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Abstract: The focus of this work is on the relationship between the quantitative structural
characterization of bimetallic Au-Pd nanoparticles dispersed in an amorphous polymer matrix
and their catalytic activity in the direct synthesis of hydrogen peroxide (DS reaction). Resonant X-ray
powder diffraction with synchrotron radiation was employed to probe selectively and to reveal fine
details of the structure of bimetallic nanoparticles embedded in the support. The semi-quantitative
analysis of the resonant X-ray powdered diffraction data, made on a large number of metal
nanoparticles, shows that in one of the polymer-supported Au-Pd catalyst for the DS reaction
(P75) featured by an overall molar Pd/Au of about 5.54, the smallest metal nanoparticles (MNPs),
which account for more than 99.9% of the total MNPs number and for more than 95% of the
metal surface, are formed by practically pure palladium. The relative number of bimetallic alloyed
nanoparticles is very small (less than 4 x 10> ppm) and they contribute to only about 2% of the
total metal surface. In a second gold-enriched catalyst (P50) with an overall molar Pd/Au of 1.84,
the proportion of the bimetallic alloyed nanoparticles increased to about 97% and they account for
about 99% of the metal surface. As a result of the metal intermixing, the catalytic productivity for the
DS reaction increased from 97 to 109 mmoly,o,/moly, owing to the gold-promotion of palladium.

Keywords: hydrogen peroxide; anomalous diffraction; palladium; gold

1. Introduction

Metal nanoparticles (MNPs) have received much attention for years due to their peculiar properties,
which are appealing to basic sciences and innovative technologies. The complex interplay of several
features provides them with unique electric, optical, magnetic, and chemical behaviors, which are
determined by their composition, shape, and interaction with their local environment [1]. However,
their high surface energy makes them unstable and highly reactive so that they easily oxidize and/or
coalesce. To preserve their properties, their surface energy must be lowered; hence, the control of the
preparation of MNPs is of the utmost importance to get reproducible materials. For this purpose, a wide
range of chemical methods (bottom-up approach) is available, which generally require the aggregation
of metal atoms obtained upon reduction under controlled conditions [2]. One way to stabilize MNPs
against oxidation and/or coalescence is to use agents of both a molecular and macromolecular nature
(capping agents and organic polymers, respectively) [3]. Among the latter ones, some have recently
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shown that gel-type cross-linked functional polymers (gel-type resins) are effective in the multi-gram
scale preparation of MNPs [4]. In fact, on the basis of the nanometer size porosity of gel-type resins in
the swollen state, we can control both the size and the size distribution of metal and metal oxide NPs
through the template controlled synthesis (TCS) [5-8], thus showing that TCS is a reliable method for
the preparation of very small metal particles (<10 nm) entangled within the polymer framework. Most
importantly, this framework, apart from providing an efficient and reliable size and dispersion control,
stabilizes the MNPs against coalescence, oxidation, and early ageing while preserving a remarkable
chemical activity [9]. As a matter of fact, resins proved to be useful scaffolds for the preparation of
nanostructured inorganic phases both in catalysis and material science (see, for example, [10-14]) and
the knowledge of their morphology is important in this respect [9,15].

The great challenge in the frame of MNPs-based materials is the ability to understand and
employ bimetallic systems in which the specific properties and characteristics of two different kinds of
metals can be used and modulated. In several cases, bimetallic systems outperform the monometallic
ones; however, very often, the specific reasons for this better behavior are not yet unequivocally
understood [16-18]. In this regard, Au-Pd MNPs are exploited as catalysts for many reactions, such as,
for example, the photoinduced generation of hydrogen molecules from water [19], oxidation of CO
to CO;, [20], hydrogenation reactions [21,22], oxidation of alcohols and polyols with dioxygen [23],
and direct synthesis of hydrogen peroxide (DS reaction) [24]. In several cases, Au-Pd catalysts perform
better than monometallic Pd and their behavior has been widely investigated in the literature. It has
been proposed that it is affected by the nature of the particles (alloys, eutectic-like, core-shell [25]) and
several other experimental parameters, such as the synthetic procedure, and the composition and
size of the MINPs [26,27], but the complexity of these systems prevented a single explanation for their
behaviors. In particular, bimetallic Au-Pd catalysts supported on gel-type resin are promising systems
both for the oxidation of aliphatic alcohols [5] and for the DS reaction [14,28,29], but a general in-depth
understanding of the beneficial effect of gold has not yet been achieved.

The difficulty in the characterization of supported MNPs is multiple and arises from the presence
of very small aggregates (usually less than 5 nm) embedded in an amorphous or crystalline matrix.
The matrix, beneficial from the point of view of MNPs’ stabilization and size/dispersion control,
heavily complicates their characterization. Standard techniques for structural characterization are
not always well suited to the characterization of supported MNPs and may fail to achieve this goal.
For example, the efficiency of X-ray powder diffraction (XRPD) is definitively reduced in the case
of nanometer sized particles dispersed in stabilizing supports because the scattering coming from
the matrix overlaps with the weak and broadened diffraction peaks from small MNPs [30]. Even
transmission electron microscopy (TEM), employing the most advanced techniques, such as aberration
corrected high resolution scanning transmission electron microscopy (HR-STEM), which is sensitive to
the atomic numbers and is able to give quantitative information of bimetallic MNPs [31], cannot be
fully exploited in the presence of a support except for the few MNPs which are sitting on the external
surface of the matrix.

So far, based on what is reported in the literature, it is quantitatively difficult to characterize
MNPs embedded in a matrix. Resonant (also called anomalous) X-ray diffraction (A-XRD) is a
powerful technique often employed to selectively probe micro/nanocrystalline phases embedded in
matrices [32-34]. Anomalous scattering is able to give information similar to the one provided by X-ray
absorption measurements, but with the advantage that it is crystallographically site-selective. This
technique exploits the ample variation of the anomalous scattering factor (the atomic scattering factor
for the atom, j, is given by f; = fo + f” + if”, where fj corresponds to the atomic scattering factor for a
spherically symmetric collection of free electrons in the atom, and {” and {” are the dispersion correction
or “anomalous contributions”) [35] of a resonant atomic species close to its atomic absorption edge as a
contrast factor to selectively extract its contribution to the overall scattering intensity from the sample.
For this purpose, in the A-XRD experiment, the diffraction pattern is first measured with the X-ray
energy tuned near (Ey) the absorption edge of one of the metals in the bimetallic sample (the resonant



Appl. Sci. 2019, 9, 2959 3of 14

species) and later with the X-ray energy tuned far away (Ep) from the same edge. The intensity of
X-rays diffracted by crystals depends on the structure factor and thus on the atomic scattering factors,
f;, for each of the atoms, j, so that the intensity difference pattern, Al = I — Iy, contains only the
peaks arising from the phases with the resonant species, because only the structure factors of the latter
changed from Iy to Ir [36,37]. Dealing with supported metal catalysts, A-XRD is used as an efficient
way to suppress the scattering of the support and to focus on the structure of the MNPs [38,39]. In the
present work, we demonstrate that the A-XRD technique can be employed to highlight fine differences
in the crystallographic nanophases composed of two different metals dispersed on a matrix. To our
knowledge, this is the first time that this technique has been applied for the characterization and
quantification of a very low concentration (less than or equal to 3 weight %) of supported MNPs. Our
purpose was to shed some light on the structures of bimetallic MNPS and to correlate them with the
catalytic activity. The overall strategy of the investigation is plotted in Scheme 1.
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@  B: medium-sized MNPs, bimetallic
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Scheme 1. Overall strategy of the investigation provided in this article.

2. Results and Discussion

Two Au-Pd catalysts (P50: 2% Au: 2% Pd, w/w—1:1.85, mol/mol; P75: 3% Au: 3% Pd, w/w—1:5.57,
mol/mol) were prepared with a two-step procedure (see Supporting Information) [5,7]. With the very
same procedure, we also prepared two Au and Pd monometallic specimens. The total Au-Pd weight
fraction was set to 4% for both the bimetallic samples and to 3% for the monometallic ones. The metal
content of the samples was calculated from the difference of the metal concentration in the metal
solution before and after the metal uptake. These bimetallic materials were employed as catalysts in
the DS reaction, under non-explosive, relatively mild conditions, without the addition of any selectivity
enhancer (such as mineral acids and halide ions) [40]. Although the catalytic productivity was low, this
ensures that the observed performance of the catalysts depends exclusively on their intrinsic properties.
The productivity of P50 and P75 materials was 109 and 97 mmoly,0,/molyp, respectively, better than a
related monometallic Pd catalyst whose productivity was 64 mmoly,o,/mol,.
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A-XRD measurements were performed at the BM08 beamline of the ESRF facility (Grenoble,
France) [41] using an angle-dispersed set-up [42], based on a large area imaging plate detector (200 x
100 mm?), which ensured high quality/high statistics XRD patterns [33]. Glass capillaries (diameter 0.5
mm) were used as specimen holders for the powdered P50 and P75 samples. During the collection
of the data, specimens were kept under rotation and continuously flushed with N, to prevent any
oxidation of the metal phases. The XRD patterns Iy and Ir were collected tuning the X-ray beam near
(ENAY = 11,910 eV, ENPY = 24,345 V) and far (EgA" = 11,700 eV, EgPd = 24,001 eV) from the Au Ly
(Eau = 11,919 eV) and Pd K (Epg = 24,350 eV) edges.

The size distribution and morphology of the MNPs in P50 and P75 were preliminary characterized
by TEM and high resolution (transmission) electron microscopy (HREM). TEM images of P50 and P75
specimens (see Supporting Information and Figure S1) revealed a bimodal size distribution (Figure 1)
with small (d ~ 1-2 nm) and a few medium size (10-20 nm) particles, the latter being larger in the
P75 sample.
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Figure 1. Particle size distribution of P50 and P75 specimens. Very small nanoparticles (1-2 nm) and a
few large clusters are present in both the specimens.

All the observed MNPs have the same crystalline fcc lattice, but the mismatch among the Au, Pd,
and Au-Pd lattices is so small that TEM measurements did not provide any reliable information about
the MNPs’ phase composition (JCPDS card No 04-0784).

Figure 2 shows the A-XRD patterns collected at the Au Ly edge and Pd K edge, panels (a) and
(b), respectively, as a function of the energy independent abscissa, s = sin(8)/A, for the two specimens
P50 and P75. They show an intense background scattering coming from the polymer matrix and well
defined peaks due to the MNPs. The abscissa values of the most intense peaks, calculated assuming a
lattice parameter for Auap, =4.079 A (JCPDS card No 46-1043), are in good agreement with the ones of
pure Au (Figure 2a,b). The broad halo observable between the Au (111) and Au (200) lines is especially
evident in the difference patterns, Al = Iz — Iy (Figure 2, panels c and d), where the contribution of the
polymer matrix was subtracted. Since the difference pattern obtained from the A-XRD is due only to
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the scattering of the resonant atoms (that is Au atoms, Figure 2 panels a and ¢; Pd atoms, panels b and
d), the broad halo, which is particularly evident for measurements at the Pd K edge, should arise from
the scattering of a palladium-rich phase formed by very small (less than 2-3 nm) MNPs. The diffraction
lines of pure palladium should appear at s values higher than those of the corresponding signals of
gold, due to its shorter lattice parameters (apg = 3.8898 A [43]). As the signals from an alloy fall in
between the Bragg peaks of the pure metals, the position of this halo is compatible with a small-sized
Pd-Au bimetallic alloy phase. The presence of a population of MNPs characterized by a size smaller
than 3 nm is confirmed by the TEM images (see Supporting Information, Figure S1) showing the
co-existence of both large and small MNPs in agreement with the diffraction patterns.
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Figure 2. A-XRD patterns for P50 and P75 (If, red curves; IN: blue curves) as a function of the energy
independent abscissa, s = sin(0)/A, at the Au Ly edge (a) and the Pd K edge (b). The curves of the
two specimens are vertically shifted for the sake of clarity and the vertical lines highlight the expected
position (spy1 = 1/2dpy) of Aug diffraction lines (ap,, = 4.079 A). The difference curve for P75 is reported
for comparative purposes in (a,b). The difference patterns, Al in the region of the (111) and (200) fcc
diffraction lines calculated at the Au Lyj; edge and Pd K edge are illustrated for both P50 and P75 in
(c,d), respectively.

We can obtain quantitative information by fitting the difference patterns to pseudo-Voigt functions
provided that the signal to noise ratio is adequate. We therefore analyzed the region around the
(111) and (200) peaks, since in the higher angles’ region (i.e., above the (200) peaks), the difference
signals become too weak for a reliable quantitative analysis. The best fits, which are shown in Figure 3,
are obtained assuming the presence of three different phases (hereafter referred to as A, B, and C).
The first phase (A) features two relatively sharp contributions (Figure 3, orange-shaded peaks), so
that we were able to constrain their positions to the same lattice parameter; moreover, they imposed
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the same half-width and their intensity ratio was fixed to the Ipgp/I111 value (about 0.49) of the (111)
and (200) reflections of pure fcc gold. In this way, we reduced the number of refinable parameters,
thus improving the reliability of the fitting procedure. For the second and third phases (B and C,
respectively), only a single contribution in the region of the (111) reflection is required to achieve
the best fit (Figure 3, blue- and green-shaded peaks, respectively). These contributions are much
broader than the corresponding ones for phase A and they are positioned towards higher values of s.
Accordingly, they can be associated to phases which are richer in palladium and composed of smaller
MNPs in comparison with phase A. The (200) peaks expected for the phases B and C are observed
as a tailing in the difference patterns at high s values; they can be simply accounted for by a single
further contribution, which falls in the region where the (200) reflections of phases B and C should be
observed, but it is not specifically attributed to any of them.

Intensity (a. u.)

Intensity (a. u.)

s (A

Figure 3. Analysis of A-XRD difference patterns for P50 (upper panels) and P75 (lower panels) samples
at Au (left) and Pd (right) edges. The experimental points (red dots) and the best fit line (black line)
are shown together, with peaks corresponding to the bimetallic phases A (orange shade), B (green
shade), and C (blue shade). The residuals (experimental-fit) are shown at the bottom (blue dots), shifted
for clarity.

Figure 3 shows that there is a strong similarity between P50 and P75 samples at both Au and Pd
edges. For both P50 and P75, one diffraction peak (the narrowest, A) is found almost coincident with
that of pure gold (111). A second peak is observed in a position, which is in between those of pure
gold (111) and pure palladium (111). The third one is found very close to that of pure palladium (111).
As each of these peaks must be assigned to a different nanostructured phase, we can argue that phase
A is very rich in gold, phase C is very rich in palladium, and phase B is a bimetallic alloy with some
intermediate composition.

For each phase, the position of the (111) diffraction line provides information on the lattice
parameter of the involved crystallographic phase. Vegard’s law establishes that the lattice parameter,
ay, of a binary metallic alloy, AxB;_y, varies linearly with the concentration, x, of the constituting
elements of the alloy (ax = ap + X (ap — aa), with ap and ap being the lattice parameters of the pure
compounds. The Scherrer law relates the full width at half maximum of a diffraction peak to the
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volume-weighted average particle diameter, D (A). The relative peak area is proportional to the phase
fraction. The quantitative analysis of the Al difference data yields two sets of results (one obtained
from the data at the gold edge and the other from the data at the palladium edge). As illustrated in
Table 1, the results from the two independent sets match significantly well to one another.

Table 1. Analysis of the A-XRD difference patterns. a, D, and %Au are the lattice parameter, the size,
and the Au content, respectively, of the identified metal phases (A, B, C) from the (111) diffraction peak.

P75 P50
Phase A B C A B C
Edee Pd Pd Pd Pd Pd Pd
& Au Au Au Au Au Au
. 4077 4.000 3.920 4.065 4.042 3.905
a(A) 4072 4000 3.920 4070 4.024 3.930
16.0 5.4 1.1 11.0 3.3 12
a
D (nm) 15.7 5.8 1.0 11.0 3.2 13
Au (o) b 0.994 0.659 0.001 0.931 0.812 0.085
X e 0.966 0.659 0.001 0.956 0.859 0.087
21 5 74 13 24 63
0, C
A (%) 12 4 84 8 22 70

C

2 from the Scherrer analysis; P atomic percentage of gold from the Vegard law; © relative area of the 111

deconvoluted peak.

Not only is the trend in the change of the composition from phase A to phases B and C the same,
but also the respective Au and Pd atomic percentages are very close to each other. These results show
that the quantitative analysis of the data is self-consistent and that the discrepancies between the two
sets of data can be assumed as an estimate of the “experimental uncertainty” of the method.

Looking at the results obtained at the Au edge (but similar considerations also apply for the Pd
edge), as far as the chemical composition is concerned, phase A turns out to have atomic Au percentages
of 98.0 + 1.4% and 94.4 + 1.3% in P75 and P50 respectively, so it can be considered to be formed by
almost pure gold. As pure gold is not active in the DS reaction, this phase can be considered of little
relevance in the catalytic behavior of P50 and P75. Moreover, as indicated by the TEM characterization,
the amount of the largest MNPs is very low in both specimens; according to Scherrer analysis of the
A-XRD data (see below), phase A is formed by the largest MNPs both in P50 and P75. This supports the
hypothesis that phase A does not contribute to the overall activity of these catalysts in the DS reaction.
Considering phase B, data analysis shows that this phase has an intermediate gold content, which is
higher in P50 (83.6 + 2.4%) and lower in P75 (~65.9%). This result is easily explained considering that
in P50, the overall Au/Pd ratio is 1/1.85 while in P75 it is 1/5.57. It follows that P75 will be necessarily
richer in Pd and lower in Au for phases B and C. Accordingly, the atomic percentage of Au present in
phase C is ~0.1% for P75 and 8.6 + 0.1% in P50. In summary, phase C is very rich in palladium (>90%
Pd) in both specimens, and it is almost pure palladium in P75.

Within each phase, the size of the MNPs, as assessed from the Scherrer analysis of the respective
(111) peaks, was strictly comparable in both P50 and in P75 (Table 2). Phase A always shows the largest
MNPs, with diameters of about 11 nm for P50 and about 16 nm for P75. As mentioned above, TEM
characterization suggests that the number of MNPs of phase A is very small. This is in agreement with
the fact that these MNPs being so large and so rich in gold must be only a few, as the least abundant
metal in the specimens (gold) is concentrated in this phase. Phase B is comprised of smaller MNPs,
with diameters of about 3.3 nm for P50 and 5.6 nm for P75, while phase C is formed of tiny MNPs
slightly larger than 1 nm. From the A-XRD analysis, the highest MNDPs size is 16 nm, but TEM also
shows the presence of even larger MINPs (tens of nm in diameter). However, according to HREM
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characterization, they are multi-twinned clusters (see Supporting Information, Figure S2) featured by
several ordered domains, each one responsible for a single XRD signal [44].

The number of MNPs in each phase cannot be exactly assessed from the TEM data since sampling
in the TEM is necessarily partial and the relevant results could not be fully representative. Moreover,
the MNPs’ size of phases B and C are pretty close to each other and it is difficult to trace a boundary
between their populations. However, the A-XRD analysis provided both the size and the composition
of MNPs for each phase so that the relative abundances of MNPs could be calculated. In addition,
A-XRD analysis was carried out on macroscopic amounts (mg scale) of the samples and its results are
therefore representative of the whole material. Using the information derived from A-XRD data for each
phase (MNP diameter in nm and a in A), we calculated first the volume of the MNP (VMNp = Z- D3),
supposed to be roughly spherical and to possess the fcc lattice, and then the number of atoms per MNP

(N MNP = 4- % -107%;i = A,B, C). We also calculated the relative numbers of MNP belonging to

A,B,and C (PMNp,i = 10°- % Y ‘2/1111\;[)’1 ;i = A,B, C), which should be proportional to the volume
fractions of the respective phases, upon dividing the relative areas of the deconvoluted 111 peaks by
Vmnp. These will be hereafter referred to as the “volume adjusted populations” (VAPs). From these
values and from the atomic composition of each phase, the relative numbers of gold and palladium atoms
in the two specimens were easily achieved as Ny;; = Puynp,i - Nmomnp,i- XmisM = Au, Pd;i = A,B,C.
This provided two values (one for each edge) of the atomic (molar) ratio between palladium and gold
for P50 and P75, which are reported in Table 2. The values of Npg/Na, from the palladium edge and
the gold edge of P50 are in good to excellent agreement with the experimental value of 1.85 mol-mol~'.
For P75, the agreement of the single values is not as good, but the average, 5.10, is not far from the 5.56
value obtained from the metal analysis. We can therefore conclude that the A-XRD analysis and this
treatment of its data catches, at least semi-quantitatively, the changes in the morphology (size) and
composition of the MNPs of these bimetallic systems as the Pd/Au ratio is varied.

The same conclusion can be drawn with a similar approach but taking a different point of view.
In fact, the population of the phases can easily be adjusted to match the experimental overall atomic
(molar) Pd/Au ratio, while keeping at each edge the same values of D and a reported in Table 1 for each
phase. These will be hereafter referred to as the “metal-ratio adjusted populations” (MAPs). With the
exception of the data from the Pd edge of P50, this adjustment requires a large relative change in the
population of the phase A, a small one, if any, in the population of phase B, and an almost negligible
one in the population of phase C (Table 3). This is not unexpected, because phases A and C contain, by
far and large, the smallest and the largest number of MINPs. It can also be appreciated that for P50 the
Np4q/Nay value is much less sensitive to the population adjustment in comparison with P75. This and
the large difference in the Npg/Ny values of P75 at the Pd and the Au edges (Table 2, line 6) probably
arise by the high degree of segregation of the metals in this specimen. Whereas gold is comparatively
more evenly distributed among the phases in P50, in P75, an estimated 75% to 85% of all the gold
atoms are concentrated in phase A.

The above results show that a reliable estimate of the population of the phases and of the
composition and size of their MNPs can be achieved with A-XRD analysis. This forms the basis
to evaluate the relative contribution of each phase to the metal surface, which might be relevant to
the catalytic behavior of these materials. Figures 4 and 5 illustrate the relative surface area of the
nanostructured metallic phases. It can be appreciated that for both P50 and P75, the surface distribution
among the phases turned out to be the same (in spite of some discrepancies for phase A), whatever
starting set of data (Pd or Au edge, VAPs, or MAPs) were employed.
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Table 2. MPNs population of phases A, B, and C of P50 and P75 and the atomic (molar) Pd/Au ratio as obtained from the data of Table 1 (see the text for the meaning
of Vivne, Nmnp, Pyne, Nau, and Npg).

# Cat P50 P75

Edge Pd Au Pd Au

Phase A B C A B C A B C A B C
1 Vynp (nm®) 696.91 18.82 0.90 696.91 17.16 1.15 2026.27 102.16 0.52 2144.66 82.45 0.70
2 Nunp 41,501 1140 61 41287 1053 76 119,601 6385 35 127,056 5133 46
3 Py (ppm) 261 18,147 981,592 182 20,842 978,976 72 338 999,590 47 369 999,583
4 Nay-1077 1.01 1.68 0.51 0.72 1.89 0.65 1.21 0.20 0.005 0.70 0.15 0.006
5 Npg-10~7 0.08 0.39 5.46 0.03 0.31 6.78 0.007 0.10 4.94 0.02 0.08 5.558
6 Npa/Nau 7.9 x 1072 0.23 10.7 42%1072 0.16 10.4 5.8x1073 0.50 9.9 x 102 2.8 x1072 0.53 9.3 x 102
7 Npa/N, (overall) 1.86 2.19 3.56 6.63

Table 3. MPNs populations of phases A, B, and C of P50 and P75 adjusted to the experimental atomic (molar) Pd/Au ratios keeping the same values of a, D, and x 5, as
reported in Table 1 (see the text for the meaning of Viynp, Nmne, Pmne, Nau, and Npg).

# Cat P50 P75

Edge Pd Au Pd Au

Phase A B C A B C A B C A B C
1 Py (ppm) 261 18,147 981,592 335 20,842 978,823 4 350 999,609 58 380 999,562
2 A (%) 2 0 0 0 +82 0 -0.016 -43 +3.6 +0.002 +23 +3.0 -0.002
3 Vynp (nm3) 696.91 18.82 0.90 696.91 17.16 1.15 2026.27 102.16 0.52 2144.66 82.45 0.70
4 @ (%)P 13 24 63 14 21 66 13 6 81 14 4 82
5 NyNp 41,501 1140 61 41,287 1053 76 119,601 6385 35 127,056 5133 46
6 Nag-1077 1.01 1.68 0.51 1.32 1.89 0.65 0.49 0.15 0.003 0.71 0.13 0.005
7 Npg-10~7 0.08 0.39 5.46 0.06 0.31 6.77 0.003 0.08 3.47 0.03 0.07 4.62
8 Npa/Nau 7.9 x 1072 0.23 10.7 45x1072 0.16 10.4 43 %1073 0.53 12x10°  42x1072 0.54 9.2 x 102
9 Npa/Nay (overall) 1.86 1.85 5.56 5.57

2 relative change from the values of line 3 of Table 2; b yolumetric fraction.
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The most remarkable difference between the surface distributions of P50 and P75 was observed in
the respective phases B. Although this phase contains more gold in P50 (Pd/Au = 0.20) than in P75
(Pd/Au =~ 0.50), it features the highest degree of metal intermixing. The larger contribution of phase B
to the metal surface area of P50 is the result of the smaller size of the MNPs (Dpsy ~ 3.2 nm; Dpys =
5.6 nm) and of their higher population in this material (Ppsy ~ 1.8-2 x 10* ppm; Ppys5 ~ 3.4-3.8 x 102
ppm). It should also be appreciated that the decrease of the relative surface area of phase B from P50 to
P75 occurred with the increase of the relative surface area of phase C. The Pd/Au ratio in phase C of
P75 is close to 10® as compared with ca 10 in P50. All these circumstances imply that the intermixing of
the two metals is strongly enhanced on going from P75 to P50.

The DS reaction has been attracting the interest of many research groups for years as its effective
implementation would be a real breakthrough from the environmental point of view. In this connection,
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bimetallic gold-palladium catalysts are among the best ones, because of their improved performance in
comparison with mono-metallic palladium catalysts. The well-known promoting effect of gold [45-47]
was confirmed by our data on the catalytic productivity of P50 and P75, which was, respectively, 109
and 97 mmoly,o,/moly, both better than a related mono-metallic Pd catalyst (64 mmoly,o,/molp).
This effect was attributed to the formation of gold-palladium nano-alloyed materials. Our catalytic data
show that the gold promotion was more effective in P50 than in P75. In the first approximation, this
can simply be attributed to the decrease of the Pd/Au atomic (molar) ratio from 5.56 (P75) to 1.84 (P50).
This lead to a relatively small increase of the population of phase A, but the features of its MNPs
(large size, small population, little relative surface area, gold segregation) support the hypothesis that
it was of negligible relevance, if any, to catalysis. Accordingly, only phases B and C were active in
both P75 and P50. On going from the former to the latter, they were both enriched in gold, and in
P50, the contribution of phase B to the metal surface area underwent a 10-fold increase. This could
be the cause of the higher productivity of P50, but we cannot rule out at the moment that it could be
brought about by the enrichment in gold of phase C, which in P50, still represents more than 85% of
the metal surface.

Although no conclusive evidence on the causes of the higher productivity of P50 in the DS were
provided from the A-XRD characterization of P75 and P50, its level of insight is hard to achieve with
other techniques. In this connection, the variation of the composition of Au-Pd MNPs with their size
had already been observed, although only qualitatively, in nano-alloyed bimetallic catalysts supported
on carbon. Whereas the largest MNPs were the richest in palladium in samples prepared by sol
immobilization [44], the opposite situation was found in materials prepared by impregnation [48].
The atomic Au-Pd ratio as a function of MNPs was quantitatively assessed with TEM-EDX analysis in
a bimetallic impregnated catalyst supported on a mesoporous ordered carbon [49]. However, it was
impossible to probe MNPs smaller than 5 nm so that no direct quantitative information on the smallest
and expectedly more active nanoparticles could be gathered and this prevented a full characterization
of the best reported catalyst, which has more than 90% MNPs smaller than 4 nm. Moreover, TEM-EDX
analysis can be generally carried out on relatively small MNPs populations, which raises the problem
of the representativeness of its results. This problem has been partially overcome by the introduction of
a semi-automated HAADF-STEM, which allegedly allows the characterization of several hundreds of
MNPs in a short time [50]. Although this method is an improvement in comparison with single particle
EDX analysis, it was proved effective for MNPs as large as ca 8 nm and the number of probed MNPs
was still below 10%. We propose that, by contrast, A-XRD analysis allows milligram amounts of P75
and P50 to be probed, providing complementary and statistically representative details on the average
sample crystallographic phase composition. This approach noticeably represents an original example
of quantitative characterization providing at the same time, structural, morphological, and analytical
data of macroscopic, hence fully representative, samples of bi-metallic systems with a relatively low
metal content and including MNPs as small as 1 nm.

3. Conclusions

In conclusion, here, we reported the first investigation where the composition of different families
of bimetallic MNPs was determined in DS catalysts as a function of their size distribution down to
1 nm, at overall metal contents lower than previously reported. This was made possible by the ability
of A-XRD to separate the contributions of different nanostructured phases and not to reduce the
representation of each material to a single average, as it is often the case with more standard laboratory
techniques. Moreover, the results of the A-XRD rest on the analysis of large collections of particles, and,
differently from techniques based on single particle analysis, they are much more representative of the
whole material. In addition, our findings provide, in an unprecedented way, further support to the
concept that the formation of Au/Pd alloys is the cause of the gold promotion of DS reaction catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/15/2959/s1,
Figure S1: Representative TEM images of P50 (left) and P75 (right) samples. Both the samples depict bimodal
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distribution with small (1-2 nm) and few large (10-20 nm) particles. The NPs appear well crystallized in fcc
structure. The lower panel reports the HREM for the two specimens taken at 1M and 600k, respectively. Figure S2:
TEM images of P75 specimen. The left side is a low magnification micrograph while the right side is the
corresponding High Resolution image; the left and the right micrographs are taken at a magnification of 60k and
800k respectively. The multi-twinned structure of the biggest particle (red box) present in the low-resolution
image is evident from HREM image showing lattice fringes belonging to different crystalline domains.
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