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A study of metal particle size distribution using small-angle X-ray scattering (SAXS) is reported 
for low-content Pd and Pt catalysts, prepared by reduction with LiH or H, of M(C3H& (M = 
Pd,Pt) treated with vitreous supports holding -OH groups on the surface. In the mathematical 
treatment of SAXS data, both analytical and numerical methods have been employed and 
compared. Two different sizes in the aggregation state of the metal have been ascertained in all the 
examined cases, one of which under 30 A. A comparison with transmission electron microscopy 
(TEM) results is also presented. The reliability of SAXS technique is discussed in terms of absolute 
scattering power. 

INTRODUCTION 

Within the framework of our investiga- 
tion on Pd and Pt catalysts on vitreous 
supports (l-3), we reported in a prelimi- 
nary note that the catalytic activity of some 
low-content Pd catalysts is strictly related 
to the particle size of the supported metal, 
which was determined by small-angle X-ray 
scattering (SAX9 (4). 

In determining the metal particle disper- 

sion by SAXS, we assumed as a first ap- 
proach that the particle size distribution 
function of the dispersed metal could be 
approximated by a log-normal function (5- 
7) adjusted to the classical parameters: 
Guinier radius and Porod radius, expressed 
as ratios of moments of the chosen distribu- 
tion function. 

The dispersion of the metal was obtained 
by reactions (11, (21, and (3) (3): 

glass /-OH + M(C,HJ, - glass CM(C,HJ + propene, 

glass bM(C,H,) (LIH metal dispersed on glass, 

M(C,H,), sorbed on glass (LIH metal dispersed on glass 

(M = Pd, Pt) 

(1) 

(2) 

(3) 

which suggested the possible existence of ied by SAXS as given in (4) showed a weak 
two different metal particle sizes since reac- curvature in the region of small angles, 
tions (2) and (3) should occur with different away from the linear trend used to compute 
rates. Also related to this hypothesis, the the Guinier radius. 
Guinier plots for some of the samples stud- We have been prompted by these obser- 
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vations to analyze these systems more ac- 
curately in order to trace the existence of 
different size fractions in the aggregation 
state of the metal. Thus, we tried to obtain 
the whole statistic distribution of the metal 
particle size of these catalysts using SAXS 
measurements carried out under higher res- 
olution and making use of a suitable mathe- 
matical treatment. 

Our SAXS investigations were further 
supported by comparing SAXS data with 
results obtained from traditional methods 
of analysis like transmission electron mi- 
croscopy (TEM) and wide-angle X-ray line- 
broadening analysis (WAXS). However, 
SAXS analysis attains a much more com- 
plete description of our systems, since the 
TEM method only allows the examination 
of a small volume of the sample, and the 
application of WAXS analysis become criti- 
cal below 2.5-35 A, even for well-crystal- 
lized phases (8-9). 

The support surface areas were also mea- 
sured by the Brunauer-Emmett-Teller 
(BET) method and compared with SAXS 
data. 

EXPERIMENTAL 

Support and Catalyst Preparation 

The general procedure has been de- 
scribed in previous works (2, 3, 10). 

A slurry of the powdered supports in 
pentane was allowed to react with an ap- 
propriate amount of M(C,H,), (M = Pd,Pt) 
in pentane solution under nitrogen. After 2 
hr the reaction mixture was degassed and 
kept under HZ for 2 hr. The catalysts so 
obtained were filtered off and dried, evapo- 
rating the solvent at reduced pressure. The 
samples were stored under vacuum and 
handled with fluxing argon. 

In some cases, before reduction with HP, 
the M(C3H&,support reacting mixture was 
washed several times with pentane to elute 
unreacted M(C3H& sorbed on the glass 
surface. 

Instrumental Methods, Data Collection, 
and Processing 

Crystallite sizes were determined by 
WAXS using a Philips automatic X-ray 
powder diffractometer system equipped 
with a rotating sample holder, graphite 
monochromator, and proportional detec- 
tor. Ni-filtered CuZ& radiation with a 
pulse-height discriminator was employed. 
The method is based on both the Kcx,~ 
doublet correction and on the correction for 
instrumental broadening, according to the 
literature (9); Scherrer’s equation was then 
applied to the diffraction profile. 

TEM microphotographs were registered 
on a Philips EM-200 instrument. 

BET measurements were carried out 
with a C. Erba Sorptomatic 1800 instru- 
ment. 

SAXS measurements were carried out 
with a Kratky vacuum camera. A special 
Philips MO target X-ray tube was used at 60 
kV. A Kp filter together with pusle height 
discrimination and a scintillation detector 
was employed. Front slits of 40 and 60 pm 
were used. The achieved angular resolution 
was about 600 A in Bragg’s space. The 
“infinite-beam’ ’ condition was met. The 
observed intensity was automatically ex- 
plored with an electronically programmed 
step-scanner. To ensure satisfactory statis- 
tics each diffraction curve was measured a 
number of times by fixed counting tech- 
nique, providing that 10” counts per point 
were accumulated to maintain the counting 
probable error below 1%. 

A Lupolen standard (I I) was periodically 
used to control the constancy of the pri- 
mary beam and to determine the absolute 
values of the scattered intensities, accord- 
ing to the procedure described in Refs. (12) 
and (13) in the framework of a unified 
theory of absolute intensity measurements 
in SAXS. 

It is well known that the “pore maskant” 
method (14, 15) must be used whenever 
interferences arise between holes and metal 
scattering, as happened in our study. We 
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used syn-Br&H,, because its electron den- 
sity is very close to that of the vitreous 
support. The pore maskant absorption was 
performed in a glass apparatus by condens- 
ing an exceeding amount of liquid on de- 
gassed samples. The syn-Br,C,H, container 
was directly connected to the sample tube 
and the liquid was kept frozen during the 
degassing operation. The procedure of re- 
moving surplus liquid was checked by using 
a thermogravimetric balance and by relat- 
ing the trends so obtained with X-ray atten- 
uation factors concurrently measured. The 
powdered catalysts as well as their sup- 
ports were homogeneously dispersed inside 
plate-like holders and were always kept 
below 10°C in order to prevent the escape 
of maskant before and during the SAXS 
measurements. 

For every sample exposed to X rays the 
effective amount of maskant retained was 
determined from the decrease in weight 
occurring when the content of the sample 
holders was treated for 12 hr at 250°C in 
vacuum. 

The SAXS intensities of the treated sup- 
ports were subtracted, as was the matrix 
effect, from the SAXS intensities of the 
corresponding catalyst after taking into ac- 
count the related attenuation factors. The 
mathematical treatment was performed on 
the curves so obtained. 

SAXS Working Equations 

In the higher-angle tail of the diffraction 
curve the intensity Z(h) scattered by a two- 
phase system is related only to two parame- 
ters of the system by the equation (16, 17) 

lim Z(h) = 27rZJh)(Ap)*S 
h4 ’ (4) h-m 

where 

Ap = p1 - p. is the electron density 
difference between the two 
phases (p = 6 Z ZJM; 6 = mass 
density, Zi = number of electrons 
in the ith atom, M = molecular 
weight), 

S = the total surface area separating 
the phases, 

h = 4rrh-‘sin 8 is the modulus of the 
diffraction vector, A is the X-ray 
wavelength and 28 is the scatter- 
ing angle, 

Z,(h) = is the intensity scattered by a 
single electron in the same exper- 
imental conditions. 

Equation (4) holds if a point collimated 
primary beam is used, whereas with a line- 
shaped X-ray primary beam the diffraction 
intensity varies as h-3, if infinite height slits 
are employed. Using the instrumental vari- 
able m (pm) defined in the direct space as 
the distance between the primary beam and 
the diffracted ray on the recording plane, it 
is possible to evaluate the specific surface, 
expressed in square meters per gram, by 
the equation (18, 19) 

16~~ lim m3J(m) 

SW = aeh4re2~~2P,,(Ap)2p 
. 10-4, (5) 

where 

J(m) is the slit-smeared intensity (n,* cps 
cm-‘; n, stands for the number of 
electrons and cps for counts per 
second), 

r,’ is the Thomson factor (cm’), 
NA is Avogadro’s number. 
PO is the energy per centimeter of 

length of the primary beam weak- 
ened by the scattering sample and 
determined by the calibration sam- 
ple method (cps cm-‘) (11). 

p is the sample thickness obtained by 
multiplying the sample concentra- 
tion (g cm”) by the sample-holder 
thickness (cm) (20). 

a is the distance between the sample 
and the recording plane (cm). 

The volume fraction c of the scattering 
heterogeneities is available according to the 
relationship (19) 
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I ; h2Z(h) dh 

= 27r2Z,(h)(A.p)*c( 1 - c) V, (6) 

where V is the illuminated volume. 
Equation (6), for the slit-smeared inten- 

sity, using the previous formalism, be- 
comes 

((Ad’> = (Wc(l - 4 

2lr x mJ(m) dm 
0 = I 

re2NA2h3aPop 
. 6. (7) 

If spherical in shape, the particles re- 
sponsible for the observed scattered inten- 
sity can be characterized by the Porod 
diameter, Q, which represents their aver- 
age linear dimension, 

3 j-r hJ(h) dh (8) 
Dp = 2( 1 - c) F+e h3J(h) 

Equation (5) yields information on the 
magnitude of the interfacial surface directly 
from the experimental data, without arbi- 
trary assumptions about the underlying tex- 
ture of the sample under study, but tells us 
nothing about the size distribution of the 
heterogeneities within the system. A more 
complete picture is available from SAXS if 
some theoretical and experimental condi- 
tions are satisfied. If the form factor of the 
scattering particle is known or supposed 
and is characterized by a single size param- 
eter, and if multiple scattering is negligible, 
in the case of widely and randomly sepa- 
rated particles, the observed intensity can 
be expressed as the integral over the de- 
sired particle size distribution function. For 
a volume distribution function the following 
equation can be written (Z9): 

Z(h) = (Ap)* 

I r D,(R)R-3V2(R)io(hR) dR, (9) 

where 

D,(R) is the volumetric distribution func- 
tion that states the volume of all 

particles defined by the size pa- 
rameter R; 

i,(hR) is the intensity scattered by a sin- 
gle particle with radius R and vol- 
ume V(R). 

A second analytical method, derived 
from Debye’s correlation function (21), has 
been employed to get the particle size vol- 
ume distribution function. It can be shown 
that the following equation stands for the 
slit-smeared intensity (22-24): 

D&R) 0~ R I,” [h3J(h) - Kj 

[2J,(hR) + J,(hR)(hR - 3/hR)] dh, (10) 

where K = F-m h3J (h) and Jo, J, are zero- 

and first-order Bessel functions, respec- 
tively. 

The distribution curves, calculated with 
both cited methods, have been obtained 
with a computer program which has been 
made available by Vonk (25). 

RESULTS AND DISCUSSION 

SAXS is a powerful tool in structural 
analysis since it allows us, in principle, to 
ascertain the underlying texture of rela- 
tively large volumes of materials. How- 
ever, its application in catalysis suffers 
from some limitations: the mathematical 
data treatment may affect the results and 
some a priori assumptions on the metal 
particle geometry are usually required. 
Moreover, in the case of metals dispersed 
on porous supports, the necessity to use the 
“pore maskant” method and the fact that 
the data arise from the difference between 
the metal plus support and the support 
scatterings may introduce a further source 
of uncertainty into the final results. 

In the present work, with the aim of 
detecting possible multimodal metal parti- 
cle size distribution functions, we took par- 
ticular care of the sources of the above 
uncertainty in the endeavor to limit their 
incidence on the reliability of SAXS 
results. 
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TABLE I 

Characterization of the Supports 

Surface area 

(3 
SAXS (m2/g) BET (m*/s) 

SuPPort cwl 633 341 21 
Treated support C,,, 46 16 

Swwt Lo 351 204 36 
Treated support BZsO 19 - 49 

All the results discussed here are re- 
ported in Tables 1 and 2. 

The surface areas of the untreated sup- 
ports have been obtained by SAXS and 
BET methods. In Fig. 1, SAXS pore distri- 
bution and the corresponding BET histo- 
gram of frequency are compared for the 
&, sample: as can be seen, the histogram 
shows an edge at 16 A, since our BET 
measurements do not take into account 
pore sizes under this limit. This can explain 
the differences in the surface areas obtained 
with the two methods. However, both 
curves show the same qualitative trend. 

The effect of pore maskant in reducing 
the scattering arising from the micropores 
of the vitreous supports is shown in Fig. 2, 
where the SAXS intensity curves of the 
BZsO sample before and after treatment with 
C2H4Br2 are compared. Both curves are 
normalized by the X-ray attenuation fac- 
tors. The surface areas of the pore maskant 
treated samples drop from 351 to 19 m’/g 
and from 633 to 46 m’/g, respectively. The 

J 

0 IO 20 30 40 50 50 

ZR [i] 

FIG. I. SAXS and BET pore volume distribution for 
C 23,,. Shaded area refers to the BET measurements. 

presence of these residual surface areas can 
be ascribed to both occluded and unmasked 
holes. Actually the volume pore distribu- 
tion function for treated supports shows a 
peak in the same position as the main 
maximum observed in the analogous distri- 
butions for the untreated supports. This 
comparison is emphasized in Fig. 3 for &,, 
where the distribution functions have been 
plotted in absolute scale by referring the 
volume fraction of the holes to the volume 
obtained from Eq. (7). Consequently this 
residual scattering has to be subtracted 
from the catalyst curves in order to obtain 
the scattering from the metal phase alone. 

In spite of the good reproducibility of the 
amount of pore maskant used both for 
supports and catalysts (the uncertainty was 
never found to exceed 53% out of 12 
experiments), a positive linear deviation 

TABLE 2 

Characterization of the Catalysts 

Catalyst Metal 
surface area 

W/g) 

DP 
c-h 

Metal concentration 

(SAXS) (Elemental analysis) 
(wt%) (W%) 

Average crystallite 
size 
(A, 

Pd 0.8 wt% on B,,, 106 48 0.91 0.85 41 
Pd 0.8 wt% washed 191 26 0.26 0.32 - 
Pt I.0 wt% on BZ3,, 35 80 0.92 1.00 66 
Pt 1.0 wt% washed 49 57 0.30 0.31 58 
Pt 1.0 wt% on C230 84 33 0.19 1.00 52 
Pt 0.3 wt% on C,,, 150 19 0.32 0.30 - 
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FIG. 2. Effect of syn-C2HIBr2 on SAXS of C,,, 
support: relative scattering intensity for unmasked 
sample (a) and masked sample (b). 

from the Porod law (16, 17) in the higher- 
angle region of our investigation was ob- 
served in the catalyst scattering curves, 
even after subtracting the matrix effect (see 
Figs. 4 and 5). This fact was ascribed to 
both the slight difference in the amount of 
liquid used and the sample background 
scattering due to the electron density fluc- 
tuation within the metal particles (26). In 
this case the subtraction of a constant in- 
tensity term allows the computation of the 
corrected radial intensity for the determina- 
tion of the SAXS parameters. The opportu- 
nity for this correction is validated later on, 
when the reliability of intensity data is 
discussed in terms of absolute scattering 
power. 

FIG. 3. Characterization of the support C230: pore 
distribution function of the unmasked (--) and (---) 
masked samples. The curves were obtained by inver- 
sion of data of Fig. 2 via Eq. (9) and are plotted as pore 
volume fraction calculated by Eq. (7). 

FIG. 4. VJ(h) vs h functions for Pd 0.85% on B,,,: 
(A) nonwashed (0.85% Pd); (B) washed (0.32% Pd). 
The broken curve refers to the washed sample and 
represents the experimental trend after subtracting 
support scattering; when plotted vs h3 it shows an 
ascending straight line: its slope is the additional 
constant intensity subtracted in order to obtain curve 
(B). 

Multiple scattering was found negligible 
for all the filled samples according to Perret 
and Ruland (27). 

Using the two mathematical methods 

FIG. 5. M(h) vs h functions for (A) Pt 1.0% on C,,, 
and (B) Pt 1.0% on BZZO. Broken curve refers to the 
former sample and is another example of deviation 
from Porod the law (see Fig. 4). 
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FIG. 6. Metal particle size distribution functions for 
Pt 1.0% on C&,: (-4 from Eq. (9); (---) from Eq. 
(IO). 

specified under Experimental (19, 25) the 
distribution functions of the metal particle 
size dispersed on the above characterized 
supports were calculated. Although these 
two procedures differ greatly in theoretical 
approach, and despite the different numeri- 
cal problems involved (for example, the 
second method-Eq. (lo)-is very sensi- 
tive to the extrapolated parts of the inten- 
sity curve), we have found a satisfactory 
agreement in the results obtained. For in- 
stance, a comparison of the two distribu- 
tion functions plotted vs the particle diame- 
ter in the cases of 1 and 0.3% Pt on CZ3,, is 
shown in Figs. 6 and 7, respectively. This 
systematic good agreement, verified in all 
the examined cases, justifies full confidence 
in the main details of the distribution func- 
tions. However, the first method, Eq. (9), 

FIG. 7. Metal particle size distribution functions for 
Pt 0.3% on CZaO: (-) from Eq. (9); (---) from Eq. 
(10). 

0 20 40 60 80 100 

2H [il 

FIG. 8. Metal particle size distribution functions of 
Pd0.85%onB .( 230. -) nonwashed (0.85% Pd); (---) 
washed (0.32% Pd). Quoted also in Ref. (3). 

has been preferred since it does not require 
a cumbersome fitting procedure in order to 
smooth the intensity curves: the distribu- 
tions reported in this paper refer to that 
method. 

Figure 8 refers to 0.85% Pd on BZ3,,, 
nonwashed and washed before reduction to 
metal (reactions (2) and (3)). 

Figure 9 refers to a similar comparison 
for 1% Pt on the same support, BZSO. 

As can be seen for all the samples stud- 
ied, it is possible to locate at least two main 
peaks in the metal distribution functions, 
one of which ranges in the <30-A-diameter 
interval. The number of metal particles 
larger than 30 A is strongly reduced in the 

FIG. 9. Metal particle size distribution functions of 
Pt 1.0 on B,,: (-) nonwashed (1.0% Pt); (---) 
washed (0.31Pt). 
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case of the samples washed before reduc- 
tion with H,; whereas, the amount of metal 
in the <30-A interval remains practically 
unchanged. By washing, the sorbed 
M(C3H& complex unreacted with the sur- 
face -OH groups (reaction (1)) is partially 
eluted. Therefore, the results obtained 
were interpreted by considering the more 
highly dispersed metal generated from the 
reduction of the anchored species glass 
I-M(C3H5), while the sorbed M(C3H& 
bears larger metal aggregates (3). More- 
over, the population of metal particles in 
the <30-A interval is in agreement with the 
extent of reaction (2) as calculated from the 
amount of propene evolved (3). Since the 
metal particles with dimensions larger than 
30 “A give a very small contribution to the 
catalytic activity in olefin hydrogenation 
(I, 4, 28), the chemical interactions be- 
tween support and chemical precursor to 
the metal play a leading role in affecting the 
catalytic power of these materials. 

However, the association of the peak 
under 30 8, with the metallic phase might be 
questionable. The systems under investiga- 
tion are composed of three phases: metal, 
voids, and support material. The use of 
pore maskant for both the catalyst and the 
support, and the subtraction of the relative 
scatterings, should in principle eliminate 
the inaccessible pore scattering. Indeed, 
the possibility of a different number of 
unmasked holes in the catalyst compared to 
that of the support, can bias the obtained 
intensity. As a consequence, a possible 
systematic artifact might arise in the metal 
distribution functions in the region of small 
dimensions. 

A first answer to this problem comes 
from TEM observations which confirm the 
presence of two ranges in the particle size 
distribution, in agreement with SAXS de- 
terminations. We report, for example, the 
TEM micrographs relative to 1% Pt on Bz3,, 
(Figs. 10A and B): the fraction of small 
metal clusters that can be singled out in Fig. 
lOB, becomes prevalent in the correspond- 
ing washed sample (Fig. 11) according to 

SAXS distributions. From TEM data the 
assumption of a spheroidal geometry of the 
metal particles appears justified and it is 
also confirmed that the pores, as can be 
seen in Fig. 11 for B,,, support, have ap- 
proximately the same size as the small 
metal particles. 

Nevertheless we have tried to attribute 
the first peak to the metallic phase alone, by 
using a SAXS self-consistent method. 

The “scattering power” for the exam- 
ined catalysts can be expressed by the 
equation (I8, 19) 

((Ad2) = c,h, - (P))’ 
+ c&s - (P))’ + CPbP - (P))‘, (11) 

where c~, c,, cP are the volume fractions of 
metal, support and pores, respectively, 
with C~ + c, + cP = 1 and pi, ps, pp are the 
respective electron densities with average 
value (p) = cMh + csps + cPpp. 

We have compared experimental values 
of ((A&*) obtained from Eq. (7) to the 
corresponding theoretical values calculated 
from Eq. (11) using the metal concentration 
known from chemical analysis and a vari- 
able void volume fraction. 

In Fig. 12 the plots of the calculated 
((Ap)‘) values vs variable c, values are 
reported in the cases of the indicated sam- 
ples (full lines). We selected these catalysts 
since the interference of residual unmasked 
voids, owing to the low metal concentra- 
tion, may be even more intense. The exper- 
imental scattering power data, reported at 
CP = 0 as marked points, appear to agree 
with the corresponding theoretical values 
extrapolated at c, = 0. As shown, the 
differences between the experimental 
( (AP)~) and the corresponding intercepts 
are not systematically positive. Thus, a 
significant contribution to the scattering 
from the residual unmasked voids can be 
excluded, differences arising from the com- 
plicated handling procedure and from the 
uncertainties in the elemental analysis. 

The calculation of ((AP)~) from the ex- 
perimental data allows the determination of 



356 COCCO ET AL. 

FIG. 10. Transmission electron micrographs of the catalysts F’t 1.0% on B23D: (A) ~80,000: (B) 
x 176,000. 
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FIG. Il. Transmission electron micrographs of the Pt I .O% washed sample on Bz3,, (effective Pt’ii = 
0.31): x 176,000. 

the metal concentrations, which are shown 
in column 4 of Table 2 transformed to 
weight percentage. 

Surface areas and Porod diameters are 
also reported. 

Average crystallite sizes determined by 
WAXS analysis, which represent a volume 

n L---~ 2-- 2 -J 
0(/I ,,(, 

I’ 0 k E c; ‘J I :Ij, F / R A , I, 

FIG. 12. Comparison between experimental values 
of “scattering power” (marked points) and calculated 
values (full lines) in the hypothesis of a three-phase 
system with an increasing void volume fraction. 

weight mean, are reported for some sam- 
ples in column 5 of Table 2. 

In conclusion the physical meaning of the 
obtained SAXS distribution curves has 
been explored and the sensitivity of the 
mathematical treatment has been tested on 
experimental data. Compared to more tra- 
ditional techniques SAXS appears as the 
most versatile method for determining not 
only the average crystallite size and metal 
surface area, but also the entire distribution 
curve. 
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