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Calculations of expected X-ray photoelectron spectroscopy intensity ratios for both homo-
geneous and segregated bimetallic particles demonstrate that a minimum particle size exists,
below which reliable differentiation between homogeneous alloy particles and particles in
which one component has segregated to the surface cannot be made. This minimum particle
size varies between 3 and 8 nm depending on the specific metal combination in question. In
cases of partial segregation of one component, the minimum particle size is even larger. The
implications of these results for the study of surface segregation in supported bimetallic cat-
alyst particles are discussed.
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1. Introduction

Bimetallic particles find important applications in heterogeneous catalysis [1-3].
A major consideration in the performance of these particles is the surface composi-
tion. Simple arguments regarding miscibility, heats of segregation and entropy
change upon segregation [4], and heats of sublimation [1], suggest that preferential
segregation of one component to the surface of bimetallic particles is the rule
rather than the exception. Surface sensitive techniques such as X-ray photoelectron
spectroscopy (XPS) and Auger electron spectroscopy (AES) have therefore been
applied to the analysis of supported bimetallic particles in an attempt to determine
the surface composition of particles with known overall composition [5-17]. Intui-
tively, it is obvious that these methods must fail below a certain critical particle
size, when the attenuation lengths (AL) of the photoelectrons or Auger electrons
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become comparable to the particle diameter and essentially every photoelectron
or Auger electron generated in the particle is detected regardless of location within
the particle. Furthermore, for very small particles (<2 nm), a majority of the total
atoms in the particle reside on the surface, and the concept of surface segregation
becomes meaningless. In this paper, a theoretical method is presented, based on
established quantitative methods for XPS, that calculates the change in the relative
XPS signals from two metals in a bimetallic particle upon transformation from a
homogeneous particle to a particle in which one component has segregated to the
surface. Plotting this change as a function of particle size allows determination of
the minimum particle size below which XPS cannot distinguish between a homoge-
neous alloy and a segregated particle. Results are presented for four different
metal pairs in order to cover the entire range of expected behaviors. Depending on
the specific metal pair in question, the minimum particle size varied from 3 to
8 nm. Since this size range coincides with the desired particle size for many catalyt-
ic applications, these results provide a basis for evaluating the utility of XPS and
AES for determining the surface composition of bimetallic catalysts.

2.Methods

Four metal pairs are analyzed which differ in the AL’s of the photoelectrons gen-
erated from Mg Ka radiation: (1) Cu on Ni (short AL on short AL); (2) Cu on Pd
(short AL on long AL); (3) Pd on Cu (long AL on short AL); and (4) Pd on Ag (long
Al on long AL). For the purposes of this discussion, AL’s less than 0.9 nm are con-
sidered short, while those greater than 1.4 nm are considered long. The pairs are
chosen to illustrate the types of behavior that can be expected, rather than to repre-
sent actual systems. For each pair, particle diameters (d) ranging from 1 to
64 nm, and mole fractions ranging from 0.1 to 0.9 are analyzed. For each pair, the
XPS intensity ratios are calculated for both homogeneous alloy particles and parti-
cles with complete segregation of one metal to the surface. These two ratios are
then compared to determine the minimum particle size necessary to allow experi-
mental discrimination between the two cases.

All calculations assume a cubic particle shape for simplicity and use a layer by
layer approach to calculate the expected XPS signals. In order to make this calcula-
tion, the signal from a single pure layer of a given metal must first be known. This
signal is calculated from the bulk metal signal using the equation

o0
Iy =IOZexp[—(n— Dam /] , (1)

n=1
where I is the signal from a semi-infinite sample of metal M, I is the signal from
a single layer, ay is the layer spacing in the bulk metal, and Ay is the AL of the
metal photoelectron. The photoelectron exit angle is assumed to be in the direction
of the surface normal, an assumption which is equally valid for any experimental
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geometry since the orientation of nanometer scale particles within an experimental
sample is likely to be random. Performing the summationin (1) gives

L/Iyy =1 —exp(—am/Am) - (2)

Within a bimetallic particle, the signal from a given layer, If, is decreased
because not all of the atoms are of the same element. Additionally, the number of
atoms per unit area in a bimetallic layer (1 /a3) is potentially different from that of
the bulk metals. Therefore the signal from a single layer in a bimetallic particle is
given by

12/ 3 o Xou(ant/ae)’[1 — exp(—aye/ M)l | ()

where Xy is the mole fraction of metal M in the layer, and ap is the layer spacing
in the bimetallic particle. The proportionality arises because the particle layer does
not extend infinitely in all directions as assumed in the derivation of (2). Further
attenuation of the single layer signal by overlying layers in the particle necessitates
the addition of an exponential attenuation term, i.e.

Iy /I o< Xu(am/ap)’[1 — exp(—am/Mm)] exp[—(n — 1)ap/ 2], 4)

where (n — 1) is the number of layers above the nth layer and )\p is the AL of the
metal photoelectrons in the bimetallic particle, which can differ from Ay through
the dependence of AL on layer spacing[18].

Summing the values of I} /I for both metals in all layers of the particle allows
the sensitivity corrected signal intensities (If;/I%) of the two metals to be calcu-
lated. Since the proportionality factor in eq. (4) is the same for both metals, taking
the ratio of the signals from the two metals gives (1151, /)] (Ilac /I3%) exactly,
where M; is the segregating metal and M, is the core metal. No consideration of
angular asymmetry in photoelectron emission is made in the analysis, amounting
to the assumption that the angle between the incident X-rays and the analyzer axis
is the “magic angle” of 54°44’ [19] at which the ratios of the photo-ionization cross
sections are the same as if photoelectrons were collected over a 4r solid angle, or
alternatively that angular effects are accounted for in the values of I3%.

Although the calculations are performed for XPS, the analysis also applies to
Auger electron spectroscopy (AES) provided backscattering is taken into account
[20]. Since backscattering factors are only a weak function of atomic number for
the transition metals [21], the XPS calculations should be quantitatively applicable
to AES for metal pairs that have similar atomic numbers, but only qualitatively
applicable for metal pairs that differ significantly in atomic number. The details of
the calculations and summations differ slightly for homogeneous and segregated
particles.

2.1. HOMOGENEOUS PARTICLES

For homogeneous bimetallic particles, the fractional occupancy of one metal in



148 A.G. Sault / Limitations of surface analytical techniques

any given layer is simply the mole fraction of the metal present in the particle.
Layer spacing, ap, is assumed to be a composition weighted average of the layer
spacings of the pure elements, ay, which are derived from the atomic weights and
elemental densities according to
Wum
3
Ay = —

where A is Avagadro’s number, pym is the metal density and Wy is the atomic
weight of metal M. AL’s for the individual components are taken from Seah and
Dench[18]according to

v = (041)alfEY and Xp = (041)ap’Ey; (6)

where Evm is the kinetic energy of the photoelectron generated by metal M.
Table 1 lists values of ap and )p for the various metal pairs under consideration as
well as photoelectron kinetic energies. Values of am and Am for the pure metals
are givenin table 2. '

2.2. SEGREGATED PARTICLES
For segregated particles the first step in the calculation involves determining

the coverage of the segregated metal on the particle surface. This is accomplished
by comparing the number of surface atoms on a particle (Nsuf) to the number of

Table 1

Theoretical parameters used in homogeneous particle calculations

Metal pair Xum, ? ap® KEM;)*® KE(M,)® M P
(M;/My) (nm) (V) (eV) (nm) (nm)
Cu/Ni 0.1 0.223 321 401 0.77 0.86
Cu/Ni 0.5 0.225 321 401 0.78 0.88
Cu/Ni 0.9 - 0.227 321 401 0.79 0.88
Cu/Pd 0.1 0.243 321 919 0.88 1.49
Cu/Pd 0.5 0.237 321 919 0.84 1.43
Cu/Pd 0.9 0.230 321 919 0.81 1.37
Pd/Cu 0.1 0.230 919 321 1.37 0.81
Pd/Cu 0.5 0.237 919 321 1.43 0.84
Pd/Cu 0.9 0.243 919 321 1.49 0.88
Pd/Ag 0.1 0.257 919 885 1.62 1.59
Pd/Ag 0.5 0.252 919 885 1.57 1.54

Pd/Ag 0.9 0.246 919 885 1.52 1.49

2 Mole fraction of M;.

b Estimated interlayer spacing in homogeneous bimetallic particles.

© Kinetic energy of photoelectrons generated by M; and M3 (2ps2 for Cu and Ni, 3ds/; for Ag and
Pd).

4 AL of photoelectrons generated from the two metals by Mg Ka radiation in the homogeneous bime-
tallic environment (from Seah and Dench [18]). These values arelabeled )p in the text.
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Table 2
Theoretical parameters used in segregated particle calculations

M; on M,

CuonNi CuonPd PdonCu PdonAg
am, * (nm) 0.228 0.228 0.245 0.245
awm, * (nm) 0.222 0.245 0.228 0.258
A, M, ° (nm) 0.80 0.80 1.51 1.51
A, M, ° (nm) 0.77 0.89 1.35 1.63
Am,, M, ° (nm) 0.89 1.35 0.89 1.48
Am,,m, ° (nm) 0.86 1.51 0.80 1.60

2 ap is thelayer spacing in metal M.

b Au,,M; is the AL of M; photoelectrons in M;. The Aw, M, values are also used in the calculations for
homogeneous particles, and are labeled Ay in the text.

atoms of segregating metal (Nsg) in the particle. If Nyt exceeds Nyg, then
Nieg/Nsurr gives the coverage of the segregating metal. If Ny, exceeds Ny, then a
complete layer of segregating metal will be formed and the calculation must be
repeated for the second layer in the particle. In general, a certain number of com-
plete layers of the segregating metal will be formed over a mixed layer containing
both metals.

After determining the coverage of the segregating metal, the XPS signals can be
calculated taking care to use the proper AL’s, ap values, and mole fractions for
each metal in each layer. For instance, for core metal atoms the photoelectrons first
pass through a number of layers of the core metal, then through the mixed layer,
and finally through any complete layers of segregating metal that may be present.
Since the AL depends weakly on layer spacing [18], the AL will vary slightly as the
electron passes through each region of the particle. For the core metal, setting ap
equal to ay is a reasonable assumption. For the overlayer metal, however, the
situation is not so clear. Experimentally, studies of metal overlayer deposition indi-
cate that pseudomorphic growth generally occurs for the first one to two layers
[22]; i.e., the lattice spacing of the segregated metal parallel to the surface adopts
the value of the core metal. Based on this result, the value of ap for the overlayer
metal might therefore be set equal to the value for the core metal. In the direction
perpendicular to the surface, however, the layer spacing can be either compressed
or expanded relative to the bulk, depending on whether pseudomorphic growth
results in compression or extension of the overlayer metal lattice spacing parallel to
the surface. Furthermore, the assumption of pseudomorphic growth breaks down
after the first one to two layers, and the overlayer structure relaxes to the bulk struc-
ture of the overlayer metal [22]. Fortunately, uncertainty in ap has little effect on
the calculation for two reasons. First, values of am do not vary greatly for the tran-
sition metals under consideration (see table 2). In fact, the uncertainty introduced
by assuming a value of ap in eq. (6) is less than the uncertainty introduced by the
use of either general correlations such as eq. (6), or experimental AL or inelastic
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mean free path (IMFP) measurements [18,23-25]. Second, ap appears in the calcu-
lations only in the exponential attenuation term and the (an/ap)* term in (4), and
in the calculation of Ap. Since Ap varies as af*, division of ap by \p results in an a3
dependence of the exponent in (4). This weak dependence, coupled with the small
variations in ay among the various metals, ensures that the exponential term is
relatively insensitive to ap. The (am/ ap)” term is a serious consideration for large
particles where the segregating metal forms many layers and the assumption of
pseudomorphic growth breaks down. As will be seen below, however, the most
interesting behavior occurs for small particles, where the coverage of overlayer
metal is lowest and the assumption of pseudomorphic growth is most likely to be
valid. In fact, trial calculations using different assumptions for ap result in varia-
tions of only a few percent in the values of (It /I$7 )/ (I /I3 ), demonstrating that
assumptions regarding ap are not critical to the conclusions presented here.

For calculations of AL’s, ap is therefore taken to be equal to the bulk ay values
for both the core metal and the segregated overlayers, while ap for the mixed layer is
set equal to the core metal value. For calculations of attenuation, ap for the core
metal is set equal to the bulk value for the core metal. For the segregated metal, the
assumed value depends on the path of the photoelectrons. For photoelectrons
that travel through the top or bottom segregated layers, ap is set equal to ay for the
segregating metal. For photoelectrons that travel through the side segregated
layers of the particle, ap is set equal to anm of the core metal, in accordance with the
assumption of pseudomorphic growth. The assumed values of ay and Ay for the
various metal pair combinations are given in table 2.

3. Results and discussion

Tables 3 and 4 list the calculated XPS intensity ratios for selected homogeneous
(Ru = (I, /152 )/ (I, /152)) and segregated particles (Rs = (Iyg,/Iig ),/ (Ity./

Table 3
Calculated XPS intensity ratios for homogeneous particles
d (nm) M,/M,
Cu/Pd? Pd/Ag?
Xcw =0.1 Xcuw =05 X =09 Xpa=0.1 Xpe =05 Xpa =09
1.0 0.138 1.24 11.2 0.101 0.91 8.20
1.9 0.121 1.09 9.79 0.102 0.92 8.23
3.9 0.106 0.95 8.57 0.102 0.92 8.28
7.8 0.100 0.90 8.11 0.102 0.92 8.31
15.6 0.099 0.89 8.07 0.102 0.92 8.31
31.1 0.099 0.89 8.07 0.102 0.92 8.31

* The reported values are for Ry = (Ify, / I} )y /(Ify. / IR Ju-
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Table 4
Calculated XPS intensity ratios for segregated particles
d (nm) M;/M.
Cu/Pd? Pd/Ag?
X =01 Xow = 0.5 Xow = 0.9 Xpg =0.1 Xpg =05 Xpa =09
1.0 0.138 1.25 114 0.101 091 8.32
1.9 0.125 1.15 10.5 0.103 0.94 8.73
3.9 0.133 1.23 11.0 0.112 1.07 10.3
7.8 0.194 1.82 18.3 0.150 '1.56 17.8
15.6 0.353 3.76 73.4 0.253 331 71.1
31.1 0.673 12.6 1317 0.481 11.8 1220

* The reported values are for R, = (Ify /3. )s/ (I, /I8, )s-

I )s), respectively. The particle sizes listed in these tables are only approximate
since the independent variable in the calculations is the number of layers in the par-
ticle, and the values of the layer spacing vary slightly with the metal pair in ques-
tion. This slight variation does not affect any conclusions drawn from this work.

For homogeneous particles, XPS ratios approach an asymptotic limit as parti-
cle size increases. These asymptotic values agree within 1% with the ratios calcu-
lated for bulk alloys by the method described by Briggs and Seah [20], providing
confidence in the accuracy of the calculations presented here. For smaller particles,
the variation of R, depends on the metal pair in question. For the Pd/Ag (long
AL/long AL) and Cu/Ni(short AL/short AL) systems, the AL’s of the two photo-
electrons are similar, so the XPS intensity ratio is fairly independent of particle
size, even for small particles. In the Cu/Pd system, however, the AL of Cu 2p;/,
photoelectrons is much shorter than that of the Pd 3ds;, photoelectrons. As a
result, the copper signal reaches its asymptotic limit at a smaller particle size than
the palladium signal, and the Cu 2p; /2 /Pd 3ds /2 XPS ratio decreases with particle
size.

In general, the calculated ratios for the segregated particles behave as expected.
Because the surface to volume ratio of a cubic particle decreases as 1/d, the surface
coverage of the segregated metal (M) increases rapidly with particle size. This
effect results in increasing enhancement of the signal from M, and increasing
attenuation of the signal from the core metal (M,) with particle size. As a result, all
XPS intensity ratios for segregated particles grow rapidly with particle size. The
rate of growth is greatest for particles with the highest concentration of segregating
metal. This trend is due to the interplay of two different effects. As the mole frac-
tion of M; increases, the signal enhancement due to segregation decreases; for high
mole fractions the surface already contains mostly M;, so segregation cannot
result in a large increase in the M XPS signal. Offsetting this effect is an increase in
the attenuation of the core metal signal as the mole fraction of M; increases. For
low mole fractions of My, segregation results in only partial coverage of the outer-
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most layer of the particle by the M, and as a result little attenuation of the M sig-
nal. For a high mole fraction of M, multiple layers of M; are formed upon segrega-
tion, and a large attenuation of the M signal occurs. Based on the calculations,
the increasing attenuation of the M, signal with mole fraction of M; overcomes the
decreasing enhancement of the M; signal, and the rate of change of the XPS ratios
with particle size is greatest for particles with high mole fractions of Mj.

In the Cu/Pd system, anomalous behavior is observed at very low particle
sizes, with the XPS ratio actually decreasing as the particle size increases from 1 to
2 nm for all mole fractions. This result can be explained by considering that for
small particles, the M, signal actually increases with particle size due to an increase
in the number of layers of metal in the particles that contribute to the XPS signal.
In the Cu/Pd system, this increase overcomes the increase in the M signal resulting
from the increase in surface coverage with particle size. This effect can only be
observed for particles with diameters smaller than or nearly equal to the AL of the
core metal photoelectrons. For larger particles, the bottom layers of M. in the par-
ticle make a negligible contribution to the XPS signal, so the M, signal decreases
with particle size due to attenuation by the M; overlayers.

In order to determine the minimum particle size necessary to distinguish
between a homogeneous alloy and a segregated particle by XPS, a comparison of
the XPS ratios calculated for the two cases must be made. This comparison is made
in figs. 1a-1d, where R,/ Ry, is plotted as a function of particle size for the various
metal pairs. For | nm particles, only ~ 4 atomic layers are present, and nearly 90%
of the atoms already reside on the surface of the particles. Thus, the concept of sur-
face segregation is not applicable, and R,/ Ry, is necessarily close to 1.0. As the parti-
cle size increases to 2.0 nm the fraction of atoms residing on the surface decreases
to ~ 60% and surface segregation begins to affect the XPS ratios, as shown by the
increasing values of R/ Ry, in figs. 1a—1d. As expected, Rs/ Ry, continues to increase
for particle sizes above 2 nm, although at different rates depending on the particu-
lar metal pair in question and the concentration of the segregating component.
Clearly, for particle sizes greater than 10 nm differentiation between homogeneous
particles and segregated particles is trivial since the XPS ratios differ by at least a
factor of two in all but one case. For smaller particles the situation is not so clear.
Based on AL and IMFP data presented by Seah and Dench [18] and others [23,24],
it appears that generalized expressions can introduce uncertainties in AL values
of at least 20-30% and possibly as high as a factor of two. Even experimental meas-
urements of attenuation lengths are not accurate to greater than ~ 20-30% [25].
Furthermore, XPS sensitivity factors (Igf) must be accurately known in order to
convert measured XPS intensities to (Ify /I57)/ (I, /Iiz.) for comparison with the
calculations. Use of published sensitivity factors [26,27] can result in uncertainties
on the order of 20-50% if the experimental conditions and the transmission charac-
teristics of the spectrometer used to obtain the sensitivity factors differ from those
of the experimental spectrometer [28]. Simulation of these uncertainties in the cal-
culations indicates that the measured value of (Iy; /If¢)/(Iy,/If.) should be at
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Fig. 1. Ry/Ry as a function of particle size for the various metal pairs. Ry = (Igy, /2. )/ (I, AN
Ry = (B, /I.)s/ (1, /1% ). (2) Cu/Ni; (b) Cu/Pd; (c) Pd/ Cu; (dPd/Ag.

least 50% greater than the calculated value of Ry, before one can confidently state
that surface segregation has occurred. The dotted lines in figs. 1a—1d indicate this
point. The decision point could potentially be lowered below 50% by measurement
of relative sensitivity factors for the pure metals on the same instrument that is to
be used to analyze the unknown alloy particles. Quantification can also be
improved by the use of appropriate standard materials for calibration, although it
is doubtful that reproducible standards for segregated and homogeneous alloy par-
ticles could be established.
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Based on the criteria for discriminating between homogeneous and segregated
particles, fig. 1 shows that the minimum particle size for which segregation can be
detected can be as low as 3 nm or as high as 8 nm, depending on the combination of
metals chosen and the relative concentrations of the two metals in the particle.
This conclusion is only valid in cases of complete segregation of one metallic com-
ponent. In many cases, particularly when the two metals are partly or completely
miscible, only partial segregation occurs. The extent of segregation depends on the
miscibility of the metals [29], the heat of segregation, and the entropy change that
accompanies segregation [5]. Note that metals which are immiscible in the bulk are
sometimes found to be miscible in small particles [1]. For partial segregation the
values of R;/Ry, will be smaller than presented in fig. 1 and the minimum particle
size for which segregation can be discerned will be correspondingly greater.

For all metal pairs, the minimum particle size is smallest when the concentration
of M; is highest. This outcome is the result of the competing factors described
above in the discussion of table 4. For a high concentration of M, the transition
from a homogeneous particle to a segregated particle results in little change in the
concentration of M; on the surface, but a large decrease in the M, signal due to
attenuation by the overlying layers of M;. For a low concentration of M, little
attenuation of the M, XPS signal occurs, but the surface concentration of the segre-
gating metal increases greatly. Both situations result in values of R;/Ry, greater
than one, but the attenuation of the M, signal when the concentration of M; is high
is evidently stronger than the enhancement of the M signal when the M; concentra-
tion is low.

A comparison of different metal pairs with the same concentrations of segregat-
ing metal is made in figs. 2a-2c. For a given segregating metal the minimum parti-
cle size is smallest when the core metal has a low AL. This result is physically
understandable. Since the AL of photoelectrons from the segregating metal is only
a weak function of the metal environment (through the @' term in eq. (6)), the
enhancement of the M; signal during the transition from a homogeneous particle to
a segregated particle is relatively independent of the identity of the core metal.
The loss in signal from the core metal due to attenuation by the segregated metal
overlayers, however, depends strongly on the AL of the core metal photoelectrons.
Thus, core metals with small AL’s undergo more attenuation than core metals
with large AL’s, and the value of R;/ Ry, rises faster with particle size for the core
metals with small AL’s. Similar arguments explain the change in the value of R/ Ry
when the AL of the segregating metal changes while the AL of the core metal stays
the same (e.g., Cu/Pd versus Pd/Ag). In this case, attenuation of the M, signal is
relatively independent of the identity of M, while the enhancement of the signal
from M is greatest for the segregating metal with the lower AL. The comparison of
a system consisting of a low AL metal on a high AL metal (Cu/Pd) with a system
of a high AL metal on a low AL metal (Pd/Cu) is not straightforward since the
effects discussed above tend to offset each other. As a result, the relative magni-
tudes of Rs/ Ry, for Cu/Pd versus Pd/Cu change as the particle composition is var-
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Fig. 2. R;/Ry as a function of particle size for various metal pairs containing (a) 10%; (b) 50%; (c)
90% of the segregating metal.

ied. In general, however, discrimination between a homogeneous particle and a seg-
regated particle becomes easier as the AL’s of both metal photoelectrons
decrease, as expected. Thus, in order to enhance the detection of segregation, one
should use the lowest kinetic energy photoelectrons that can be reliably measured
and for which accurate sensitivity factors are available. This criterion implies that
Mg Ko radiation is preferred over the higher energy Al Ka radiation, in the
absence of other considerations. In the case of Cu and Ni the 2p;/, photoelectron
peaks are ideal. For Pd and Ag, however, decreased AL’s result from the use of
3ps/2 rather than the 3ds, photoelectrons considered here, but this gain is compen-
sated by a loss in sensitivity [26].
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The model predictions are validated by comparison with the limited number of
experimental studies that report both XPS signal ratios and particle sizes for bime-
tallic particles. Glavee et al. [16] report detecting only Li on the surface of 16 nm
Li-Fe particles, while Tan et al. [6] report surface enrichment of Co on Fe-Co parti-
cles without directly specifying particle size, although they describe similar pure
Fe particles as “large” and covered with a “thin oxide layer, perhaps 10-20 A
thick,” implying particle diameters of many nanometers. Thus, for particle diam-
eters greater than 8 nm, XPS easily detects segregation, as predicted. In contrast,
Wong et al. [14] report that XPS is inconclusive regarding surface segregation in
~ 2 nm Rh-Ir particles. This result is predicted by the model since both Rh 3d and
Ir 4d photoelectrons have long AL’s, and this system therefore resembles the Pd/
Ag system of fig. 1d that predicts a minimum particle size of 5-8 nm for detection
of segregation. Of more interest are reports of XPS results for bimetallic particles
within the range of 3-8 nm, where the critical particle sizes occur. Chakrabaty et al.
[15] report segregation of Pt to the surface of 5.3 nm Pt-Ru particles containing
20 at% Pt. (Although particle size was not explicitly reported, the measured disper-
sion of 27.6% allows calculation of the particle diameter using d = 6a/D, where a
is the metallic radius and D is the dispersion.) The measured XPS ratio is only 25%
greater than expected for a homogeneous alloy, however, so the conclusion of seg-
regation is questionable based on the criteria presented here. In terms of AL’s, the
Pt/Ru system most closely resembles the Pd/Ag system of fig. 1d. For Ru rich
particles, one would therefore predict a minimum particle size of 6-7 nm for detec-
tion of segregation, slightly higher than the experimental particle size of 5.3 nm,
and therefore consistent with the small observed enhancement in the XPS ratio.
Juszczyk et al. [17] report surface segregation of Pd in Pd—Co particles for Pd-Co
particles containing 25, 50, and 75% Pd, with particle diameters of 2.3, 3.7, and
8.0 nm, respectively. Comparison to fig. 1c for the very similar (in terms of photo-
electron AL’s) Pd/Cu system shows that the experimental particle sizes are near
the predicted critical particle sizes for all compositions, and observation of surface
segregation should be just possible. Note, however, that Juszczyk et al. compared
bulk particle compositions to measured XPS peak area ratios corrected by the sen-
sitivity factors of Wagner et al. [26], a method that does not account for differences
in photoelectron AL’s. The longer AL of Pd 3d relative to Co 2p photoelectrons
would result in corrected Pd/Co XPS ratios for homogeneous particles that are
higher than the bulk atomic ratios, thereby decreasing the observed enhancement
attributed to Pd segregation. This effect could explain why the reported factor of
two difference between the corrected XPS ratios and the bulk composition is so
much greater than predicted from the model. (This explanation does not apply to
the earlier mentioned studies [6,14,15] even though similar quantitation methods
were used, since in each of those cases the two metals generate photoelectrons with
similar AL’s.)

The results presented here are significant for studies of bimetallic catalysts since
the particle sizes of interest in catalysis are often in the range of 1-10 nm. Within
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this size regime significant changes in particle surface morphology occur, giving
rise to structure sensitivity in certain catalytic reactions [30]. The present results
demonstrate that surface analytical techniques such as XPS may be unable to pro-
vide unambiguous information on surface composition for this particle size
range, particularly in cases where only partial segregation occurs. Furthermore, in
a supported catalyst one must account for attenuation of the XPS signals as the
metal photoelectrons pass through the support material [31], adding an additional
computational uncertainty to the calculations presented above. Finally, the pres-
ence of a support could influence segregation behavior, resulting in preferential
segregation of one component to the interface between the support and the parti-
cle, rather than the uniform segregation assumed in the model. For all of these rea-
sons, analysis of surface segregation in supported alloy particles by XPS or AES
is questionable for particles smaller than 8 nm. Thus, XPS or AES studies claiming
to detect preferential segregation in small alloy particles, without accompanying
information on particle size and an appropriate analysis of the expected theoreti-
cal XPS intensity ratios, must be viewed with suspicion. The common practice
of estimating surface composition in bimetallic particles using the approximate
relation

IMI / Il\olfol

XM, = 7
" /B + hw /R, )

is inadequate even for large particles since it accounts for neither the different
AL’s of the photoelectrons from the two metals, nor the differences between ay
and ap.

4, Conclusions

Theoretical calculations of XPS intensity ratios for bimetallic particles show
that detection of preferential surface enrichment of one of the metals is difficult for
particle sizes below 8 nm, although in ideal cases detection may be possible for par-
ticles as small as 3 nm. These ideal cases consist of systems in which complete segre-
gation occurs, the mole fraction of the segregating metal in the particle is high,
and both metal photoelectrons have low kinetic energies and therefore short AL’s.
Detection can also be enhanced by measurement of XPS sensitivity factors on the
same instrument used to analyze the bimetallic particles, rather than by relying on
published sensitivity factors. Reports of surface segregation detected by XPS
must therefore be viewed with suspicion unless independent particle size data is
available that shows that the particles are larger than ~ 8 nm in diameter. For
smaller bimetallic particles, alternative explanations for measured XPS ratios that
deviate from calculated values should be sought before concluding that surface
enrichment is occurring.
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