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A model is presented to describe the depth profiles obtained by ion-bombarding polycrystalline
multicomponent samples. Different calculations for idealized catalyst structures illustrate the possi-
bilities of using the ion-sputtering technique for the characterization of catalysts. These calculations
show that the depth profiles obtained using dispersed phase XPS intensities may provide semiquanti-
tative information on particle size, existence of solid solution, or formation of mono- or bimetallic
particles in bimetallic catalysts. Examples with the dispersed phase in metallic or oxide forms that

illustrate these applications are presented.

INTRODUCTION

The use of ion sputtering is a common tool
in surface analysis which, in combination
with surface-sensitive techniques such as
AES, XPS, ISS, or SIMS, provides informa-
tion on the in-depth distribution of elements
in solid samples (I). This technique has
found many applications in materials where
some inhomogeneity in composition occurs
in the topmost layers, being extensively
used to study phenomena such as surface
segregation, corrosion, and surface passiv-
ation.

For compact materials a first simulation of
the surface etching rate and of the measured
composition profile was developed by Ben-
ninghoven (2), who proposed the so-called
sequential layer sputtering model (SLS).
This model assumes that the analyzed mate-
rial is formed by layers of different composi-
tion and size and that the coverage degree
of any layer by those on top of it increases
from the surface to the bulk.

However, ion sputtering is a destructive
technique which induces considerable mod-
ifications in the surface composition and
morphology, so that the measured in-depth
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composition is a convolution of the true
composition and the results of phenomena
like cratering (3), preferential sputtering (4),
and atom implantation (5). To take into ac-
count these and other factors several im-
provements of Benninghoven’s model have
been proposed, which consider additional
parameters like the mean free path of elec-
trons in the case of using XPS or AES as
analytical techniques (6), preferential sput-
tering yields (7), and the dependence of the
etching rate on the coordination state of the
atoms at the surface (8).

However, the use of the sputtering tech-
niques to study powder specimen or materi-
als with a globular structure (cermet or com-
posite materials) has been more limited.
Thus, although some studies have been car-
ried out on catalysts (9-11), minerals (/2),
or Brown coals (/3) the derived conclusions
have been partially intuitive and of qualita-
tive character.

Similarly, only very few models have
been developed to interpret the sputtering
behavior of these kinds of materials. Among
them we can mention the model of Henrich
and Fan (/4) for MgO/Au cermets based
on the different sputtering yields of the two

0021-9517/91 $3.00
Copyright © 1991 by Academic Press, Inc.
All rights of reproduction in any form reserved.



628

components, that of Cross and Dewing (15)
to determine the thickness of SiO, layers
covering spherical particles of TiO,, or that
of Nyborg et al. (16) to estimate the oxidized
thickness of spherically shaped metal
powders.

In the present work, a semiquantitative
model is worked out trying to explain the
sputtering profiles obtained by XPS with
specimens in powder form. In principle, the
model has been conceived in relation to
problems of catalyst characterization and,
consequently, the selected examples come
from this field. However, its area of applica-
tion can be extended to investigate other
composite or powder materials, where one
of the phases is highly dispersed in the ma-
trix or on the surface of a carrier support.

Some not necessarily true restrictions
have also been assumed in the model in or-
der to simplify its mathematical formula-
tion. Thus, no preferential sputtering, ion
implantation, or phase diffusion phenomena
have been taken into account. However, we
think that in a first approximation such fac-
tors can be neglected because other phe-
nomena of similar importance, such as sam-
ple inhomogeneity and surface roughness,
cannot be estimated for these materials.

To validate the model a series of examples
are presented that illustrate the possible ap-
plications of this technique for the charac-
terization of catalysts. When possible, the
results are contrasted with data obtained by
other characterization methods, thus show-
ing the range of validity of the sputtering
technique.

MODEL DESCRIPTION

Figure 1 shows a schematic representa-
tion of a catalyst sample consisting of big
particles of a support and small particles
of a dispersed phase deposited on them. In
principle, the dispersed phase could be a
metal, an oxide, or a sulfide, although the
forthcoming formulation is given for sup-
ported metal catalysts. For the electron en-
ergy analyzer (EEA) placed perpendicular
to the sample, the particle structure of this
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F1G. 1. Left: Representation of a catalyst sample
formed by big particles of a carrier and small particles
of a dispersed phase. Right: Idealization of this struc-
ture as seen by the electron energy analyzer.

catalyst is equivalent to the globular struc-
ture also presented in the same figure where,
for simplicity, a cubic shape and the same
size is assumed for all the particles of the
active phase. Implicit in all the formulations
is that the particle size of the dispersed
phase is much smaller than that of the sup-
port (see Apendix). Basic parameters of the
catalyst sample used in the model are:

Sper: Specific surface of the support (m?
kg™

p: specific weight of the support (kg m~3)

d: size of the particle of the dispersed
phase taken as cubic (m)

D_,: atomic bulk density of the dispersed
phase (atoms m~?)

p,: surface concentration of atoms of the
dispersed phase referred to the surface of
the support (atoms m~2).

Photoelectron Peak Intensities before
Sputtering

In the globular representation in Fig. 1 it
can be considered that there are two differ-
ent contributions to the XPS intensity of any
photoelectron peak produced by the dis-
persed phase: First, that of the particles ex-
posed at the surface and, second, that corre-
sponding to those particles embedded in the
matrix formed by the support. For conve-
nience, in the following, these two parts are
referred to as “‘surface’ and ‘‘bulk’ of the
specimen. The contribution of the surface
can be estimated as

La Ad(1 — exp(—d/\,)), (D
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FiG. 2. Effect of Ar* sputtering on the idealized
catalyst structure. Left: Before sputtering. Right: after
removal of a thickness ‘‘a’’ from the sample.

where A, is the mean scape depth of the
photoelectron through the dispersed phase,
d? is the area of a face of the cubic particles
of the dispersed phase, and A is the number
of particles per unit area of sample (i.e.,
referred to the macroscopic surface of sam-
ple seen by the EEA). An approximate value
for A is derived in the Appendix by assuming
a spherical shape for the particles of the
support. However, in general, A can be
taken as an adjustable parameter.

To estimate the contribution of the bulk
to the peak intensity, the attenuation of the
photoelectrons before escaping the surface
must be taken into account. For the sake of
simplicity we assume that this attenuation
is produced entirely by the support, i.e., that
the probability that two particles at different
depths are at the same lateral position is
practically zero. Under this assumption, the
contribution to the photoelectron intensity
of the buried particles in Fig. 1 is

I(y) a Dd(1 — exp(—d/\y)) exp(—y/\),
(2)

where ), is the attenuation length of the pho-
toelectrons of the dispersed phase through
the support and D the number of particles
at a depth “*y”" in a layer of area unity and
thickness dy (Fig. 2). The value of D has
been calculated in the Appendix for the case
of the closed-packed structure of spheres in
Fig. Al. However, as for the parameter A
in expression (1), D can be taken as an ad-
justable parameter. Changes in the relative
values of A and D in respect to those calcu-
lated according to (A3) and (A9) would indi-
cate either a surface segregation of the ac-
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tive phase or its preferential distribution in
the pores of the support (see Appendix).

Integration of expression (2) throughout
the total sample depth gives

Ia D d\, (1 — exp(—d/\,).  (3)

So, the total intensity of the photoelectron
peak for our metallic catalyst before sput-
tering would be

I =1, + I, a (d*(1 — exp(—d/\y))
(A + Dr). (4

In principle, this simple expression
should give an account of the relative inten-
sity of peaks of the dispersed phase in func-
tion of parameters like d and p (the first one
related to the degree of dispersion). In this
sense we have checked this expression (4)
to estimate the Ni(2p) relative intensity for
a series of Ni/Si0O, catalysts with different
metal loading and dispersions, showing that
the calculated values were in acceptable
agreement with the experimental ones (/7).
However, it is important to stress here that,
in the present work, expression (4) is used
as a starting point to describe the effect of
the ion sputtering on a catalyst sample, and
that much more elaborate models exist in
the literature aiming an accurate prediction
of the experimental peak intensities (18-20).

Effect of the Ar* Sputtering

Assuming a layer by layer sputtering of
the idealized globular structure in Fig. 1 the
situation in Fig. 2 would occur after sput-
tering for a time ¢ corresponding to the re-
moval of a thickness a of sample. If a <
d the intensity of the photoelectron signal
corresponding to the particles at the surface,
now of thickness d — a, should be

La Ad® (1 — expla — d/\,).  (5)

Meanwhile, at the bulk, some particles
which were covered by the support before
sputtering are now exposed and partially
etched, their height beingy + d — a as seen
in Fig. 2. The contribution of these particles
to the intensity of the XPS signal can be
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Fi1G. 3. Top: “‘bulk’ contribution to the XPS inten-
sity (expression (8)) as a function of the sputtered thick-
ness for several particle sizes. Bottom: ‘‘surface’” con-
tribution (expression (5)).

calculated by the following integral ex-
tended to all the particles that before the
sputtering had their top face within the sam-
ple depth a.

IyaDd? [ [1 - exp((a = y — diAy)ldy
0
(6)
LyaDd?[a + \(exp(—d/\,
—exp((a — dyA D] (D)
The total contribution of the bulk of cata-
lyst can be calculated as the sum of expres-
sions (7) and (3), the latter representing the
particles which are still covered by the
support:
Ko D& [a + A (exp(—d/\,)
—exp((a — d)/Ay) + A, (1 — exp(—d/\)].
(®)

At any stage in the sputtering process for
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a < d the sum of expressions (5) and (8)
gives the total intensity of the photoelectron
peak. However, if a sample depth a > d
has been sputtered, expression (8) gives the
steady-state intensity since, under such con-
ditions, all the particles initially at the sur-
face have been removed and expression (5)
vanishes.

Figure 3 shows a separate representation
of expressions (8) and (5) in function of the
sputtered thickness a for several sizes of the
particles of the dispersed phase.

Meanwhile, the representation in Fig. 4
of the sum of expressions (5) and (8), would
correspond to the experimental sputtering
profiles of the catalyst samples. For these
representations the parameters A and D in
(5) and (8) have been calculated according
to expressions (A3) and (A9), the values cor-
responding to a Ni/SiO, catalyst with a
metal load of 4% and a silica support of S,
= 200 m?g ! taken for the different variables
in these expressions.

Several questions from these two latter
figures deserve a comment. First, the dis-
continuity appearing in the profiles at ¢ =
d, corresponding to the point where the par-
ticles at the surface have been completely
removed, can be taken as a measure of the
size of particles in a particular catalyst. Sec-

Ni/Si0;

I{a.u.)

sputtered thickness{A)

FiG. 4. Normalized depth profiles as a function of
the sputtered thickness calculated for several sizes of
the particles of the dispersed phase for a Ni/SiO, cat-
alyst.
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ond, the contribution of the particles in the
bulk increases to reach its maximum for the
steady state, just at a = d. This reflects the
fact that particles originally embedded in the
support (bulk particles) are progressively
exposed by the ion etching and contribute
without attenuation to the intensity of the
peak. A third point to be stressed in these
representations is that, for a given loading
of the dispersed phase, the intensity in the
steady state decreases when the particle size
increases. This provides a test to assess rela-
tive particle sizes in a set of catalysts. This
test can be used in addition to the traditional
method of comparing the XPS intensities of
the dispersed phase (18-20). In addition, the
trend of the steady-state intensities can also
be used to differentiate between an increase
in particle size or formation of a solid solu-
tion (see below), two situations that lead
to a decrease in the initial intensity of the
photoelectron peaks and that are common
for supported oxides. These considerations
stand for the case of no preferential sput-
tering between the dispersed phase and the
support. If preferential sputtering exists the
profiles would change, so that their
“‘breakpoint”” would be shifted to longer
sputter times and the steady-state intensity
would be higher when the material of the
support is preferentially sputtered (the op-
posite behavior should be expected when
the dispersed phase is preferentially sput-
tered).

Model Calculations for Idealized Catalyst
Structures

(a) Effect of the active phase distribution.
Starting from expressions (5) and (8) it is
possible to simulate sputtering profiles of
real catalysts by summation of different
equations of this type, where the values of
d in each case correspond to those of the
actual distribution of particle sizes in the
catalyst.

A first situation corresponds to a catalyst
with a narrow gaussian distribution of parti-
cle sizes around the value d = a. For such
a case depth profiles similar to those in Fig.
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F1G. 5. Top: Normalized depth profiles calculated for
a Ni/Si0; catalyst with different bimodal distributions
of particles in the dispersed phase. Bottom: Normal-
ized depth profile for a Ni/SiO, catalyst with five differ-
ent sizes of particles in the dispersed phase.

4 are obtained where the sharp discontinuity
appearing at a = d is smeared out, Another
example corresponds to the presence of a
bimodal distribution of particles sizes, a sit-
uation which is sometimes difficult to ascer-
tain by conventional methods, especially if
the dispersed phase is not a metal and most
of the available techniques for particle size
determination cannot be used. However,
the simulated profiles in Fig. 5, obtained
for the same hypothetical Ni/SiO, catalysts,
reveal that in certain cases bimodal distribu-
tions can be distinguished by this technique
and that the size of the two types of particles
can be assessed from the two points at which
discontinuities appear in the depth profiles.

A simulation of a more complex particle
size distribution is also shown in Fig. 5 for
a catalyst with an equal number of particles
of five different sizes betweena D, = 4 A
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F1G. 6. Normalized depth profiles calculated for
Ni/S8i0, and Ni/TiO, catalysts with the same sizes for
the particles in the dispersed phase.

and D_,. = 75 A. The calculated profile
corresponds to the superposition of five
curves presenting five discontinuity points,
one for each particle size. For real catalysts
with more complex particle size distribu-
tions these discontinuities would be
smeared out, leading to a monotonic decay
of the XPS intensity for increasing sput-
tering times. In this case, the slope of the
profile will give a rough idea of the type
of particle size distribution, smaller slopes
being expected for catalysts with bigger par-
ticle sizes. In the case of catalysts with a
broad Gaussian distribution of particle sizes
the sputtering profile will be the result of the
superposition of the curves for each particle
size weighted by its partition fraction. The
slope of such profiles should give an idea
of the medium particle size existing in the
sample.

(b) The role of the support. Up to now
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we have paid attention to the active phase,
although it could also be interesting to test
whether the type of support has any influ-
ence on the shape of the sputtering profiles.
According to expressions (A3) and (A9) for
the parameters A and D included in expres-
sion (8), it could be expected that two cata-
lysts where the supports have different S,
and p values will present different depth pro-
files even if the active phase presents similar
characteristics (chemical nature, dispersion
degree, etc). This can be seen in Fig. 6 where
the calculated depth profiles for a second
Ni/TiO, catalyst (metal loading 4% and S,
= 50 m°g~') are compared with those of the
Ni/SiO, catalyst already presented in Fig. 4
(metal loading 4% and S,,, = 200 m’g').
This comparison shows that while the rela-
tive decrease in intensity upon sputtering is
more important for the catalyst with smaller
surface area, the differences in the steady-
state intensity depend to a greater extent on
the particle size for the catalyst with higher
surface area.

Another situation which can be assumed,
in particular with supported oxide catalysts,
is that a portion of the active phase forms a
solid solution within the support (note that
a catalyst where the carrier has a large mi-
croporosity can be taken as a solid solution
if the dispersed phase is homogeneously dis-

Ni/TiOy e
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S
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Fi1G. 7. Normalized depth profiles calculated for a
Ni/TiO, catalyst with degrees of formation of a solid
solution between 0 and 100%.
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tributed through the micropores). The sput-
tering profiles in Fig. 7 correspond to this
example for a size of the particles of the
dispersed phase of d = 20 A. The curves in
this figure are the result of the sum of two
terms, one corresponding to the particles
of the dispersed phase distributed on the
surface of the support grains (Eq. (8)), and
another, corresponding to isolated atoms
forming the solid solution. It is interesting
that the steady-state intensity in Fig. 7 in-
creases with the degree of solid solution,
which is the opposite behavior to that found
for increasing particle sizes (Fig. 4) (parti-
cles with small size would also lead to a
higher intensity in the steady state but, while
in this case the profile would be character-
ized by an initial sharp decrease in intensity,
that of a solid solution would be flat).

EXAMPLE APPLICATIONS

In the previous sections we have pre-
sented a model to describe the sputtering
behavior of practical supported catalysts.
This model provides semiquantitative infor-
mation on different parameters of the dis-
persed phase, such as average particle size
and formation of a solid solution. In this
section we aim to validate the model with a
series of examples which illustrate the possi-
ble applications of this technique for the
characterization of catalysts.

Experimental

We have studied a series of well-charac-
terized catalysts which have been submitted
sequentially to Ar* sputtering and XPS
analysis.

The Rh/TiO, samples (2.5% by weight of
rhodium) were prepared by wetness impreg-
nation of TiO, (Degussa P-25, 50 = 1 m?’g™!)
with a RhCl; solution. The dried precursor,
in the following RhCl;/TiO, sample, was re-
duced at 773 K in flowing hydrogen and then
stored in air until its use. Further details on
the preparation procedure and characteriza-
tion of this sample (hereafter called Rh/
TiO,) have been given elsewhere (21).

The Pt-Pd/TiO, samples were prepared
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by photochemical deposition of platinum
and palladium on TiO, Degussa P-25. A sus-
pension of TiO, (500 mg) in a solution of
hexachloroplatinic acid and palladium chlo-
ride was dearated under vacuum and irradi-
ated under stirring for ca 24 h. Two different
samples were prepared by this procedure,
one containing 1.5% Pt and 1.85% Pd
(Pt-Pd/TiO, sample) and another con-
taining 1% Pd and 1% Pt (Pt-Pd/TiO,-A
sample). The different metallic loadings
were obtained by changing the amount of
the platinum and paladium salts in the solu-
tion. This leads to changes in the pH value
of the medium which, in turn, controls the
distribution of the two metallic phases in the
TiO, support (22).

The Pt/TiO, samples (5% of metal by
weight) were prepared by wetness impreg-
nation of the same Degussa P-25 support
with chloroplatinic acid. Once dried in flow-
ing air at 383 K, the precursor was reduced
at 773 K for 1 h, either in a dry hydrogen
flow (sample Pt/TiO,) or in a hydrogen flow
with water vapor (P = 0.036 Torr) (sample
Pt/TiO,—H,0). A careful study of the SMSI
state in these two samples has been reported
previously (23).

The Ni/SiO, samples have been prepared
by wetness impregnation of SiO, (Aerosil
200 from Degussa) with a Ni(HCOO), solu-
tion (I samples), and by homogeneous pre-
cipitation with urea from a Ni(NO,), solu-
tion (H samples). The impregnated
precursors, with ca 4% nickel by weight,
were dried and calcined with flowing O, at
673 K for 4 h and then reduced in flowing
H, at 773 K for 1 h. The adopted labeling of
these samples has been Ni0O/SiO,-1(H), for
the oxidized precursors and Ni/SiO,-1(H)
for the reduced catalysts.

The experimental depth profiles have
been obtained on a Leybold—Heraeus XPS
spectrometer working with a constant pass
energy at 50 eV. Except for the spectra of
the Ni-containing samples, recorded with
the AlKa radiation, the MgKea source was
used in all the cases. The spectra were
stored in a H-P 1000 E computer where data
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FiG. 8. TEM micrograph of the Rh/TiO, sample.

analysis was also carried out. This consists
of background substraction and area calcu-
lation. The intensity of peaks of the dis-
persed phase is always referred to by the
intensity of one peak of the support (Si(2p)
and Ti(2p) in the studied samples), so that
different samples can be compared. For
convenience, in the depth profiles which are
discussed together, these XPS intensi-
ties have been normalized to the maximum
intensity of the profiles taken as 100, al-
though the absolute value corresponding to
the maximum of the scale is given in the
caption of each figure. The maximum error
estimated for all the measurements corre-
sponds to 5% of the normalized scale.

Thermal treatments in the pretreatment
chamber of the spectrometer were carried
out by resistively heating a Mo holder on
which pressed pellets of samples were
placed.

Ion sputtering in this pretreatment cham-
ber was carried out by means of a Peening
ionization source supplied with Argon and
working at 3.5 keV of accelerating voltage.
Under these conditions calibration with a
Ta,O; standard (24) gave a sputtering rate
of ca 12 A min~'.

TEM examination of samples was done
with a JEOL 100C microscope, where
STEM-EDX analysis was carried out with
a STEM field emission gun (VGHB 501)
equipped with a silicon-lithium diode detec-
tor (Link) and a multichannel analyzer (Tra-
cor 500).

RhITiO,: Formation of Metal Particles
from a Precursor Salt

The TEM micrograph of the Rh/TiO,
sample in Fig. 8 shows the existence of Rh
particles with sizes ranging between 20 and
100 A, while the histogram of particles sizes
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FiG. 9. Normalized depth profiles of the Rh/TiO,
sample and its corresponding RhCl,/TiO, precursor.
The maximum at the scale (i.e., 100%) corresponds to
In/Iy; = 13.1 x 1072 for the RhCly/TiO, sample).

reveals a maximum number of particles at
ca 50 A.

The sputtering profiles of sample Rh/TiO,
and of its precursor, sample RhCL;/TiO,, are
presented in Fig. 9. According to the model
predictions, the sharply decaying profile of
the precursor confirms that the rhodium ions
must be highly dispersed on the surface of
the support, being readily removed by sput-
tering for a few seconds. On the contrary,
the less stepped profile of the Rh/TiO, cata-
lyst is consistent with the presence of bigger
particles formed by aggregation of the atoms
of Rh during the reduction process. More-
over, according to our model, the steady
state reached after sputtering for 5-8 min
indicates the existence of rhodium particles
with a size equivalent to the thickness of
sample sputtered during this time. Taking
into account the sputtering rate of our ion
gun, a sample thickness of 60-90 A has been
removed during this time, a value that is
in concordance with the maximum size of
particles present in this sample (i.e., 100 A).
Also interesting is that the profile is more
stepped during the first minutes of the etch-
ing process, a fact that points to the eXis-
tence of small particles (i.e., smaller than
30~40 A) whose removal is occurring during
this initial period. This stresses the interest
of the sputtering technique for systems with
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a heterogeneous distribution of the metallic
phase.

NilSiO,: The Effect of Particle Size

The H, chemisorption and XRD line
broadening measurements of the Ni/SiO,
catalysts gave an average particle size of ca.
30 and 300 A, respectively, for the H and 1
samples (/7). In agreement with these val-
ues, the different shape of the sputtering
profiles in Fig. 10 indicate that quite differ-
ent particle size distributions exist. Thus,
for sample Ni/SiO,-H the profile is charac-
terized by a steady decay in intensity to
reach a constant value for ¢ > 4 min which,
according to our model, suggests the exis-
tence of a broad distribution of small parti-
cles with d < 50 A. On the contrary, sample
Ni/Si0O,-1 presents an initially increasing
and then flat profile that could be associated
with the big particles of Ni existing in this
sample. However, it must be pointed out
that an implicit assumption of the model is
that the size of the particles of the dispersed
phase is smaller than that of the particles of
the support, a condition that is not held by
this sample. In this regard, it is worth noting
that the model predicts that the intensity in
the steady state is smaller for samples with
greater particle sizes, the opposite to that
found when comparing the profiles of sam-
ples Ni/SiO,-H and -1. Despite these facts,
the profile obtained for sample Ni/SiO,-1
must be considered, on an empirical basis,
as due to the big particles of nickel existing
in this sample. Another interesting feature
in Fig. 10 is the initial increase in intensity
in the profiles of samples Ni/SiO,-1, -H, and
NiO/Si0,-1, which is likely the result of
some of the sputtering effects not consid-
ered in the model (i.e., preferential sput-
tering and roughening).

Figure 10 also shows that the sputtering
profiles of the NiO/SiO,-H precursor fol-
lows a trend parallel to that of its corre-
sponding Ni/Si0,-H sample. This indicates
that the dispersion state of the active phase
in this precursor is similar to that of the
reduced samples. In addition, this trend
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FiG. 10. Normalized depth profiles of the Ni/SiO,
samples and their corresponding NiO/SiO, oxide pre-
cursors. The maximum at the scale (i.e., 100%) corre-
sponds to Iy/Ig = 20.76 x 107! for the NiO/SiO»-H
sample.

shows that the sputtering technique can be
used to estimate the dispersion degrees for
active phases in oxidized or other forms
where conventional techniques for charac-
terization of metallic catalysts cannot be uti-
lized. In this figure it is also observed that
the profile of sample NiO/SiO,-1 is parallel
to that of sample Ni/SiO,-1, although with a
higher intensity in the steady state. This fact
might also be associated with the problem
mentioned above of the presence of too big
particles of the dispersed phase. However,
differences in the texture and/or the differ-
ent distribution of the active phase (segrega-
tion) in both samples can also contribute to
this behavior as we have recently shown
with a series of Rh/CeQ, catalysts (25).

Pt—-Pd/TiO,: The Formation of Bimetallic
Farticles

Micrographs of the two Pt—Pd bimetallic
catalysts are presented in Fig. 11. For the
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Pt-Pd/TiO, sample the TEM/STEM analy-
sis shows the formation of big particles of
Pt at the grain edges in the form of particle
aggregates and sponges, as well as small
separate particles of Pd with sizes ranging
between 20 and 50 A. On the contrary, for
the Pt—Pd/TiO,- A catalyst, formation of two
types of bimetallic particles, of 8-10 A and
ca. 30 A in size, the latter much less abun-
dant, is revealed by TEM-STEM. The
depth profiles in Fig. 12, for example Pt-Pd/
TiO,, show that the XPS intensity of these
two elements decreases differently with the
sputtering time. However, parallel profiles
for Pt and Pd are obtained, for example
Pt-Pd/TiO,-A, where bimetallic particles
have been detected by TEM-STEM (how-
ever, it must be noted that a similar behavior
would have been observed for separate Pd
and Pt particles of the same size).

On the other hand, the shapes of the two
profiles support the general conclusions of
our model, the higher intensity at the steady
state for Pt and Pd in the Pt-Pd/TiO,-A cata-
lyst being consistent with smaller particle
sizes. In addition, for both samples, the ini-
tial sharp decay of the intensity is consistent
with the presence of very small particles of
Pt and Pd on the surface of the support,
besides the particles observed by TEM of
sizes ranging between 10 and 50 A.

Pt/TiO,: The Burial of the Metal Particles
by the Support

A full study of Pt/TiO, and Pt/TiO,-H,0
samples in relation to the strong metal sup-
port interaction (SMSI) effect has been re-
ported previously (23). In that work, the
characterization by H, chemisorption and
XRD of the metal dispersion state of Pt
shows that while particles of less than 20 A
exist in sample Pt/TiO,, bigger particles of
ca. 70 A are formed in Pt/TiO,-H,0 where
the H, adsorption is practically suppressed
because of the SMSI state. The depth profile
in Fig. 13 of sample Pt/TiO,, characterized
by a stepped decay in the XPS intensity after
sputtering for a few seconds, is consistent
with the existence of small platinum parti-
cles at the surface of the support, whose
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FiG. 11. Top: TEM micrograph of the Pt—Pd/TiO, catalyst; Pt or Pd particles are indicated by arrows.
Bottom: TEM micrograph of the Pt—Pd/TiO,-A catalyst; the bimetallic particles existing in this catalyst
are indicated by arrows.
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removal is readily attained by Ar* etching.
However, the depth profile of sample Pt/
TiO,-H,0 does not adjust exactly to that
expected for catalysts with metal particles
of ca. 70 A. According to our model, depth
profiles of a sample with particles of that
size should be characterized by an initial and
steady slow increase and a sharp decrease in
intensity after etching a sample thickness
similar to the metal particle size (i.e., 70 A).
This is not found for the profile of sample
Pt/TiO,—H,0, which only shows a steady
increase in intensity to reach a constant
value after 3—4 min (i.e., corresponding to
a sample thickness of 35-50 A according to
the sputtering rate of the Ta,Os standard).
However, this shape could be the result of
the convolution of such a profile with that
resulting from the burial of the platinum par-
ticles in the bulk of the support, so that they
would be exposed only after the removal of

100
Pd-Pt/TiO7 A
® o Pd
— 607 APt
= 0l
20 1
100
# Pd-Pt/TiOq
®1 ePd
T APt
- 40
20
0 5 10 15
t (min.)

Fi1G. 12. Normalized depth profiles of Pt—Pd/TiO,
and Pt—-Pd/TiO,-A samples. The maxima at the scales
(i.e., 100%) correspond to Ipy/Iy; = 8.4 x 1072 for
Pt—Pd/TiO, and Ippg/ly = 3.1 x 1072 for Pt—Pd/
TiO-A.

GONZALEZ-ELIPE ET AL.

100
oPt/TiOy
®Pt/Ti0)-H,0
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FiG. 13. Depth profiles of Pt/TiO, and Pt/TiO,—H,0O
samples. The maximum at the scale (i.e., 100%) corre-
sponds to Ip/I7; = 12.3 x 1072 for the Pt/TiO, sample.

a thickness of support of approximately 35
A. This full encapsulation of the Pt particles
was proposed in our previous work (23)
based on the fact that in the unetched Pt/
TiO,—H,0 sample the Pt was not oxidized
by exposure to O, at 673 K, whereas in the
etched sample oxidation of Platinum oc-
cured already at 473 K. To explain this result
we assumed that during the activation of the
precursor in wet H, two effects took place
for Pt/TiO,~H,0 (26), the first is that water
induces the agglomeration of the metal
atoms during reduction. The second is the
mobilization of the support enhanced by the
simultaneous presence of water and H,, to
fully cover the metal particles. An enhance-
ment of the mobilization of supported ox-
ides by the presence of water has been re-
ported by Knézinger and co-workers (27)
for MoO; and V,0s under oxidizing condi-
tions. However, the effect reported here and
in our previous work (23) refers to a similar
mobilization effect but under a reducing at-
mosphere. Although this effect must be ex-
plored in more detail, it is likely that hydrox-
ylation of the TiO, by the water could
contribute to the spillover of hydrogen to
the support where, as we have shown pre-
viously (28), it forms TiO,-H like species
which present a specific effect on the en-
hancement of the ionic mobility of the lattice
components.
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CONCLUSIONS

In this paper a model is elaborated to de-
scribe the effect of ion sputtering on poly-
crystalline materials composed of two
phases, a carrier and a dispersed phase, the
latter generally in the form of small sup-
ported particles on its surface. The implica-
tions of this model in catalyst characteriza-
tion are highlighted by some examples
showing the possibilities of the method.
From the different experimental results it is
clear that the method can be very fruitful for
the study of either precursor samples, where
most of the available techniques for metallic
catalyst characterization cannot be applied,
or catalyst with the dispersed phase in me-
tallic state. Upon calibration of the sput-
tering rate of the experimental apparatus,
semiquantitative information on particle
size (dispersion state of the active phase),
heterogeneity of the active phase, or the
existence of total or partial solid solution
may be deduced by this method. For bime-
tallic catalysts the possible formation of
mono- or bimetallic particles can also be
distinguished, provided that in the first case
the particles of the two metals present differ-
ent particle sizes.

APPENDIX: NUMBER OF PARTICLES OF THE
DISPERSED PHASE AT THE “"SURFACE” AND
IN THE “BULK’ OF THE IDEALIZED
CATALYST STRUCTURE

To estimate the concentration of particles
of the dispersed phase exposed on the sur-
face of the catalyst and that, therefore, are
directly seen by the EEA, the closed packet
arrangement of spheres in Fig. Al can be
taken as an approximate description of the
agglomerates of (generally non-uniform)
particles of the support in a catalyst sample.
Assuming no microporosity, the radius of
these spheres is given by

F=3/S.p (A1)

In this arrangement, those particles of the
dispersed phase located in the zone A can
be considered as being the particles exposed
on the surface in Fig. 1, while those located
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F1G. Al. Idealized closed-packed arrangement of
particles for a supported catalyst. (a) Side view. (b)
Top view.

in zone B and beneath belong to the bulk of
the idealized catalyst structure in that figure.
For a unit area of this arrangement, and
considering that the radius of the spheres is
very small compared with the geometrical
dimensions of the region seen by the EEA,
the calculated number of spheres per unit
area is 2V3r2)~".

From Fig. Al it is also possible to calcu-
late the number of atoms of the active phase
in zone A per unit area of catalyst sample
seen by the EEA. This number is given by

n' = Qrimpnd)IV3nk?Y) = (1/V3)rp,,
(A2)

where the number of atoms is calculated for
n* hemispheres of zone A and referred to the
macroscopic area of the sample containing
these spheres (2 V3 n? r; see Fig. Al).

From expression (A2) the number of par-
ticles of the dispersed phase is then

A=nldD, = mpJ(V3d®D,). (A3)

In the same way the number of atoms of
the dispersed phase existing in zone B is
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n =2n" = QIN3mp, (A4)

and the number of particles of the dispersed
phase

N = n"ld®D,, = 2w p/(V3dD,). (AS)

These atoms will be embedded in an effec-
tive volume of the support which can be
taken as equivalent to the volume of hemi-
spheres in zone B. The volume of these
hemispheres per unit area of sample surface
seen by the EEA is

Ve = 2n* V hemispheres
= (4/3) n*m .
Whence the effective thickness of zone B
can be defined as
Te = Ve/Area = (4/3)(n?m r¥)/(2V3n%r?)
=27 r/3V3). (A7)

(A6)

Assuming, as in Fig. 1b, a homogeneous
distribution of particles within the bulk of
the idealized catalyst structure, it is possible
to write the following expression for the
number of particles in zone B, including the
number of particles of the dispersed phase
with their top surface in dy at a distance y
from the surface (D).

Te
N =27 pJ(V3dD,) = f Ddy (AS8)
0

and
D =3p/(d?D,, 1) = Spep p/(d’D,). (A9)

The values of A and D thus calculated
refer to the surface and bulk contribution
to the profiles under the assumption of a
homogeneous distribution of the active
phase particles on the surface of the support
particles. Other situations where there is en-
richment in the pores or in the external sur-
face of the sample (e.g., in the case of extru-
dates) would lead to relatively higher values
of, respectively, D and A. In these cases a
theoretical simulation of the experimental
profiles by changing the values of D and A
could give some information on the possible
inhomogeneities in the studied samples.

GONZALEZ-ELIPE ET AL.

This question has been addressed by us in a
recent work on Rh/CeO, catalysts (25).
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