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A general expression relating the observed XPS intensity ratio of the dispersed phase to the
carrier of a catalyst with the size of the dispersed particles has been derived. The shape of the
supported particles dictates the type of functional relationship which exists between the ob-
served XPS intensity ratio and the size of the supported particles. This functional relationship
has been derived for spherical, hemispherical, and cubic particles. The chemical nature of the
catalyst is expressed as a parameter, A.(E), describing the mean free path for inelastic scatter-
ing of the dispersed-phase photoelectrons in the supported particles. A special case can be
generated from this general expression to account for a linear relationship of the loading of
the dispersed phase with the observed XPS dispersed phase/carrier intensity ratio provided
that there is no maldistribution of the supported particles on the surface of the carrier. The
derived expression is utilized successfully to describe the sintering behavior of a monoatomic

Pt film on a silica substrate under hydrogen.

INTRODUCTION

In order to obtain meaningful compari-
sons of the activities of supported metal
catalysts, it is necessary to know the states
of dispersion of the metal particles. Selec-
tive gas-adsorption and X-ray diffraction
are the most convenient techniques em-
ployed in the determination of the size of
supported metal particles. However, the
former is applicable only for supported
transition-metal catalysts and the latter is
generally insensitive to particle size below
5 nm. It is desirable to develop a technique
which can be applied to any catalyst {e.g.,
supported metal-oxide or supported metal-
sulfide) for particle size determination of
the supported phase. X-Ray photoelectron
spectroscopy (XPS) appears to be the ideal
candidate for this application since it

analyzes the near-surface layers of a solid
and because every element, with the excep-
tion of hydrogen, is susceptible to this
technique. However, due to incomplete
knowledge of the quantitative basis which
relates the spectral intensity to the size and
shape of supported particles, the full po-
tential of X PS in particle size determination
has not been realized.

Thus, previous attempts in relating XPS
dispersed phase/carrier intensity ratio to
the size of supported particles have in
general not been fruitful. Brinein et al. (1)
correlated XPS peak area ratio (Rh3d/Cls)
with metal crystallite size (from X-ray
diffraction measurements) for ~129, Rh/
carbon catalysts of varying metal disper-
sion. The large metal crystallite size
samples were obtained by hydrogen reduc-
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on at 400 to 700°C. Significant gasification
the carbon support catalyzed by the
rhodlum particles was reported by Tomita
and Tamai (2) at these high temperatures,
and as a consequence the rhodium concen-
atinn vrnn‘r‘ ]m:x nrn" aver 1907 This re-
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sulted in overestimations of the XPS in-
tensity ratio for these agglomerated cata-
lysts. Scharpen (3) attempted to correlate
XPS peak area ratios Pt4f/Si2p with total
hydrogen adsorption for Pt/8i0, catalysts
with varying metal loading. Nevertheless,
it will be shown later that the functional
relationship relating the XPS intensity
ratio to the particle size of a supported
catalyst differs significantly from that de-
scribing the adsorption of hydrogen. There-
fore, the correlation failed to accommodate
all the experimental data. A recent paper by
Angenine et al. (4) tried to correlate XPS
intensity ratio of Pt/8iO, with Pt particle
gize obtained by hydrogen adsorption in

+ha
the limit that the particle size of Pt >> Aey,

the mean free path of Pt 4f electrons for
inelastic scattering, which under their ex-
perimental conditions was about 15 A.
Hence, only those samples with Pt particle
size greater than 45 A were suitable for
analysis. In addition their correlation was
applicable only to cubic particles. In all
the references cited, there were no pro-
visions to extract metal particle size from
the observed XPS metal/carrier intensity
ratio.

tlﬂ

paper I derive a general expres-
sion re]atmg the observed XPS dispersed
phase/carrier intensity ratio to the particle
size of the supported phase for various
particle shapes, ie, spherical hemispheri-
cal, and cubic. The basic principle can also
be applied to disk-shape or raft-like par-
ticles. This expression allows one to predict
the size of the supported particles from the
observed XPS intensity ratio. A special
case can be generated from this general
expression to account for a linear relation-
chin of the dispersed phase loading with
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the observed XPS intensity ratio. In addi-
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tion, the derived expression is utilized suc-
cessfully to describe the sintering behavior
of a monoatomic Pt film on a silica substrate
under hydrogen.

The ~-Al;Os-supported tungsten cata-
lysts were prepared by impregnating y-Al:Os
with ammonium meta-tungstate solution
of the appropriate coneentrations to yield,
upon calcination, the following catalysts
with WO; loadings of 1.9, 3.9, 6.5, 9.1, 10,
13.8, and 209,. The catalysts were dried in
air at 110-120°C for 16 hr. After drying, a
portion of each of the above samples was
calcined in air at 500°C for 16 hr. The

~+-AL;O;, with & BET area of 175 m?/g, was

T S VAT 1Wh g 2R 1 area of & X/

obtamed from Engelhard Industries, Inc.,
Newark, N.J. as {15’} cylinders. They were
crushed and ground to fine powder before
catalyst preparation

A bumu-blipp(u ted Pt sampw was ob-
tained first by depositing a silica layer of
75 nm onto a 5 X 10~ cm thick stainless-
steel foil. Platinum was then evaporated
at 10~¢ Torr onto the silica support from a
spectrographically pure Pt wire mounted
on a tungsten filament. This produced a
Pt film approximately one atom thick.

XPS measurements were obtained on the
pressed powder samples of vy-Al,Os-sup-
ported tungsten catalysts without any
sample treatment. The powder samples
were pressed onto a S0 X 80-mesh Ag
screen of 0.4 X 1.1 em. In contrast the
supported Pt sample was reduced under
hydrogen before each XPS measurement.
The Pt sample was cut into a 2-em strip
and mounted onto a sample holder which
was fastened to a bellow arrangement and
was readily extended into the electron-
spectrometer. The sample holder was con-
tained in a reaction vessel which could be
isolated from the spectrometer. Hydrogen
treatment of the sample was carried out in
the reaction chamber at the following

temperature, 150, 300, 500, 600, and 700°C
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with a 209, hydrogen/helium mixture
under flow conditions for 1 hr. After each
reduction period the sample was cooled
under the gas mixture and evacuated before
inserting into the spectrometer. XPS mea-
surements were performed in a Model 200A
AEI Scientific Instruments Spectrometer
with an aluminum anode. The intensity
ratios B4 were obtained as the ratios of the
corresponding peak areas.

RESULTS AND DISCUSSION

Basis of Size Determination of Supporied
Particles by XPS

In analyzing the intensity of a XPS
signal, it is necessary to take into account
that the mean free path of kilovolt X rays
in matter is several orders of magnitude
greater than that of the photoejected elec-
trons. Thus, the X-ray beam is essentially
unattenuated over the range of surface
thickness from which photoelectrons emerge
without any energy loss due to inelastic
collisions. Therefore, the probing depth
of XPS is determined by the mean free
path of the photoelectron which ranges
from 0.4 to 3 nm when the energy of the
photoelectron is 100 to 1500 eV (4§). In
general the thickness of a carrier particle,
b, is much greater than the mean free path,
X, for inelastic scattering of a photo-
electron in carrier S. This condition is still
satisfied even for a porous carrier such as
Al;03. The wall thickness of an average
pore in an alumina particle is in the order
of 10 nm, since this is the average size of
the Al,O; crystallites from which the porous
structure is constructed. Therefore, the
XPS intensity ratio, R4, between two par-
ticular photoelectron lines which are asso-
ciated with the dispersed phase and the
carrier, respectively, is a function of the
number of dispersed particles on the ex-
ternal surfaces (not within the pores) of the
alumina particles. The use of R4 instead of
the integrated intensities of each photo-
electron line in the quantification of XPS
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data frees one from dealing with problems
associated with nonreproducibility of the
geometry and morphology of a series of
samples, since R4 is independent of the
physical nature of the samples. The number
of supported particles per unit of external
surface area of a carrier particle depends
on the specific metal loading, the specific
surface area of the carrier, and the size
and shape of the supported particles as well
as their distribution on the carrier surface.
Attenuation of the intensity of the carrier
photoelectron line by the supported par-
ticles can be neglected when the surface
area of the carrier is high and the metal
loading is relatively low, because under
these conditions the surface coverage of
the carrier is low. If the effect of carbon
contamination overlayer is neglected and
with a detector arrangement which collects
only the photoelectrons emerging from the
sample surface at 90°, the XPS intensity
ratio of dispersed phase/carrier, R4, can
be shown to have the following functional
relationship with the shape and the average
size of supported particles (see Appendix
A on detailed mathematical analysis).

W X(E)H,
DSd N\ (E")H,

V(d, N(E)) (1)

where & is a proportional constant describ-
ing the distribution of the supported par-
ticles on the surface of the carrier, W is the
weight of the dispersed phase/g of catalyst,
D is the density of the dispersed phase, S is
the surface area of the carrier/g of catalyst,
A (E) is the mean free path of inelastic scat-
tering of the dispersed phase photoelectrons
of energy E in the supported particles,
As(E') is the mean free path of inelastic
scattering of the carrier photoelectrons of
energy E’ in the carrier, H, is the spectro-
scopic constant of the dispersed phase, H,
is the spectroscopic constant of the carrier,
d is a characteristic dimension of the
supported particles; the diameter of a
spherical or hemispherical particle, the edge
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TABLE 1
Dependency of Standardized XPS Intensity Ratio on the Shape and Size of the Supported
Particles—Reference to 1-nm Particles
Particle Standardized XPS intensity ratio N
size
(nm) Sphere Hemisphere Cube
Ae(E) Ae(B) Ae(E)
1nm 1.5 nm 1 nm 1.5 nm 1nm 1.5 nm
1 1 1 1 1 1 1
2 0.746 0.809 0.847 0.891 0.684 0.757
3 0.581 0.668 0.727 0.799 0.501 0.592
4 0.470 0.564 0.631 0.720 0.388 0.478
5 0.392 0.484 0.555 0.653 0.314 0.396
6 0.334 0.421 0.492 0.596 0.263 0.336
8 0.257 0.332 0.398 0.502 0.198 0.256
10 0.208 0.273 0.332 0.431 0.158 0.206
12 0.174 0.230 .283 0.376 0.132 0.171
14 0.150 0.199 0.246 0.332 0.113 0.147

of a cubic particle, and the thickness of a
disk or raft, ¥(d,\.(E)) is the shape factor
and is a function of the shape and average
size of the supported particles, and \.(E).
Its explicit forms for wvarious particle
shapes are as follows:

Supported spherieal particles

3 N2 (H)
Vo (d, \e(B)) == {1 —
2 d?
X [1 — exp(—d/A(E))]

2 (E)
. exp(—d/A(E);  (2)

Supported hemispherical particles

8h2(B)
us(d () = 31— —
X [1 — exp(—d/2A(E)]

4. (E

) exp(—d/2x(E)); (3)

Supported cubic particles, or disks or rafts
Yo(d A (E)) = 1 — exp(—d/N\(E)) (4)

Equation (1) describes how the XPS in-
tensity ratio varies with the particle size
d of the supported particles, the loading of

the dispersed phase, and the surface area
of the carrier. If we study a series of
catalysts with various dispersed phase
loading and examine the intensity ratio
of two particular photoelectron lines asso-
ciated with the dispersed phase and the
carrier, respectively, Ry will vary linearly
with the loading of the dispersed phase
provided the size of the supported particles
does not vary and there is no change in the
shape of the catalyst particles. An even
more important parameter is the distribu-
tion constant & which is assumed to main-
tain a constant value in spite of the varia-
tion in the dispersed phase loading. More
often & depends strongly on catalyst prepa-
ration. The inefficient use of all the avail-
able surface area of the carrier, especially
in highly porous materials with large varia-
tion in pore size, results in drastic change
in the k values. The preferential deposition
of the dispersed phase on the external sur-
face of the carrier particles results in a
large k& whereas small & is obtained when
the dispersed phase concentrates in the
porous structure of the carrier. Variation
in Rq for a series of catalysts with no
change in the size of the supported particles
provides information about the distribution
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Fic. 1. Dependency of the standardized XPS intensity ratio on the shape and size of the sup-~
ported particles. Reference state 1-nm particle (a) and (b) hemispherical, (¢) spherical, (d) cubic

particles, (e) dispersion curve.

of the dispersed phase on the carrier surface.
The constants H, and H; remain constant
for all samples since they are studied under
the same spectrometer conditions. It is not
practical to employ Eq. (1) to calculate
the size of the supported particles from
the observed R4 since the magnitude of %
can be obtained experimentally only by
examining the dependency of R4 with the
loading of the dispersed phase and at the
same time keeping the particle size constant.
It is more useful to obtain a relationship
which describes the change in R4 with the
size of the supported particles independent
of the nature of the catalyst. Equation (5)
describes the decrease in R4, which has
been normalized with respect to the loading
of the dispersed phase and the surface area
of the carrier, from a standard catalyst
due to increase in the size of the supported

particles.

RdOWSU d ‘I’o(do, )\C(E))

when £ =Fky and do=1nm (5)

The selection of the 1-nm particle size as
the reference state has a practical signifi-
cance since the dispersion of such a catalyst
is close to 10095. The only parameter which
affects the relationship between N and d
is A (%) which is a funection of the catalyst
material and the energy of the photo-
electrons. It is easy to show that N, the
standardized XPS intensity ratio, de-
creases from unity with an increase in the
size of the supported particles. With A, (&)
as the parameter one can construct a set
of curves describing the dependency of
N on the size of the supported particles.
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F1a. 2. Log-log plots of the dependency of the standardized XPS intensity ratio on the shape
and size of the supported particles. Reference state 1-nm particle (a) and (b) hemispherical, (c)
spherical, (d) cubic particles, (e) dispersion curve.

This relationship is applicable for supported
metal, metal-oxide, or metal-sulfide par-
ticles and is especially useful for the latter
two types of catalysts, since particle size
determination by gas adsorption is gen-
erally not suitable with these catalysts and
they are generally amorphous to X-ray
diffraction. The calculated N values as a
function of d with A.(F) = 1 and 1.5 nm
are shown in Table 1 and Fig. 1.

The relationship of catalyst dispersion
and the size of the supported particle is
also illustrated in Fig. 1. Practically all the
atoms in a l-nm particle are exposed and
the catalyst dispersion corresponds to
unity. It is easily shown that catalyst dis-
persion, D, is an inverse function of the
size of the supported particle and is inde-
pendent of the particle shape for the particle
shapes considered here. This inverse rela-
tionship is represented by the straight line
in Fig. 2 which is constructed from Fig. 1
with logarithmic coordinates. A slope of
—1 indicates the inverse relationship be-

tween © and d. Figure 2 clearly illustrates
the different functional relationship of
dispersion, D, and of the standardized XPS
intensity ratio, N, with the size of the
supported particles. The standardized XPS
intensity ratio, N, has less dependency on
particle size as compared to the dispersion
of the catalyst. This is due to the fact that
gas adsorption, which is generally used to
obtain metal dispersion, measures only the
surface atoms and results in a surface
average size. On the other hand, a volume
average size i1s obtained by X-ray line
broadening. X-Ray photoelectron spectros-
copy gives something between a surface
and volume average size, since the surface
atoms and atoms below the surface con-
tribute significantly to the intensity of an
XPS signal.

Returning to Fig. 2, one notices that in
the limit of very large particles with
d > A\.(E), N is inversely proportion to d.
In particular, Curve (d) of the cubic par-
ticles develops into a straight line with a
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slope of —1 when d > 3x.(¥). This sug-
gests that Curve (d) would coincide with
Curve (e) if A.(E) would have a value of
less than 0.3 nm. Substantially larger
particles with d > 6A.(F) and d > 10X, (&)
are required to attain the inverse relation-
ship between N and d when the particles
are spherical and hemispherical, respec-
tively. Therefore, in the limit of large
particles, XPS measurements result in a
surface average size.

In the case of very small particles with
d << N\.(E), the standardized XPS intensity
ratio, N, does not depend on the size of
the supported particles and therefore serves
no useful purpose in particle size determina-
tion. For simplicity, we choose supported
cubic particles as an illustration. The shape
factor of a cubic particle represented by
Eq. (4) is reduced to d/A.(E) when d is
much smaller than A.(¥). With this shape

Ry 0.4 -

0.3— —
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0.1 ’/’ -

] | | ]
5 10 15 20
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Fic. 3. Dependency of Rq on the loading of
tungsten in +-Al;O; supported tungsten catalysts:
®, impregnated and dried; A, calcined at 500°C.
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TABLE 2

XPS Intensity Ratio Pt4f/Si2p of a Silica-Supported
Monoatomic Pt Film Sintered under Hydrogen

Reduction Pt4f/Si2p  Std. intensity
temperature (Ra) ratio
(°C) N)
— 1.735 1
150 1.457 0.840
300 1.062 0.612
500 0.915 0.527
600 0.821 0.473
700 0.701 0.404

factor substituted in Eq. (5), we obtain
a constant value for NV at any particle size
within the limit of d << A(E). The physical
significance of this resides on the fact that
atoms on the surface of the particles as
well as those within contribute equally to
the XPS signal. In other words, photo-
electrons emitted within the particles are
essentially unattenuated due to the large
A\e(E). Fortunately, values of \.(E) do not
greatly exceed the particle size range of
practical interest and therefore, particle
size determination is possible by XPS
measurements.

The Linear Relationship between R4 and the
Supported Phase Loading—WO3/v-Al0;

The intensity ratio W4f/Al2s is calcu-
lated from the area of the W4f peaks (spin
doublet) and the area of the Al2s peak.
This ratio increases linearly with the load-
ing of WO; as is shown in Fig. 3. The im-
pregnated and the calcined samples fall onto
the same straight line. This indicates that
there is no difference between these two
groups of catalysts and the catalysts within
each group, in the shape and the average
size of their tungsten particles as well as in
the distribution of the tungsten particles
on the surface of y-Al,O; It is not sur-
prising that the special requirements in
Eq. (1) for the establishment of a linear
relationship between Ry and W are satisfied
by these WO3/y-Al,O; catalysts based on
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Fic. 4. Dependence of the standardized XPS intensity ratio on the shape and size of the sup-
ported Pt particles. Reference state monoatomic Pt film dy = 0.247 nm (a) hemispherical, (b)

spherical, (¢) cubic particles

the chemical property of supported WOs;.
Biloen and Pott (6) in their XPS studies
of the reducibility of WO; and supported
WOj; reported that y-Al.O; stabilized WO;
from being reduced to lower valence states
in hydrogen up to 550°C. A few years later
Ng and Hercules (?) investigated nickel-
tungsten catalysts supported on y-alumina
after reduction and sulfiding and arrived
at a similar conclusion. They postulated
that the stability of WO; in hydrogen was
due to the formation of a surface complex
between WO; and y-AlyO;. This is in agree-
ment with the data presented in Fig. 3
which indicate that up to a maximum
coverage of 809, the deposited WO; does
not agglomerate and is dispersed on the
surface of Al;Os; in monolayer thickness.
This maximum coverage is calculated for
175 m2/g v-Al;0; using an O~ ion density

of 9.1 X 10'® ions/m? for the (110) surface
(8) and assuming one W ion bonded to
two O~2 ions on the y-Al;O; surface.

At this maximum coverage the attenua-
tion of the intensity of the Al2s photo-
electrons by the WO; overlayer is esti-
mated to be 89,. Hence the proposed model
in neglecting the attenuation effect by the
dispersed phase on the high surface area
carrier is justified. The maximum attenua-
tion is calculated from the reported mono-
layer thickness of WO; (9) and the mean
free path for inelastic scattering of Al2s
photoelectrons in WO;. The latter is as-
sumed to have the same value of the mean
free path for inelastic scattering of Waf
photoelectrons in 'WO; reported in (9),
since the kinetic energy of Al2s photoelec-
trons is lower by about 90 eV than the
1450 eV reported for W4f.
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TABLE 3

Sintering of a Silica-Supported Monoatomic Pt Film to Particles of Various Shapes

Reduction Std. intensity Characteristic dimension of the
temperature ratio (V) Pt particles (nm)
(°C)
Hemispherical Spherical Cubic
150 0.840 2.0 1.0 0.8
300 0.612 4.7 2.3 1.7
500 0.527 6.2 3.1 2.2
600 0.473 7.4 3.7 2.6
700 0.404 9.2 4.6 3.2

Determination of Pt Particle Size by XPS
Intensity Ratio

The intensity ratio Pt4f/Si2p is calcu-
lated from the area of the Pt4f peaks (spin
doublet) and the area of the Si2p peaks.
Table 2 lists the intensity ratio Pt4f/Si2p
obtained at each sintering temperature.
Their values standardized with respect to
that of the fresh sample are shown in
Table 2. Sintering of the monoatomic Pt
film under hydrogen obviously decreases
the intensity ratio Pt4f/Si2p.

The working curves in Fig. 1 describing
the relationship between the standardized
intensity ratio, N, and the size of the sup-
ported particles are derived for low coverage
of the carrier by the dispersed phase and
with reference to 1-nm particles and there-
fore cannot be directly applied to describe
the sintering behavior of a monoatomic Pt
film. A new set of working curves are con-
structed in Fig. 4, by employing mono-
atomic Pt film as the reference state and
taking into account the change in surface
coverage of the silica by the sintered Pt
particles. The derived functional relation-
ships for spherical, hemispherical, and cubic
particles are detailed in Appendix B. The
exact value of the mean free path for in-
elastic scattering of the 4f platinum photo-
electrons has not been reported. However,
a reasonable value of about 1.5 nm can be
obtained from the universal curve (5).
From the experimental N values, the size
of the Pt particle at each sintering tem-

perature was determined from the working
curves in Fig. 4 and are listed in Table 3.
Interestingly, the decrease in the standard-
ized intensity ratio, N, at each sintering
temperature is the same for hemispherical
and spherical particles when the former
have a characteristic dimension twice that
of the latter.

A uniform carbon contamination on the
surface of the sample has little effect on
the ratio Pt 4f/8i2p since the carbon layer
has the same degree of attenuation on the
4f platinum and 2p silica photoelectrons,
because there is little difference in their
mean free path in carbon (see Appendix B).
The error in determining the initial thick-
ness of the Pt film has only a minor in-
fluence on the N values of the work-
ing curves, since N is proportional to
d/[1 — exp(—d/A.(E))], where d is the
thickness of the Pt film in the fresh sample.
The doubling of the Pt film thickness from
monoatomic to diatomic reduces the N
values by less than 109, at any given Pt
particle size.

The sintering behavior of this silica-
supported Pt film under hydrogen has been
determined by transmission electron micro-
scope (TEM) (10). The Pt particles were
circular in shape. In regard to the three-
dimensional nature of the Pt particles, TEM
could not distinguish between sphere and
hemisphere. Figure 5 compares the growth
of the Pt particles as a function of sintering
temperature determined by the above two
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Fic. 5. Sintering behavior of a monoatomic Pt film/silica under hydrogen.

techniques. With the exception of the
150°C reduction, the Pt particle sizes de-
termined by the two techniques are in good
agreement when the Pt particles are as-
sumed to be hemispherical. The substan-
tially smaller Pt particle size determined
by XPS after 150°C reduction indicated
that at this temperature the Pt particles
had not attained the shape of a hemisphere
but rather they were closer to disk-like
particles with a thickness of 2 nm. Substan-
tially underestimated Pt particle size is
obtained at each sintering temperature
when the particles are assumed to be
cubic or spherical as is indicated in Table 3.
In order to obtain particle size data of the
cubic and spherical particles in agreement
with those obtained by TEM, Xp; for the
4f platinum photoelectron would have to be
unreasonably large.

The above model is based on a single
parameter distribution function of par-
ticle sizes in order to simplify the mathe-
matics. Deviailon from the assumed uni-
form particle size, as is more than often
encountered in a practical catalyst, intro-
duces an error of about 109, in an over-
estimation of the size of Pt particles as
compared to that obtained by TEM (see
Appendix C). Hence the validity of the

proposed model has been demonstrated
and at the same time information about
the shape of the supported Pt pacticles is
obtained.

CONCLUSION

As a result of a detailed analysis of the
effect of the size and shape of supported
particles on the XPS dispersed phase/
carrier intensity ratio, the average size of
Pt particles supported on silica at each
sintering temperature has been determined
directly from XPS measurements. These
particle sizes are in good agreement with
those obtained from TEM. A special case is
generated from the derived expression and
provides a good deseription on the variation
of the XPS intensity ratio W 4f/Al2s with
the loading of WOj; on v-AlOs.

Limitations do exist in using this model
for particle size determination. The most
important assumption is that the distribu-
tion constant k remains unchanged in spite
of the variations in the dispersed phase
loading and catalyst treatment conditions.
The inefficient, use of all the available sur-
face area of the carrier, especially in highly
porous materials with large variation in
pore size, results in drastic change in the
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k value. Without any knowledge about the
exact value of & for each catalyst, particle
size determination of the supported par-
ticles is not possible by the derived expres-
sion in Eq. (5). On the other hand, if the
supported particles of a series of catalysts
are found to have the same size and shape
by an independent technique, the relative
magnitudes of the distribution constant k&
for these catalysts can be obtained from
Eq. (1), since k is proportional to the
observed XPS intensity ratio of dispersed
phase/carrier.

In addition to the requirement of a con-
stant k value, at least a calibration-sample
is needed to establish the reference state.
In other words, the size of the supported
particles in this calibrated sample has to
be determined by an independent tech-
nique. From this, Ry, of a chosen standard
state can be ealculated for various particle
shapes using Eq. (5). Once this is estab-
lished, particle size of the supported par-
ticles (of a particular shape) in the rest of
the samples can be determined by the use
of the working curves in Figs. 1 or 4 accord-
ing to the stated conditions (see Appendixes
A and B). In principle, the exact particle
shape can be determined if another particle
size which differs from that of the standard
sample is available by an independent
technique. The closest agreement of the
particle size between the actual measured
valuz (by the independent technique) and
one of the calculated values obtained for
various particle shapes (by the observed
R3) indicates that the assumed shape is
correct. However, even without any knowl-
edge about the particle shape, one can
obtain an indication of the trend of the
size of the supported particles in & series of
catalysts by XPS measurements through
the use of Eq. (5).

In general, the use of XPS measurements

for particle size determination of the sup-

ported particles is more complex than the
gas adsorption and X-ray line broadening.
Certain unique conditions (such as constant
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Frac. 6. Cross-sectional view of a spherical particle
on the carrier surface,

k values and stable particle shape) have to
be satisfied before meaningful particle size
informations can be obtained. Neverthe-
less, because of the success in establishing
the quantitative basis for XPS measure-
ments in the determination of the size of
supported particles, photoelectron spectros-
copy is a promising technique for particle
size determination especially when gas ad-
sorption and X-ray line broadening fail to
yield meaningful data.

APPENDIX

A. Dependency of XPS Dispersed Phase/
Carrier Intensity Ratio on the Size of
Supported Spherical Particles

The precise form of the functional rela-
tionship between the XPS dispersed phase/
carrier intensity ratio and the size of sup-
ported particles depends on the shape of
the latter. As an illustration, a detailed
analysis of the functional relationship is
presented for supported spherical particles.
However, functional relationships for par-
ticles other than spherical in shape are
easily obtained if one follows the procedures
outlined for the spherical particles.

It is easy to show that the observed 1n-
tensity of an XPS signal for a given sub-
shell of a given element from a volume
element dv within a solid at a distant z
below the surface of the solid is:

dl = H-F-Gexp(—z/Au(E))dv (Al)
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where F is the X-ray flux, ¢ is a constant
which depends on the physical nature of
the sample surface, and H is the spectro-
scopic constant which contains information
such as the concentration of an element in
terms of atoms per unit volume in the
solid, the sensitivity of the spectrometer
to the ejected photoelectrons as a function
of photoelectron energy, and the cross-
sections of photoelectrons as well as their
angular distribution.

In applying Eq. (Al) to a spherical par-
ticle of radius a, the most critical step is the
designation of the volume element dv. The
volume element is chosen in such a manner
that material within this volume element is
at the same distance away from the surface
of the spherical particle. Such a volume ele-
ment is depicted in Fig. 6 as the ring
element 2xzdzdz. Integration with respect
to z from z; to z; yields the elemental shell
volume. The second integration with respect
to z from zero to a generates the sphere.
It is assumed that there are n particles
of radius @ within the sampling area A,
from which electrons emerge and are col-
lected by the spectrometer. Furthermore
the thickness, b, of the carrier is assumed
to be much greater than A,, the mean free
path for inelastic scattering of a photo-
electron in the carrier S. With a detector
arrangement which collects only the photo-
electrons emerging from the surface of the
sample at 90° as shown in Fig. 6, the in-
tensity of a particular photoelectron asso-
ciated only with the supported particles
can be calculated by applying Eq. (Al) to
one of these particles and multiplying it
by n as is shown in Eq. (A2).

Loy = n/ f H. F-G2rx
] 23

X exp(— (z — z1) /A (E))dzdx (A2)

where
21 = — (a® — 2%} (A3)
2o = + (a® — 29} (A4)
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and subscript ¢ refers to the dispersed
phase. Equation (A2) is integrated to give:
A2(E)

202

Ic,n111 = n)\c(E,)}Ic‘F"(]'ﬂ'(,l2 {1 —

X [1 — exp(—2a/7\(E))]
A (E)

exp(—2a/\.(E)) } (A5)

Let f be the fraction of the carrier surface
which is covered by the particles. The
photoelectrons emerging from this portion
of the carrier are further attenuated by
the particles. Using the ring element
2xxdzdx as the volume element for the
carrier and noting the proper limits on each
integral, the XPS intensity of a particular
photoelectron from this portion of the
carrier is:

Ions = n/ / H,-F-(2xnzx
0 a

X exp(—(z — a)/As(E"))
X exp(— (z2 — 21)/AAE'))dzdx (AB)

The last exponential term in Eq. (A6) is the
attenuation that the photoelectrons from
the carrier has to suffer when they are
passing through the particles. Equation
(A6) is integrated to give:

A2 (B
js,nm=fA)\s(E’)Hs.F.G.2[ (&)
a2
A (BN
- exp(—2a/\.(E"))
2a
A2 (E')
- N eXp(—2a/>\c(}f1’))] (A7)
and .
=n--m2. 48)
d A

The contribution to the XPS intensity
from the portion of carrier which is not
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covered is simply (1— f)A-M,-F-G. Hence,
ITsn1, = ANS(ENH-F-G

X {1 — f|:1 _ME)

2q?
A (E)
exp(—2a/\.(E"))
a
A2(E")
— Oxp(—Za/Ac(E’)):H. (A9)
a?

In general, the surface area of the carrier
is very high and for low loading of the dis-
spersed phase, ftends to be very small and
Eq. (A9) becomes

Iny, = AN(ENH-F-G (A10)

the intensity ratio of the dispersed phase
to the carrier for the two distinct photo-
electron lines is caleulated from Egqs. (A5)
and (A10)

Towny nwa® A (E)YH.

Ri=——=——— —
Is,nglz A }\S(E,>Hs
A (E)
I — ——[1 — exp(=2a/)(E))]
2a?
Ae(E)
———exp(—2a/A(E)) ;. (All)
a
Experimentally, /. and /; are obtained

from the same sample, therefore, R4 is
independent of X-ray flux, F, and the
physical nature of the sample surface, (.
In addition n is related to the size of the
particles by the following equation:

nad -, = k-A-W/(Dtra?S) (A12)

Where £ is a proportional constant related
to the distribution of the supported par-
ticles on the surface of the carrier, ng is the
number of supported particles/unit area
of the carrier, W is the weight of the dis-
persed phase/g of catalyst, D is the density
of the dispersed phase, and S is the surface
area of the carrier/g of catalyst.
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From Eqgs. (Al1) and (A12)

W A(E)H,
" " DSd M (EVH,
3 22 (E)
Sh =TT (= /)]
2 d?
2N (E)
+ exp(—d/ (E)) (A13)
d
or
W A(E)H,
Ry = k- ' ‘I/s(d) )‘L(E)) (A14)
DSd \N(E"H,
where
3 2N (E)
V. (d, A (E)) = — {1 _——
2 d?
X {1 — exp(—d/\A(E))]

22X (E)

CXp(—d/Ac(E))} (A15)
and d = 2a.

B. Application of the Models to Sintering
of a Monoatomic Pt Film

No matter what shape the Pt particles
attain after sintering under hydrogen, its
initial state is a monoatomic film. Hence,
the latter is employed as the reference
state in the construction of the working
curves in Fig. 4. The effective thickness of
a monoatomic Pt film is estimated from
the unit cell dimension of platinum. Since
platinum is a face center cube, there are 4
atoms per unit cell and its unit cell dimen-
sion is 0.39231 nm. The effective film
thickness dy = [(0.39231)3/47]% = 0.247 nm.
Equation (5) for spherical, hemispherical,
and cubic particles become, respectively

0.247 ¥, (d, Ap:(E))
d  ¥.(0.247, rp.(E))
when k = ko; do = 0.247 nm  (B1)

NSphere =
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0.247 ¥yus(d, Mp(E))

d V.(0.247, Ap,(E))

when k = ko; do = 0.247 nm
0.247 V. (d, Ape(E))

d ¥,(0.247, Ap(E))

NHemisphere =
(B2)

NCube =

when k = ko; do = 0.247 nm  (B3)

where ¥,, ¥gs, and ¥, functions are ex-
pressed as in Eqgs. (2), (3), and (4).

Intensity Ratio Pt4f/Si2p when Pt sintered to particle of size d
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However, Egs. (B1), (B2), and (B3) are
obtained with the assumption that there is
no change in the Si2p intensity due to the
coverage of Pt. As a matter of fact, a
significant change in the Si2p intensity
definitely occurred with the sintering of the
Pt film to individual platinum particles
since the Pt coverage f decreased appre-
ciably from unity as the Pt film proceeded
to high degree of sintering.

Since

(B4
Intensity Ratio Pt4f/Si2p when Pt is a monoatomic film )
Ip(d 15:(0.247 nm)
_ pi(d) s (B5)
fpt(0.247 nm) [s1 (d)
Is(d
n (B6)

 I54(0.247 nm)

Hence, the corrected std. XPS intensity
ratio N for spherical, hemispherical, and
cubic particles can be obtained from Egs.
(B1), (B2), and (B3) by multiplying the
corresponding N values with the factor @
at a given Pt particle size. It is easy to
show that

151(0247 nm) = A'F'G')\Si(E/)HSi

X exp(—0.247/xp (E)) (B7)

the exponential factor is the attenuation of
the Si2p photoelectron by the Pt film, and
Api(E’) is the mean free path for inelastic
scattering of Si2p photoelectrons in plati-

QSphere

num. [si(d) for spherical Pt particles is
obtained from Eq. (A9).

]Si(d) = A xg;(ENHgi-F-(}
22p2(E")

ey s -2

a2

22 e (E)
+ —

exp (—d/Xp(£'))

2np (B
_ d2( —)exp(—d/AP:(E')):l}- (B8)

From Egs. (B7) and (BS)

exp(—0.247/\p.(E"))

e (B

2hp2(E')
1 - f{l - +

exp(—d/ e (E)) +

2 Pt2 El
AT” oxp(—d/Az <E'>>]

(BY)
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and
n-ra’ A0.247 /47wa®) - wa?
J=—— == (B10)
A A
3(0.274)
= (B11)
4q

Api(E") =~ \pi(E). Since the energy differ-
ence between the Si2p and Pt4f photo-
electrons is about 30 eV out of an energy

SHUN C. FUNG

range of 1400 eV. Hence, @ can be calcu-
lated at anv Pt particle size with Apy(K)
as the parameter. The working curve for the
supported Pt film is constructed from Eq.
(B6) with the proper utilization of Egs.
(B1), (B9), and (B11l). In the same
manner Q for the hemispherical and cubic
particles is shown by Eqs. (B12) and (B14).
Their working curves with Ap,(F) = 1.5nm
are in Fig. 4.

QHemisphere
exp (—0.247 /xp (E"))
8)\Pt2 (E/> 4)\}){ (El) 8>\P¢,2(E/)
1— f[l — " + exp(—d/2 p(E")) + T cxp(—-d/‘Z)\pt(E’)):l
(B12)
and for hemispherical particles
3(0.247)
f== (B13) X
2a D
. : ng = ——— (C1)
o = exp(—0.247 /e (£")) Lrd?
1 — fI1 — exp(—d/Ap(E")) ] -
Bl4 where X; is the weight fraction of metal
and (B14) forming particles of d;. The average particle
0.247 (B15) diameter obtained by electron micrograph
= — O . .
d is:

C. Effect of Particle Size Distribution on the
Average Particle Size Obtained by Electron
Micrographs and XPS Measurements

The following particle distribution is as-
sumed for 1 g of catalyst with a metal
loading of W:

Number of metal particles/ Particle
g catalyst diameter

n1 dl

N d2

N dn

Z’ﬂ,d,ﬁ
d=—— (C2)
Zn,-dﬁ
Substitute Eq. (Cl1) into Eq. (C2) we
obtain
d ! (C
X;
i d;

e.g., TEM indicates the following distribu-
tion of Pt particles after the silica-supported
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Pt film has been sintered:

409, of the metal in 1 g of the catalyst
forming 3-nm particles

209, of the metal in 1 g of the catalyst
forming 5-nm particles

309 of the metal in 1 g of the catalyst
forming 8-nm particles

109, of the metal in 1 g of the catalyst
forming 12-nm particles.

Therefore, the average particle size as de-
termined by TEM is:

1 04 02 03 01
d 3 5 8 12
d = 4.7 nm.

If this catalyst had been examined by
XPS, the standardized intensity ratio, N,
obtained from the observed XPS dispersed
phase/carrier intensity ratio would have
the following value:

N = 0.4(N;) + 0.2(Ny)
+ 0.3(Ns) + 0.1(N12) = 0.576

where N3, Nj, N, and Nis are the values
of N in Fig. 4 at the corresponding particle
dimensions. In order to use Fig. 4 to obtain
a size measurement of the supported Pt
particles from the observed XPS dispersed
phase/carrier intensity ratio, we assume
all the Pt particles are of the same size.
From Fig. 4, Pt particles are determined
to be 5.1 nm when N = 0.576. Therefore,
the Pt particle size as determined by XPS
is about 119} greater than that obtained
by TEM under the above specified condi-
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tions. This overestimation signifies the
large particles are weighted in favor over
the small ones in arriving at the average
particle size from XPS measurements. This
is because X-ray photoelectron spectros-
copy gives something between a surface
and volume average size whereas TEM
measurements result a surface average size.
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