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Small-angle X-ray scattering measurements have been performed on TiO, supports and Pt/TiO,
catalysts reduced at low and high temperatures, the latter exhibiting a strong metal-support inter-
action. For the supports the small-angle scattering yielded specific surface areas in good agreement
with those from gas adsorption measurements, although with smaller error. To extract surface
areas for the multiphase (support, metal, void) catalysts requires additional theory, developed
here. In addition to scattering intensities for the catalyst, one uses the scattering intensities of a
support which has undergone similar treatment (acidification, reduction, etc.). Metal surface areas
considerably smaller than those deduced from electron micrographs of model catalysts are then
calculated from the small-angle X-ray scattering. The free metal surface decreases by about $ in
going from ‘‘normal’’ to SMSI catalyst, and this agrees well with electron microscopic observa-
tions. Temperature-programmed reduction, undertaken to gain information on the state of the
metal, suggested the possible existence of PtO and PtO,. If electron densities appropriate to these
bulk phases are assumed in interpreting the X-ray scattering results, we find a much larger differ-
ence between ‘‘normal’’ and SMSI catalyst surfaces, however, than is suggested by electron

micrographs. © 1985 Academic Press, Inc.

INTRODUCTION

The discovery of the special properties of
metals supported on titania by Tauster et
al. (1), although not the first example of
support influence on catalyst behavior, has
led to hundreds of papers on *‘strong metal
support interactions’ (SMSI) in the last
few years (2—4). A striking SMSI property
is the suppression of H, and CO adsorption
after reduction of the metal-support sys-
tem at 773°K, and the return of the catalyst
to its normal chemisorption behavior after
oxidation and rereduction at 448°K. SMSI
behavior has been investigated by a variety
of techniques, and general ideas have em-
erged as to what factors can and cannot be
responsible (4).

There is no appreciable agglomeration of
Pt particles on high-temperature reduction,
as evidenced (5) by the absence of X-ray Pt
peaks, which implies that the particle size

remains below about 2.5 nm. This rules out
change in particle size as an explanation for
the suppression of H, and CO chemisorp-
tion after high-temperature reduction.
Other gross geometrical effects, such as
massive sintering or encapsulation, were
excluded by Tauster et al. (1, 2) on general
grounds, such as the appearance of electron
micrographs and the reversibility of the
SMSI effect on oxidation, which can be
done repeatedly. Baker et al. (5) found that
this regeneration treatment produced an in-
crease in Pt crystallite size. Resasco and
Haller (6, 7) deduced from X-ray photo-
electron and H, chemisorption results that
some sintering occurred following the ini-
tial high-temperature reduction, but that
particle sizes remained unchanged there-
after. That the SMSI effect was primarily
electronic in origin was postulated early
(8). There is a consensus that reduction of
support, possibly catalyzed by Pt and Ir,
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alters the metal-support interaction, and is
necessary to the effect. Residual hydrogen
may also be important (9-11).

In this article, we apply the technique of
small-angle X-ray scattering (SAXS) to the
Pt/TiO, system. SAXS has been used to
help characterize related catalyst systems,
as it is a nondestructive method which can
be applied to the commercial catalyst even
in a working environment. This, however,
appears to be the first application to an
SMSI case. SAXS gives information about
the various interphase surface areas in a
multiphase system. It is consequently a
very useful tool for SMSI catalysts in par-
ticular, since the SMSI effect on H, chemi-
sorption emphasizes some limitations on
the use of gas adsorption for surface area
determination.

The general theory of SAXS has been ex-
tensively discussed elsewhere (12, 13); we
consequently present, very briefly, only the
basic relationships, and an extension of one
of .our scattering models to these complex
four-phase catalysts. Details of the deriva-
tions and of some aspects of the scattering
model may be found in Refs. (12-15).

SMALL-ANGLE X-RAY SCATTERING

The scattered intensity I(h) (where & =
47\"!sin 8, X is the X-ray wavelength, 8 is
half the scattering angle) can be expressed
as follows for a spatially isotropic scatterer:

10 = 1wV [ oy SR gy
Here,
1 226
1 =0 () FEE o

with V the irradiated sample volume, / the
sample-detector distance, I, the primary in-
tensity, and (e*mc?)? the Thomson cross-
section of the electron. r is the scalar dis-
tance between pairs of scattering centers,
7? the mean-square electron density fluctu-
ation in the sample, and y(r) is the correla-
tion function, explicitly defined below. If
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the n; are the electron densities of the i
phases (support, void, metal), ¢; are their
volume fractions, and P;; is the probability
that r lies with one end in phase i and the
other in phase j, then (14)

n=n R 3)
E Plj(nl nj)2
yn=1-"-— @)
2 biln; — A)?

- (S em). ©

For experimental conditions employing
“‘Infinite slit’’ optics (16), it may be shown
(12) that

- f: hith) dh = 4w L(R)VAE.  (6)

The tilde over the various quantities refers
o ‘‘infinite slit’’ measurements.

For models with internally homogeneous
phases and sharp electron-density transi-
tions at phase boundaries, the interfacial ar-
eas §;; are related to the P; (13, 14):

S,’j _ dPij
- (WLO ™
and thus
1 Sy(ni — m)?
(0) 4V 2 !—_2_1 (8)

> Ui
For systems with well-defined internal sur-
faces (13)

lim Wih) = k = —4x2L(Hm*Vy' (0) (9)
where y’(0) is the first derivative of the cor-
relation function, evaluated at the origin.
¥'(0) may then be found from the experi-
mentally accessible parameters k and O:

y'(©0) = —kIQ. (10

Thus a connection between these and the
S;; is established.

For a two-phase system, kIQ gives Sy
directly; there is only one independent
probability, P,;, and one surface (17):
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TABLE 1

Phase Properties

Phase Mass Electron

density density, n;

(g cm™3) (mole cm™3)
1 Anatase 3.84 1.826
2 Rutile 4.26 2.026

3 Void 0.0 0.0
4 Platinum 21.45 8.576
PtO 14.9 6.070
PtO, 10.2 4.222
—SZI
! = .
YO = o (1)

Only the volume fractions, which are calcu-
lable from density measurements, are
needed. Our titania supports,' however, are
not true two-phase systems because they
are composed of anatase (electron density
n; = 1.826) and rutile (electron density n, =
2.026) in a ratio of 4 to 1 by weight (Table
1). As shown in the Appendix, because of
the small density contrast between phases 1
and 2, S»; hardly contributes unless the dis-
persity of phases 1 and 2 among themselves
is orders of magnitude higher than of either
against the void (S, > S3; or §3,). The ratio
of volume fractions ¢,/¢, is 4.438, and the
ratio of S3; to S3; will be roughly ¢/¢,. The
support is thus considered as a two-phase
system, with a single surface, S3; + Su.
(Our catalyst is actually 4-phase, but as-
suming that the titania can be treated as a
single phase makes it 3-phase.)

For a general N-phase system, there are §
N(N — 1) surface areas (I4) and : N(N — 1)
surface-to-volume ratios, whereas IE/Q rep-
resents a single experimentally determined
intensive parameter of the system. To get
the surface areas for the catalyst systems
from y'(0) requires additional assumptions
about the catalyst areas and about the rela-
tion of catalyst to support. We assume that
the titania in a catalyst is identical to the

! We are indebted to Dr. S. J. Tauster for furnishing
the support and catalyst samples.
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metal-free titania support which has under-
gone the same treatment (including acidifi-
cation, heating, but not impregnation with
platinum) as the catalyst. The fact that X-
ray powder patterns for titania are the same
in the support thus treated and in the cata-
lyst implies that there are no gross differ-
ences between the two. This makes it possi-
ble to subtract, essentially, the support
contribution to the scattering in order to ob-
tain the specific surface contribution of the
metal. A detailed treatment of a similar
scattering model and of its assumptions has
been given previously for three-phase sys-
tems (15). The extension to four phases is
shown in the Appendix, where any addi-
tional or different assumptions are also
noted.

The advantage of this SAXS approach,
and an important difference from some ear-
lier SAXS investigations of catalysts (18—
20), is that it does not require the use of
imbibition liquids, or other relatively dras-
tic procedures, to mask the pore scattering.
Imbibition liquids may affect the catalyst in
unknown ways, and it is difficult to fill the
pores with them reproducibly.

Small-angle X-ray scattering measure-
ments were carried out on two samples of
catalyst (titania impregnated with plati-
num), and two samples of the support (tita-
nia) which had all been freshly reduced and
stored in screw-cap vials in air. The two
catalyst samples differed in their reduction
temperatures, 448 and 773°K, correspond-
ing to normal and SMSI behavior. The sup-
port samples were acid treated before being
reduced, one at 448 and one at 773°K. The
acid treatment was to reproduce the treat-
ment at the pH of the platinum impregna-
tion step of catalyst preparation. Indeed,
this treatment changed the physical proper-
ties of the support: it gave it a blue color
and reduced the caking tendency observed
for the untreated support which, inciden-
tally, made density measurements on the
latter unreliable.

The X-ray scattering of the powder sam-
ples was measured with a Kratky small-an-
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TABLE 2

Measured Parameters from Small-Angle
X-Ray Scattering

Sample Iz/Q-
(nm™')
Support reduced at 448°K 0.0608 = 0.0001

Support reduced at 773°K
Catalyst reduced at 448°K
Catalyst reduced at 773°K

0.0597 + 0.0003
0.0663 = 0.0007
0.0631 = 0.0004

gle camera in the ‘‘infinite slit’’ geometry
(16). Instrumental background corrected
for sample absorption was subtracted from
all scattering curves. From the resulting
sample scattering curve, I(h) vs h, a plot of

B3T(h) wac agenerated from which the limit-
ATy wWas generaled, Irom which ine imit

ing value k was obtained. The hi(h) vs h
curve has an experimentally accessible
maximum, so that this function can be ex-
trapolated to the origin with reasonable
confidence. From a value & = H, the inten-
sity drops as k/h3. Thus Q can be found by
numerical integration of hi(h) vs h in the
interval 0 = h < H, and analytically in the
interval H < h =< oo:

[ iy dn = ko, (12)
Table 2 gives the results of the small-angle
scattering measurements as values of k/Q.
The precision given is the average deviation
of 3—4 repeated measurements.
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pendix, for support approximated as a two-
phase system,

k +S

k_ _Sn+ S 1)
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where S3; + §3; is the sum of anatase-void
and rutile-void surface areas and ¢ is the
total volume fraction of titania. The two
supports give quite similar &/Q values, al-
though that found for the high-temperature
samples is slightly smaller. The same is true

for the two catalvste nn\nA‘Ipr there ic an
Ior ine two catalysis. mowever, there 1s an

increase in k/Q in going from e1ther support
to the corresponding catalyst. The differ-
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ence in k/Q for two samples of identical
composition reflects a difference in surface
areas; the difference between samples of
different composition involves changed

electron densities as well.

1. Support Surfaces
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measurements on the support, we need ¢,,
the volume fraction of solids (anatase +
rutile), which can be obtained from the bulk
density of the support. To obtain ¢, the
density obtained from mercury dispiace-
ment measurements at 1 atm pressure (py)
was combined with mercury porosimetry

measurements? for pressures from 1to3 x
10* psi. The bulk density at 0 pressure, po,
was calculated according to (1/pg) = (1/py)
+ AV, where AV is the difference between
intrusion volumes per gram at 1 atm and at
0 pressure. The result is 0.851 g cm™3. From
the anatase and rutile densities (Table 1) we
calculate a skeletal density of 3.9172 g
cm™3, so that ¢, = 0.2173 and the anatase
and rutiie volume fractions are 0.1773 and
0.0400, respectively. For the two supports,
Eq. (13) then gives S/V = 0.0414 and 0.0406
nm~!, To convert these values to specific
surfaces, we multiply by 10%p, p being the
density in g cm=3. With p = 0.851, we find
48.6 and 47.7 m2 g~ for the support samples
reduced at 448 and 773°K, respectively.
These agree quite well with the BET results
reported by Tauster: 50 = 15 m? g~! for an
untreated support and 43 m? g~! for a sup-
port reduced at 773°K. The precision of the
X-ray resuits, however, is considerabiy bet-
ter.

The difference in k/O values and hence in
surface areas for the supports reduced at
different temperatures is 1.8% which is
only slightly above the precision of the
measurements (about 1%). Small-angle

measurements on support reduced at 773°K

ILICGS R wiliviitg Uil S Vititlhluiie &

but not acid-treated (this sample remained
white instead of developing a blue color like

2 The porosimetry measurements were obtained by
Porous Systems, Inc., Ithaca, N.Y.
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TABLE 3

Calculated S$)/V in nm~! for Free-Metal
Surface as a Function of r for Two

Catalysts

r SOV x 104 SOV x 10¢

(448°K) (773°K)
1.0 2.373 1.881
2.0 2.896 2.296
3.0 3.126 2.478
5.0 3.337 2.646
8.0 3.470 2.751
12.0 3.548 2.813
© 3.715 2.946

the others) gave k/Q = 0.058 nm~', substan-
tially different from the values found for
acid-treated support. Since densities could
not be determined reliably for the untreated
TiO, because of caking, specific surfaces
were not calculated. Acid treatment appar-
ently helps to break up the solid matrix.

2. Metal Surfaces

According to Eqs. (A4) and (AS5) of the
Appendix, with ¢,“/$,Y = 4.438, the
metal-void surface S$ of the catalyst is
given by

S8 _ < 43g, YOI — [y O
4v ) (4.438(2nny — n2 — rnl)
+ 2non4 — ni - rni]

(14)

The subscripts 1 and 2 refer to the two sup-
port phases (anatase and rutile), 3 is the
void, 4 the metal. Superscripts refer to the
four-phase catalyst and three-phase sup-
port. The parameter r is the ratio of free to
covered surfaces of the catalyst, i.e.
@
r= (15)
S4l + S42

Using the electron density of metallic plati-
num for n, and the fact that the catalyst is
2% Pt by weight so that ¢p, = 0.00081, we
have n? = 0.645 for the 4-phase system and
7? = 0.591 for the 3-phase system. Then the
above equation becomes
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&? 0.645[y'(0)] — 0.591[y'(0)]®

v T ~10.40 — 18.39r

(16)

which gives (2692 + 1522/r)~! nm~! for the
low-temperature catalyst and support, and
(3395 + 1920/r)~! nm~! for the high-temper-
ature catalyst and support. As a function of
r, the results are presented in Table 3. The
insensitivity to r for r > 3 is shown. A sur-
face-to-volume ratio of 2.300 x 10™* nm™!,
for example, corresponds to 0.284 nm? of
surface per nm?3 of metal. For hemispherical
particles (r = 2), this implies an average
radius of 10.6 nm.

The transmission electron micrographs
of Pt particles on TiO, films (5, 21) showed
that the average Pt particle diameter in-
creased from about 2.5 to about 5 nm when
the system was heated above 825°K in H,.
[Lehn et al. (22) deduced Pt particle diame-
ters of 3 nm for their Pt/TiO, catalysts,
which were ~4% Pt.] Further, the particles
changed from hemispherical to raft-like.
The spreading to structures less than 2 nm
thick, together with the catalytic effect on
TiO; reduction, was taken to indicate a
strong chemical interaction between metal
and substrate, as was the fact that the parti-
cle size distribution on TiO, was more sta-
ble to temperature and other factors than
the size distribution on other supports
(AlLO;, SiO,, C). Hemispherical Pt parti-
cles of diameter d nm have a free surface
area of § wd® nm? and a mass of 21.45 X
10~2! (wd?/12) g, so the free Pt surface per
unit volume of catalyst (using 0.851 g cm™3
as the support bulk density and 2% metal
loading) is (0.2797) (0.868)(0.02)/d nm~'. If
d is taken as 2.5 nm, 1.94 X 1073 nm~! is
found for the Pt area per unit catalyst vol-
ume. Pillbox-shaped rafts of thickness 1 nm
and diameter d nm would have a free Pt
surface area per unit volume of catalyst of
(21.45)°1 (1 + 4/d) (0.868) (0.02) nm~',
which, for d = 5 nm, gives §/V = 1.46 x
1073 nm~!. These areas are much larger
than those we obtained from SAXS. The
samples used in the electron microscopic



204

and SAXS studies were of course very dif-
ferent. The former were prepared by evap-
oration of Pt onto a model support film, the
latter by impregnating a TiO, powder sup-
port with solutions of chloroplatinic acid
and subsequent calcination and reduction.
It is, therefore, not unexpected that sub-
stantial differences would arise in the abso-
lute values of the surface areas. It is, how-
ever, significant that the decrease in areas
by about 1 in going from the low- to the
high-temperature catalyst agrees with our
SAXS results. The calculated metal-void
surface areas increase markedly if a much
lower electron density is used for the Pt-
bearing phase. We have so far assumed that
the Pt is in metallic form. It is well known
that PtO and PtO, do not form readily from
Pt under ordinary conditions; the prepara-
tion of PtO calls for heating Pt to 693°K
under 8 atmospheres of O, (23), and prepa-
ration of PtO, involves heating Pt to 723°K
in 150 atm of O,, which gives a mixture of
Pt, PtO, and PtO,, from which the Pt and
PtO are dissolved away using aqua regia.
Ignition of Pt at 1273-1673°K in air or oxy-
gen forms PtO,, but it is ‘‘unstable at low
temperatures, decomposing readily even at
380-400°C (24).”” The hydrated compound
may be prepared from Pt IV salts, but com-
plete dehydration occurs simultaneously
with decomposition to Pt + O; (24). On the
other hand, the equilibrium for the reaction
of Pt(s) and O, to PtO, is shifted to the right
at higher temperature (25), so that PtO, for-
mation is responsible for the loss of Pt from
the Pt gauze catalyst used in air oxidation
of NH; at 1 atm pressure and a temperature
of 1123°K. Surface oxides or other com-
pounds on Pt have also been suggested (26)
on the basis of NMR measurements.

The weight losses measured by tempera-
ture-programmed reduction (discussed in
the following section) do at least raise the
possibility that the platinum may actually
be present as oxides. With the same experi-
mental X-ray data (Table 2) we have there-
fore also calculated surface areas according
to (A5) using densities n4 appropriate to the
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TABLE 4
Effect of Changing Platinum Phase

Pt Volume n*® Low-temp. High-temp.
phase fraction coeffs.a coeffs.®
&4
a b a b
Pt 0.000809  0.6448 2692 1522 3395 1920
PO 0.001261 0.6312 1555 601 2023 78l
PtO, 0.001981 0.6194 867 102 1170 138

@ The surface-to-volume ratio in nm~! is given by S§/V = (a
+ bl L.

oxides rather than Pt (Table 1). In each
case, SY/V is written in the form

SV = (a + b, a7

The coefficients a-and b are tabulated, for
various possible Pt phases, in Table 4. In
Table 5, we have shown how the free sur-
face, S$, calculated from the scattering
data for the platinum-bearing phase, de-
pends on the changed assumption for its
electron density. For this illustration, val-
ues of S have been calculated for r = «, so
that they represent the maximum values for
this surface, and converted to m? per gram
of catalyst. The metal-support surface is
given by S + S, with the assumption
that S$V/SE = ¢/¢$Y, so that

Sms = SP/r = V(a + bin~tr Y. (18)

Here, ““m”’ and ‘‘metal’’ refer to the plati-
num-bearing phase. The surface Sy is more
sensitive than S$) to the value of r when r is
large, becoming zero as r becomes infinite.

TABLE 5

Platinum Surface Areas in m? g-! Catalyst®

Pt phase Low-temperature High-temperature
reduction reduction
9 spesy  SY s@e sy
Pt 0.428 0.120 0.339 0.095
PtO 0.741 0.219 0.569 0.168
PtO, 1.329 0.426 0.985 0.316

a 8% for r = w, S§ + S for r = 3.
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The values in Table 5 are for r = 3. The fact
that it is about 4 the maximum value of S$)
reflects the insensitivity of S to the value
of r.

TEMPERATURE-PROGRAMMED REDUCTION

We have indicated the importance of
knowing the electron densities of the phase
in the multiphase catalyst system for inter-
preting the SAXS measurements. Evidence
from the literature (27) indicates that the
method of catalyst preparation, including
the choice of metallic salt, the drying, the
duration and temperature of calcination,
and the choice of support can affect the oxi-
dation state of the dispersed metal. Tem-
perature-programmed reduction (TPR) of-
fers the possibility of determining the
oxidation state of catalyst (28) and such ex-
periments may therefore help to interpret
the SAXS results. The results reported be-
low were obtained from aliquots of identi-
cally prepared Pt/TiO, catalysts, where the
only difference in the final step of their
preparation was the reduction temperature.
Therefore differences in results represent
the effect of reduction temperature on the
oxidation state of the metal or support.

Temperature-programmed reduction was
carried out in a Cahn vacuum microbal-
ance, model RG2. The balance has a maxi-
mum sensitivity of 0.3 ug; complete specifi-
cation of the balance and the grease-free
high vacuum system can be found else-
where (29). The experimentally determined
quantity 1s the weight loss as a function of
temperature. The derivative of these exper-
imental results yields the temperature-pro-
grammed reduction spectrum. For the pur-
pose of comparison, the data will be
displayed in this form, although the quanti-
tative results are based on direct measure-
ment of the weight loss. Several tempera-
ture-programmed reductions in hydrogen,
of ultrahigh purity and further purified by
an oxidation catalyst and molecular sieve
trap, were obtained for these catalyst sam-
ples. The three samples were the pretreated
support (see below), Pt/TiO, reduced at
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FiG. 1. Weight losses during temperature-pro-
grammed reduction of several Pt/TiO, catalysts.

448°K (normal catalyst) and Pt/TiO, re-
duced at 773°K (SMSI catalyst). The De-
gussa TiO, was subjected to acidification in
HCl at pH ~ 2.5, corresponding to the pH
of a solution of hexachloroplatinic acid
with a concentration required to deposit 2%
by weight onto the TiO, support. This was
followed by calcination at 773°K. In all
cases, the samples were dehydrated in situ
in a flow of ultrahigh purity helium (100 cm?
min~') during temperature programming
from room temperature to 773°K at 5°K
min~!. It is interesting to note that the as-
received support and acidified support
showed substantially different temperature-
programmed reduction spectra. The weight
loss as a function of temperature for the
acidified support was used as a background
and was subtracted from the results for the
supported metal catalysts. This correction
was small compared to the weight loss on
reduction of the catalysts.

Figure 1 shows the temperature-pro-
grammed reduction spectra for ‘‘normal”’
and SMSI catalysts. For the normal cata-
lyst (initially reduced at 448°K) the temper-
ature programming in hydrogen was ex-
tended to 773°K. The reduction spectra of
both catalysts show a peak at ~448°K; the
normal catalyst shows a substantially
higher peak and a long tail that continues to
773°K. The latter effect could be attributed
to reduction of the support via a hydrogen
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spillover mechanism. The data on weight
loss vs temperature were used to determine
directly the total weight loss.

The results for the normal catalyst are
difficult to interpret because the weight loss
continued at an appreciable rate until the
cessation of heating at 773°K. However,
the data for the SMSI catalyst show that
reduction is nearly complete by ~523°K.
For a sample of 2% Pt on titania containing
100 pwmole of Pt metal, the amount of water
formed during temperature-programmed
reduction of the SMSI catalyst was 93
umole (210 umole was formed from a sam-
ple of normal catalyst containing the same
amount of Pt). Auxiliary experiments in an-
other apparatus with an on-line mass spec-
trometer showed that water was the only
gas-phase product. Quantitative determina-
tion of the amount of water produced was
difficult due to condensation in the vacuum
system, so that these results were only
qualitative compared to those obtained
from the microbalance studies.

The magnitude of the absolute weight
loss for the SMSI catalyst would be consis-
tent with reduction of the metal, if it is in
the form of bulk PtO and if no support re-
duction occurs. For the normal catalyst,
the weight loss (which can only be consid-
ered approximate due to the tail in the TPR
curve) would correspond to PtO; under cor-
responding circumstances. This, however,
is not compatible with thermodynamic evi-
dence. The possibility that these effects are
due to reduction of the supports appears
more reasonable. However, this then raises
the question of why the amount of water is
comparable, on a mole basis, to the amount
of platinum, when there is excess support
compared to the amount of metal present.
During reduction water is released and wa-
ter is a known cocatalyst for enhancement
of hydrogen spillover (30). If such mecha-
nisms are operating, these facts suggests
that the water loss during reduction in-
volves an intimate mixture of Pt and TiO,.

We also tested the conclusions reached
by Tauster et al. (1) that SMSI catalysts
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could be transformed to normal catalysts by
recalcination followed by reduction at
448°K. In Fig. 1 the intermediate curve was
obtained after the normal catalyst was sub-
jected to the procedures of temperature-
programmed reduction which should ren-
der it SMSI (773°K in flowing hydrogen).
Subsequent to this several different sam-
ples were calcined at 393°K for 1 hr. The
results of temperature-programmed reduc-
tion of these catalysts showed an intermedi-
ate behavior.

DISCUSSION AND CONCLUSIONS

We have demonstrated the utility and
limitations of small-angle X-ray scattering
as a tool for investigation of catalyst sys-
tems. It is possible to monitor samples as
temperature or chemical environment is
changed. In principle, SAXS gives the in-
formation necessary for calculating several
interfacial areas simultaneously, irrespec-
tive of their chemical nature. BET and re-
lated methods depend on the availability of
a suitable adsorbing gas which can contact
all of the surface to be measured, and
whose adsorption behavior is known. The
existence of the SMSI effect itself affords a
striking example of a problem with gas ad-
sorption: hydrogen adsorption would give
quite false values for the platinum surfaces
for Pt/TiO, reduced at high temperatures.
On the other hand, a combination of gas
adsorption measurements with SAXS mea-
surements can give interesting information
about the nature of the surfaces.

As we have shown, to derive surface ar-
eas from the SAXS measurements, volume
fractions and electron densities of the
phases are required. The former are readily
obtained from density measurements and
from assays of the catalyst. The electron
density of a phase is simply calculated from
its mass density, provided the chemical na-
ture of the phase is known. Temperature-
programmed reduction is one technique
which may give this information. Nuclear
magnetic resonance and ion sputtering are
others. We have shown that changed as-
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sumptions about the nature of the phase
(e.g., PtO or PtO, instead of Pt) lead to
quite different values for surface areas.
However, changes of several percent in
electron density, due to the kinds of elec-
tron transfer from support discussed in the
preceding sections, are not important
enough to affect SAXS surface areas.
There is little ambiguity in the support
surface area derived from SAXS. In the
case of a two-phase system, the analysis is
simple and the value of the single inter-
phase surface area is insensitive to the den-
sity. Thus the values we report for the
TiO,/void surface of the unmetallized sup-
port should be quite reliable. These agree
with BET results, which, however, are not
as precise. Our results show a significant
difference between untreated and acid-
treated support, accompanying other physi-
cal changes on acidification. In contrast,
supports reduced at low and high tempera-
ture have identical surface areas within the
accuracy of the SAXS technique.
Addition of platinum leads to a significant
change in the X-ray scattering curve. As-
suming the support in the catalyst has the
same geometric properties as the unmetal-
lized support, we have derived free surface
areas for Pt considerably smaller than those
derived from interpretation of electron mi-
crographs for related model (thin film) sys-
tems. Our theory still involves a parameter
r, whose value, however, turns out to affect
the free metal surface little. It has a large
effect on the metal-support surface area.
Since r is dependent on Pt particle shape,
information on its value could come from
electron micrographs. The metal surface ar-
eas calculated from SAXS measurements
are subject to uncertainties related to the
scattering model and to the electron densi-
ties assumed for the phases. Small changes,
such as that due to reduction of a small
fraction of support, or an increase of sev-
eral percent in the Pt d-band density, are
not a problem. As seen above, however,
the assumption of bulk PtO or PtO, for the
metal-containing phase leads to much
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higher calculated surface areas. Thus TPR,
XPS, and other methods for ascertaining
the oxidation state of Pt may furnish impor-
tant auxiliary information.

Temperature-programmed reduction was
carried out on normal and SMSI catalysts.
The 2:1 ratio of weight losses found sug-
gests that the metal phases may be oxides.
Assuming PtO for the SMSI catalyst and
PtO, for the ‘“‘normal’’ catalyst, we calcu-
late (cf. Table 4) free surface areas for the
metal-bearing phase of 4.0702 x 10~* and
10.893 x 10~* nm™!, respectively. (We have
taken r = 2, appropriate for hemispheres,
for the low-temperature catalyst, and r =
1.8, appropriate for rafts of diameter 5 nm
and thickness 1 nm, for the other.) While
the larger values approach those derived
from electron micrographs, the increase of
surface area by a factor of ~2.7 from SMSI
to normal catalyst is far too large compared
with what is observed in electron micro-
scopic studies. We tend, therefore, to be-
lieve that the bulk Pt-bearing phase is me-
tallic platinum.

The question then becomes one of recon-
ciling the SAXS results, which, taking Pt to
be the metallic phase, yield reasonable rela-
tive free metal surface areas for ‘‘normal’’
and SMSI catalysts, to the TPR data.
Huizinga and Prins (37) have reported en-
capsulation of Pt after treatment of Pt/T10,
above 1013°K, which results in the ana-
tase—rutile phase transformation. It has
also been suggested that, although com-
plete encapsulation does not occur, there is
some covering of the metal by support in
passing to the SMSI state. Evidence for mi-
gration of a reduced Ti species TiO, over
the metal in the case of high-temperature
reduced Rh/TiO; came (7, 32) from Auger
and argon-ion sputtering (Ti and Rh pro-
files). EXAFS on the sample after high-
temperature reduction showed an increase
in the number of Rh—O neighbors, which
could be interpreted in terms of migration.
However, an increase in the number of Pt—
O neighbors for Pt/TiO; was not found.

Herrmann, Disdier, and Pichat (33), from
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measurements of electrical conductivity
and photoconductivity of TiO, and Pt/TiO,,
suggested that H atoms could be transfer-
red from metal to support and electrons from
anatase to metal, which would make Pt be-
have more like Au. The change in electron
density, however, would not be important
for the interpretation of our X-ray results.
From EXAFS and X-ray absorption edge
measurements it appears (34) that Pt on
TiO, has 0.04 more vacant d states per atom
than bulk Pt, with a slight but significant
decrease in this figure for the high-tempera-
ture reduced catalyst. It is also found that
Pt—Pt distances in Pt/TiO, are smaller than
those in bulk Pt or Pt/Si0O,; the decrease is
more important for higher reduction tem-
peratures. No evidence for stronger Pt—-O
interactions was found. Tauster et al. (2)
proposed a model for SMSI in which Ti—Pt
bonding involving cation d-orbitals gives a
negative charge to Pt and hence an increase
in electron density on Pt supported on
TiO,. Changes in electron density of a few
percent would affect our X-ray results very
little, nor would a very thin film of a tita-
nium oxide on the surface of the platinum.
It is possible, however, that reduction of
oxygen chemisorbed on Pt, or of surface
platinum oxides, together with support ma-
terial which covers the Pt with a thin layer,
can account for the observed TPR results.

APPENDIX: THEORY OF SAXS FOR
MULTIPHASE SUPPORTED-METAL
CATALYSTS

To extract surface areas for supported-
metal catalysts from k/Q we must deal with
two problems: the fact that the support is
not really a two-phase system and the fact
that the catalyst itself involves at least three
surfaces. Considering the support asa 4:1
anatase—rutile mixture, we have, according
to Egs. (4) and (8), using the electron densi-
ties of Table 1:

—4Vy'(0) = (3.33453; + 4.10583,
+ 0040521)/1}2 (Al)
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If S, is not orders of magnitude larger than
the other surfaces, the term in S,; can be
dropped. Further, we expect that the ratio
of S31 to S3, will be essentially the ratio of
volume fractions ¢; to ¢,, leaving only one
independent surface. Dropping the Sy, term
makes —4Vv'(0) equal to 18.901 S;,/»%. Fur-
ther, i = 1.826¢, + 2.026¢, = 1.863¢, and
n? = 3.476¢, — (1.863¢)*, where ¢, is the
total titania volume fraction, so —4Vy'(0) is
essentially (S3; + S3)/é(1 — ¢). The sup-
port is effectively a two-phase system, with
a solid phase with average electron density
1.863 mole cm 3 (weighted mean of anatase
and rutile) and total surface area S3; + S
(weighted roughly in the same way).

Turning to the catalyst, we note that even
for a true two-phase (solid, void) support
and a three-phase (solid, void, metal) cata-
lyst the two values of k/Q would not suffice
to determine three independent specific
surfaces. However, we will see that a
meaningful value for the metal-void surface
can still be derived. We will give our formu-
lae for the full system (three-phase support,
four-phase catalyst) so that all the assump-
tions appear (compare Ref. (15)). The elec-
tron densities are n; (i = 1 . . . 4). Super-
scripts (3) and (4) distinguish results for
support (three phases) and catalyst (four
phases), respectively. Finally, Q, repre-
sents —P/(0), which is —S;/4V. Then we
have

' 01® = QP(n, — ny)?
+ O0(n — n3)? + QP — m3)? (A2)
and

[2y' ()]
= Q5(m — m?* + Of)(mi — n3)?
+ Q) — ng? + O¥(ny — n3)?
+ 0Q(ny — ng? + QP(ny — ny)?. (A3)

Equations (A2) and (A3) involve nine un-
known quantities and only two measured
parameters.

The support being unchanged on metalli-
zation, Q5) = Q7. Since the metal is depos-
ited on the free surface of support,
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_ 4 4
=0 + O
and

(3) Q(4) Q(4)

If the two support phases have the same
dispersity,

3) __ 3 3

o0y = ¢P1es

4) (4 (4

05108 = ¢Vigs

W0 = W/
where ¢ = ¢{7, ¢7" = ¢§", and ¢3’ = ¢’
+ ¢{. Of course these are not all indepen-
dent; the third, which is the only one we

use, follows from the other two. We intro-
duce the parameter

=0 + 0
whose value and significance will be dis-

cussed later. Subtracting (A3) from (A2),
we obtain

[n%y' 1P — [Py’ (0)]®
= Q% — m)* + QP(ny — ny)?
— 01 — na)? = QR — ny?
- Q(4)(’13 — ng)* = [(ny — m)? — (n) — ng)?
= r(ns — ng?10%) + [(n2 — n3)?
— (m = ng? = r(ny — ny)*10%)
d)(4)
¢(4)
X 2myng — n} — rn4)]. (A4)
We have simplified the last group of equa-
tions by noting that n; vanishes.
The metal-void surface (free metal sur-

face) is of particular interest; it is given by
4vQY), where

(4)

=0,

2
[2n,n4 - ni-rmi+

0 = n@y + ¢P00BY).  (AS)
Combining with (A4), we get QF; other

metal surfaces can likewise be calculated.
Equations (A3) and (A4) show that knowl-
edge of y'(0) for the three- and four-phase
systems, together with volume fractions
(obtained from density measurements), and
a value for r give the metal-void surface.
The parameter r is the ratio between free
and covered (in contact with support) metal
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surfaces. It would be unity for extended
metal layers, with lateral area negligible
compared to top surface, and infinity in the
limit of metal spheres touching the support
at a point only. For hemispherical caps of
radius R, r = 2; for tetrahedra r = 3; for
cubes r = 5. For a right cylinder of height H
and width W to have r < 3 would require H
< W/2. As shown in Table 5, the value of r
is not too important in determining S5 a
long as it is not too near unity.
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