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Detecting palladium nanoparticles in Pd/C catalysts using X-ray
Rietveld method
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This study uses X-ray diffraction (XRD) techniques to investigate the nanostructural features of a series of four Pd/C catalysts, which
had the same load, 0.51 £ 0.02 wt%, as palladium, with significantly different dispersions, obtained by applying different temperature
ageings up to 873 K. By means of a Rietveld refinement, performed using a specid fitting procedure, which takes into account the various
contributions to the background scattering, the palladium fraction due to nanoparticles or clusters smaler than about 20-25 A could be
determined. We have compared this Rietveld (absolute) quantitative method with a simpler, but less precise, single-peak (relative) XRD
analysis, interesting for fast industrial applications. The Pd fractions due to nanoparticles, as determined by the two methods, are close
each other for all samples investigated, apart from one for which the disagreement is near 20%.
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1. Introduction

Detecting and measuring the nanoparticle size of active
phases in metal supported catalysts is very important for a
full characterization of the complex nanostructure of these
composite materials, which is strictly connected to their
catalytic behaviour [1,2].

When utilizing XRD (X-ray diffraction) some of us have
recently observed [3] in Pd/C catalysts that, although the
metal concentration was nearly the same (~0.5 wt%) and
the experimental conditions constant, the Pd peak intensi-
ties changed very significantly, sasmple by sample. As a
matter of fact, strong decreases in the Pd(111) peak inten-
sities were observed in a series of Pd/C catalysts, when
metal dispersion increased. As crystal preferred orientation
has to be excluded for small very dispersed spheroidal par-
ticles (as will be confirmed by the present Rietveld analysis
itself), this behaviour can be explained by the fact that the
intensity lost by the Pd(111) peak had spread out into the
background scattering. Therefore, we had assumed that this
diffuse X-ray scattering originated from very thin palladium
nanoparticles or nanoclusters (less than 20-25 A in size).
A conventional X-ray peak profile analysisis unable to ev-
idence these nanoclusters, since they do not contribute to
the Voigtian measurable X-ray diffraction peaks.

This paper examines the use of the Rietveld method
in order to detect these nanoparticles and determine their
weight fraction. A suitably tailored Rietveld analysis has
recently been proposed [4] by some of us to determine the
amount of each different phase present in a multi-phase
semi-crystalline system, the amorphous phase amount in-
cluded. Thismethod is based on a previoudly proposed the-
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oretical approach [5], which extended the classical Rietveld
analysis [6]. Some examples of application on a few Au
and Pd catalysts supported on active carbons have been
recently published [7,8].

In this paper a much more systematic study is reported
on a series of 0.5 wt% Pd/C catalysts having significantly
different metal dispersions and crystallite sizes. It is worth
noting that this type of catalysts is of industrial interest
since they can be employed for the production of purified
terephthalic acid. The results are compared with those ob-
tained using the single-peak simplified method, which is
particularly interesting for industrial applications.

2. Theory

After separating the intensity contributions Y;(26) of
each phase from the global scattering pattern of a multi-
system of M phases, the fractional weight amount, W,
of the /th phase, when the chemical compositions of these
phases are known, becomes [4]
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where we have supposed that the composition unit of the
Ith phase is composed of n; atoms and that the composition



120

units (e.g., the unit cells in the case of crystalline phases)
in the /th phase are N;; w} is the atomic weight of the
ith atom of the [th composition unit; A and P are the ab-
sorption and polarisation factors, respectively; f? is the
tabulated atomic scattering factor; Ii" is the incoherent
scattering of the ith atom: it can be evaluated using the
analytical expression and the relevant parameters published
by Smith et al. [9] and must be corrected for the Breit-Dirac
factor, for specific absorption effects and for the band-pass
function of the monochromator if it is used on the diffracted
beam [10,11]; s = 2sin(6)/\, with 20 Bragg angle and A
radiation wavelength; s, is the upper experimental limit of
measurement.

The proportionality constant, C', only depends on the
measurement set-up when particle microabsorption effects
can be ignored. For the nanometric particle sizes examined
here, even if the difference between the mass absorption of
palladium and that of carbon is very high, the conditions
found by Brindley [12,13], in order to neglect microabsorp-
tion effects, are satisfied.

The value of W, can be estimated by assessing the as-
ymptotic mean value of the ratio C'N(sp) in the range of
sp > 1.0 A-1,

In order to separate the palladium from the carbon scat-
tering, the air corrected [14] diffraction pattern of the cata-
lysts was fitted by using the palladium fcc structure and the
experimental diffraction pattern of the active carbon em-
ployed as catalyst support (bi-phase model). We have used
the following eguation, based on our modified Rietveld ap-
proach [5]:

Y (20) = Ypu(26) + Yc(20)
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is the contribution to the background of the metal crystalline
phase due to thermal and disorder scattering. The symbols
are:

Y (26) air-corrected global intensity;

Yrd(26) air-corrected intensity contribution of Pd to
the global intensity;

YZ(26) air-corrected smoothed experimental car-
bon scattering from the pure support;

Yc(20) air-corrected and suitably scaled carbon
scattering;

K™ palladium scale factor;

K¢ carbon scale factor;

np number of reflections of palladium;
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Ve palladium unit cell volume, containing four
atoms;

Ji multiplicity factor;

Ly, Lorentz factor 1/ sin?(6},) cos(6);

| Fy|? squared structure factor for the kth reflec-

tion, including the Debye-Waller factor;

®(20° — 26%)  normalised function (pseudo-Voigt, in the
present analysis), describing the profile
of the kth reflection, including asymme-
try [15]; angles measured in degrees,

B thermal factor for Pd atoms.

Since the integrated global intensities are independent of
the atomic spatial ordering [16], equations (1) and (2) work
for both crystalline and amorphous phases. In the case of
crystalline phases, the integrated corrected intensity of the
Ith phase is related to the scale factor K', refined in the
Rietveld procedure, as follows:
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where n; is the number of atoms in the unit cell whose
volume is V¢;. It is worth noting that equation (1) can be
considered to be a generalization of the equation reported by
Hill and Howard [6], found by them using a completely dif-
ferent theoretical approach, when all phases are crystalline.

The air-corrected carbon pattern used in the refinement
was firstly fitted using a polynomial function of the fifth
order and 6 pseudo-Voigt. This particular choice is not
important: in fact we only wanted to smooth the function
used in the Rietveld analysis.

3. Experimental

The “as received” catalyst (sample C;) is a commer-
cia catalyst (registered as D3065) by Chimet Co. (Arezzo,
Italy). It isused for theindustrial purification of terephthal-
ic acid and isformed by anominal 0.5wt% of Pd, supported
on active carbon. Effectively, the Pd concentration of this
catalyst, as measured by the atomic absorption technique,
has been found to be 0.51(2) wt%. Three other samples
were prepared by thermally treating sample C; at the tem-
peratures of 673 K (sample Cy), 773 K (sample C3) and
873 K (sample Cy), for 24 h, in a controlled atmosphere of
H2/H,0 = 1.

XRD patterns were recorded at 295 K, with a step size
of 0.05°, on a 10°-140° 26 range. The intensities were col-
lected in the preset-time mode in accordance with a specific
program, which employed higher collection times in the
angular ranges where the Pd peaks are defined, and lower
times outside these ranges. The Rietveld program, which is
an implemented version of the DBWS-9600 code written by
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Sakthivel and Young [17], takes into account these different
collection times when calculating the e.s.d. of the optimized
parameters. A Philips X’ Pert system (PW3020 vertical go-
niometer and PW3710 MPD control unit), equipped with
a focusing graphite monochromator on the diffracted beam
and with a proportional counter (PW1711/90) with an elec-
tronic pulse height discrimination, was used. Moreover,
a divergence dit of 0.5°, a receiving dlit of 0.2 mm, an
anti-scatter slit of 0.5°, and Ni-filtered Cu Ko radiation
(30 mA, 40 kV), were employed.

Air scattering Y3 was collected (10 sstep~! and step
size of 0.5°) on the same 260 range, fitted with a suitable
function (two pseudo-Voigt functions and a straight line)
and corrected in accordance with the method used by Ottani
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et al. [14] taking into account the presence of the sample.
The scattering of the same active carbon powder used in the
investigated Pd/C system, Y (26), was aso corrected for
air scattering before using it in the refinement. No change
in the X-ray pattern of the carbon was observed, even when
thermally treated up to 873 K.

4. Results and discussion

Figures 1 and 2 show the Rietveld refined diffraction
patterns of the four investigated catalysts, whereas figure 3
showsthe C'N¢(26) plot as afunction of 26, which refersto
the active carbon scattering. Table 1 reports the palladium
weight percentage, Wpy (as calculated by equation (1)),
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Figure 1. The XRD patterns of samples C; and Cy, fitted using our Rietveld procedure. In the insets the global diffuse scattering is evidenced, which

represents the sum of Compton scattering, thermal diffuse scattering from the Pd phase, and smoothed experimental carbon scattering, suitably scaled.

The weighted residuas, defined as AY;(weighted) = (Yo; — Y&i)/ Yol/ 2, are reported at the bottom. The goodness of fit .S is 1.1 for the Rietvelg

analysis of sample C; and 1.§ for that of sample C,, where S2 = {Ei[AYi(weighted)]z}/(N — P). The refined Pd unit cell edge, a, is 3.895(2) A

for sample C; and 3.896(1) A for sample C, (see Young [19] for the symbol definitions). For reasons of graphics, the air-corrected experimental
intensities are indicated by circles, spaced at 0.15° in 26.
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Figure 2. Asin figure 1, but for C3 and C4 samples. For catalyst C3 .S and aaels and 3.897(1) A, respectively, while for catalyst C4, S and a are
1.7 and 3.8947(2) A, respectively.
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Figure 3. Plot of C'N¢(26) (see equation (3)) relative to the active carbon

used as a support for the investigated cataysts. The straight line represents

the mean value of the curve evaluated in the region 26 > 100°; this value

is proportional to the number of composition units, assuming that one C
aom is the composition unit of carbon.

which givesrise to the “visible” XRD peaks, determined by
our approach: equation (5) was used to determine the C' Npy
guantity and equation (2) was used to determine the C N¢
guantity. It is interesting to note, in the second column of
table 1, that, for sample C4, thermally treated at 873 K, the
Pd content (0.50 wt%) is very close to the value obtained
by the atomic absorption technique (0.51(2) wt%). Thisis
proof that in this sample the sintering process made the Pd
particles grow, so that aimost all of them were responsi-
ble for the observed XRD peaks (practically no crystallite
gives scattering outside the visible reflections). Therefore,
this sample could be considered a correct reference sam-
ple for the single-peak method (see below). In contrast,
in the “as received” catalyst, only 24% of Pd atoms (see
column 3, table 1, where the “visible” Pd fraction, z, is
reported) scatter inside the measurable XRD peaks. Evi-
dently, the remaining fraction of atoms form nanoclusters
which are so small that their scattering is diffused into the
background. It is possible to see in the XRD pattern of
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Table 1
Results obtained for the palladium fraction responsible for the “visible” XRD peaks, and for the relevant average
crystallite sizes. The estimated percentage errors are 5% for Wy and 15% for (D) 111y ad (D)(100)-

Sample Rietveld analysis Single-peak analysis
Apparent Pd content Pd fraction® Crystallite size (,&) Pd fraction?
Weg (Wt%) x (D)(111) (D) (100) z’
C;1 (as received) 0.12 0.24 68 n.d. 0.25
C, (673 K) 0.28 0.55 99 n.d. 0.64
Cs (773 K) 0.34 0.67 123 108 0.68
C4 (873 K) 0.50 0.98 143 143 1.00

2These values were obtained with reference to the real amount of 0.51 & 0.02 wt% of palladium measured on
the “as received” catalyst, using atomic absorption technique.
b These values were obtained with reference to sample C, (for which z’ = 1).

C; (figure 1) that, centred at about 34° in 20, there is a a pseudo-Voigt function (intermediate between a Gaussian
weak and diffuse halo which is due to PdO extremely fine and a Lorentzian profile function) and the background with
particles, but this circumstance does not change the con-  a second-order polynomia (see figure 3). By using the an-
clusions reported above. The C, and C3 samples show an  aytical Fourier transform of the profile, suitably desmeared
intermediate behaviour with respect to C; and C,. from the instrumental broadening, the volume-weighted av-

The right-hand side of table 1 shows the results obtained ~ erage crystallite size (D)111), measured perpendicularly to
by means of the single-peak method. Using a published the (111) lattice planes, could be determined. For the two
procedure [18] developed at our laboratory, we fitted the samples Cz and Cs, the (D)oo average crystallite size,
Pd(111) peak-profile in the angular 35°-50° range with perpendicular to the (100) lattice planes, could also be de-
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Figure 4. The fitted (111) palladium pesk profiles of the four investigated samples C;—-C,4. Starting from the fitting data, the average volumetric
crystallite sizes (D)(111), reported in table 1, could be obtained.
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termined because, in these two catalysts, the (200) XRD
peaks were intense enough to be suitably fitted, and, there-
fore, studied in terms of line broadening. The line broad-
ening was entirely ascribed to crystallite size broadening
effects. In fact, an accurate anaysis of lattice disorder,
which is another possible cause of line broadening, cannot
be performed on this kind of composite samples, where the
metal amount is so low and the peaks so weak.

The crystallite values are reported in the fourth and fifth
columns, respectively, of table 1. It is possible to note that
the crystalite sizes systematically increase as the sintering
temperature increases. Finaly, the sixth column of table 1
gives the fraction of “visible” palladium, z’, obtained from
the ratio between the (111) peak area of the investigated
sample and the corresponding area of sample C,4, consid-
ered as the reference sample for the series of catalysts;
as a result, the =/ values are very close to the z values,
except for sample C,. Therefore, this behaviour shows
that, when crystal preferred orientations are not present, as
verified here by the Rietveld refinements themselves, the
relatively simple single-peak analysis (which is interesting
for fast industrial applications) can give acceptable results,
provided that the XRD experimental conditions remain con-
stant. A nearly identical amount of powder should be put
into the holder, for each sample, and the primary beam
should be periodically checked using a standard reference
sample, in order to take into account possible variations.
Figure 4 shows the fitted profiles of the Pd(111) peaks of
the four catalysts C;, Cy, C3 and Cy4, reported in table 1.

5. Conclusions

For a quantitative determination of very fine meta par-
ticles or nanoclusters in metal supported catalysts, the
X-ray Rietveld refinement, which is a complex, delicate
and time-expensive technique, presents the following ad-
vantages with respect to simpler (relative) XRD methods,
as the single-peak area measurement analysis:

(1) Itisan absolute method that needs no reference sample
nor constant experimental conditions.

(2) It can work well also in presence of crystal preferred
orientations, which can be corrected by the method it-
self.
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(3) Itismuch moreprecisesinceit isbased on afull-pattern
structural fitting technique.

The Pd fractions due to nanoparticles of 20-25 Ain
size, as determined by the two above discussed methods,
are close each other for al samplesinvestigated, apart from
one for which the disagreement is near 20%.
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