. 6b) 
bon contamination, and no change in the correlates with a decrease in the sum of ion 
sum of Pd-CO ion intensity ratios is con- intensity ratios, E.,Pd,CO+/Pdi, and there- 
firmed by SSIMS. These SSIMS data sug- fore in the saturation coverage 8,, and with 
gest that there is no variation in CO satura- an increase in the carbon contamination 
tion coverage. The ratio PdCO+/(PdCO+ + represented by PdC+/Pd+ and PdC:/Pd+ 
Pd&O+) remains constant (about l), indi- ion intensity ratios. The appearance of car- 
eating the existence of only linear site ge- bon on the Pd particle surface confirms the 
ometry. The decrease in S, which is plotted presence of CO decomposition during cycle 
(in detail) in Fig. 6a (versus the number of C. At the same time there is a variation in 
TPD) is due to a decrease in the number of site geometry toward linear bonding. 
adsorption sites. This decrease can be cor- Hence we can make the hypothesis that the 
related with the particle size distribution carbon contamination affects the twofold 
and shape changes resulting from particle coordination sites (bridge bonding). 
coalescence and rebuilding (3). It is clear SSIMS-TPD studies showed that gas 
that the decrease in the number of adsorp- treatment of the freshly prepared small par- 

n-TPD 
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0 
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FIG. 6a,b Relative variation in area under TPD peak (0) and in ion intensity ratios Zf(Pd,CO+/Pdz) 
(Q, PdC+/Pd+ (El), and PdC:/Pd+ (M) versus n TPD cycles (n = 1-l 1). 
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titles of Pd produces important variations erage size below 5 nm, the TPD-SSIMS 
in the area under the TPD peaks. It has studies show that CO adsorption is influ- 
been shown that two principal reasons exist enced by two principal processes. These 
for the decrease in the number of adsorp- are the size and shape changes of the 
tion sites, namely, CO decomposition on freshly deposited particles when submitted 
the particle surface and/or the size and to adsorption-desorption treatment, and 
morphological changes which result from the size- and morphology-dependent CO 
particle coalescence. Another important decomposition. 
result is suggested by the SSIMS investiga- 
tion: the CO decomposition on small Pd 
particles not only depends on particle size 
but is also influenced by particle morphol- 
WY. 
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