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Element-specific structure of materials with intrinsic disorder by high-energy resonant x-ray
diffraction and differential atomic pair-distribution functions: A study of PtPd nanosized catalysts
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We demonstrate how high-energy resonant x-ray diffraction (XRD) and differential atomic-pair-distribution
function (PDF) analysis can be used to characterize the atomic ordering in materials of limited structural

coherence with both excellent spatial resolution and element specificity. First we prove that this experimental
approach is feasible by probing the K-absorption edge of Au(~81 keV) atoms in chemically ordered and
disordered bulk CusAu alloys. The resulting Au-differential PDFs show very clearly the different ways Au
atoms are known to occupy the sites of otherwise identical cubic lattices of those materials. Next we apply it
to a more complex material: PtPd alloy and core-shell nanosized (~2-4 nm) particles by probing the
K-absorption edge of Pt(~78 keV). The resulting Pt-differential atomic PDFs reveal how exactly the atomic
ordering of catalytically active Pt atoms is affected by the nanoparticles’ design, thus providing a firm struc-
tural basis for understanding their properties. The work is a step forward in expanding the limits of applica-
bility of nontraditional XRD to the rapidly growing field of materials of unusual structural complexity.
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I. INTRODUCTION

Many materials of current scientific and technological in-
terest, such as crystals with local topological and/or chemical
disorder, nanosized particles (NPs), glasses, and others do
not exhibit a perfect long-range and periodic atomic order-
ing, and hence, are difficult to characterize structurally by
traditional (Bragg) x-ray diffraction. This stems from the fact
that when studied with x-rays, such materials act as diffrac-
tion gratings of a limited structural coherence length and,
hence, produce diffraction patterns with smeared Bragg-type
peaks and a diffuse component that may not be neglected.
As shown recently, a combination of high-energy x-ray dif-
fraction (XRD) with atomic-pair-distribution-function (PDF)
data analysis is much better suited to the task.'"* A single
high-energy XRD experiment, however, yields a so-called
total PDF which is a weighted sum of several contributions
each reflecting the spatial correlations between a particular
pair of atoms in the material. This can make difficult or
ambiguous the interpretation of PDF data, especially in the
case of multielement materials. Element selectivity may be
added by employing spectroscopy techniques such as ex-
tended x-ray absorption fine structure spectroscopy (EXAFS)
or imaging techniques such as high-angle-annular-dark-
field scanning transmission electron microscopy (HAADF-
STEM). The EXAFS technique is very useful but yields in-
formation on the atomic ordering extending out to 5-6 A
only. Thus, for example, an EXAFS experiment would
hardly distinguish between a hexagonal (hcp) and a face-
centered cubic (fcc) close packing of atoms since both show
first and second coordination spheres of twelve and six at-
oms, respectively. Likewise, HAADF-STEM can reveal a
material’s morphology and compositional variations with
atomic resolution. However, HAADF-STEM images, like all
others, are just a projection down an axis and are not very
sensitive to the atomic ordering inside materials. The diffi-
culty may be overcome by employing the so-called resonant
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XRD,> which involves measuring two diffraction data sets
close to but below the absorption edge of an atomic species,
taking the difference between these two data sets, and Fou-
rier transforming it into a quantity called a differential
atomic PDFE.>-0 Similarly to EXAFS, the differential PDF will
reflect only correlations relative to the element whose ab-
sorption edge is probed. However, unlike EXAFS, it will
show these correlations up to the longest interatomic dis-
tances to which they extend.” Note, to have those correla-
tions clearly resolved the resonant XRD data still have to be
collected to sufficiently high scattering wave vectors (e.g.,
¢>20 A~"). This can be achieved when high-energy x-ray
K-absorption edges of higher Z elements in the material of
interest are probed.

Successful resonant XRD and differential atomic PDF
studies on materials of limited structural coherence have
already been carried out at the K edges of atomic species
with relatively low atomic numbers Z ranging from 25
(Mn K edge ~6.5 keV) to 49 (In K edge ~28 keV) reach-
ing wave vectors extending to only about 8 and 20 A~',
respectively.>® The possibility of conducting such studies
using x-rays of much higher energy has been questioned so
far, citing the relatively small values of the anomalous dis-
persion corrections to the x-ray scattering factors of heavier
(higher Z) elements. Enabled by optimized high-energy syn-
chrotron x-ray optics,” we demonstrate that resonant XRD
and differential PDF studies are possible at the K edges of
elements with Z as high as 78 (Pt) and 79 (Au) (K edges
~78-81 keV). In particular, we obtain Au-differential PDFs
for bulk Cu;Au alloys which are a typical example of a crys-
talline material that may show a limited length of structural
coherence due to the presence of chemical disorder.!” The
differential PDFs show very good sensitivity to the different
ways Au atoms are known to occupy the cites of otherwise
identical cubic lattices of those materials, confirming the fea-
sibility of high-energy resonant XRD and differential PDFs
studies. Next we study a much more complex system: PtPd
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alloy and core-shell nanosized particles developed for cata-
lytic applications.'""!> The Pt-differential PDFs we obtain re-
veal how the atomic ordering of catalytically active Pt atoms
is affected by the particular nanoparticles’ design. We argue
that structural data of such chemical and spatial sensitivity
can be invaluable for understanding the properties of com-
plex materials with a reduced length of structural coherence,
such as those of PtPd nanosized catalysts.

II. EXPERIMENTAL SECTION
A. Sample preparation

Chemically ordered and disordered CusAu alloys were
obtained from the same master alloy prepared by melting
of 99.999% Cu and Au under vacuum. The alloy was ho-
mogenized by annealing for 3 h at 1200 K. An ingot of the
annealed master alloy was rapidly quenched down to room
temperature resulting in chemically disordered Cus;Au. An-
other ingot was slowly cooled down and allowed to anneal
for two weeks at 713 K. This allowed the material to reach a
chemically ordered state. Both samples were pulverized,
carefully packed between Kapton foils to avoid texture for-
mation and subjected to XRD experiments in transmission
geometry.

Monometallic Pd and Pt NPs were prepared via a
polyol method'? using polyvinylpyrrolidone (PVP, MW
=40,000 g/mol) and degassed ethylene glycol. Core-shell
PtPd (50:50) NPs were synthesized using the “sacrificial hy-
drogen layer” method developed by Toshima et al.'* Follow-
ing this method, premade monometallic Pd and Pt NPs dis-
solved in ethanol were coated with hydrogen and then
exposed to the secondary metal ions (either P** or Pd**) to
create a shell-like coverage. The reaction was done at room
temperature. Random alloy PtPd (50:50) NPs were synthe-
sized by a coreduction in H,PtClg and PdCl, refluxed in
degassed ethylene glycol in the presence of PVP. Electron
microscopy (HAADF-STEM) studies showed that as synthe-
sized NPs were mostly spherical in shape and with narrow-
size distributions centered at about 2.4(4) nm for the mono-
metallic and random allow NPs, and at about 3.5(5) nm for
the core-shell NPs. Note since premade 2.4(4) monometallic
NPs were used as cores in 3.5(5) core-shell NPs the shells of
the latter are indeed only three-atomic-layers thick. More
details of the preparation procedures and NP’s morphology
characterization can be found in Sanchez et al.'> The as pre-
pared NPs, dissolved in ethanol, were sealed in glass capil-
laries and subjected to XRD experiments.

B. Resonant XRD experiments

Resonant XRD experiments were carried out at the 1-ID
beamline of the Advanced Photon Source at Argonne Na-
tional Laboratory. Ordered and disordered CusAu alloys
were measured with x-rays of energy 80.700 and 80.400
keV, i.e., 25 and 325 eV below the Au K edge. PtPd NPs
were measured with x-rays of energy 78.372 and 78.072 keV,
ie., 23 and 323 eV below the Pt K edge. The beam was
delivered by a combination of a bent double-Laue premono-
chromator, collimating refractive lenses, and a four-crystal
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high-energy resolution (AE~8 eV) monochromator.” The
monochromator was calibrated and occasionally checked
during data collection for stability against sub-eV energy
drifts using the K absorption edges of pure Au or Pt foils in
transmission. Scattered x-rays were collected by a single,
intrinsic Ge detector coupled to a multichannel analyzer. Few
energy windows, covering several neighboring channels,
were set up to obtain counts integrated over specific energy
ranges during the data collection. These energy windows
covered: the elastic/coherent intensity only; the elastic,
inelastic/incoherent (Compton), and (Au/Pt)K fluorescence
intensities all together; the (Au/Pt)Ka fluorescence; and the
total intensity scattered into the Ge detector. Integrated
counts within these ranges were collected several times scan-
ning up to wave vectors of 25 A~' and then averaged to
improve the statistical accuracy.'® The XRD data were cor-
rected for detector dead time, inelastic and background scat-
tering, sample absorption, and resonant Raman fluorescence.

C. Resonant XRD data analysis

The imprecisely known real f' and imaginary f” disper-
sion corrections for the resonant atoms were determined in
the following way: Au and Pt absorption was measured by
scanning across the Au and Pt edges, respectively. These data
were scaled to match to the theoretical f” estimates of
Chantler!” away from the edge to obtain an extended f” spec-
trum in absolute units. Then f" was computed from f” via the
Kramers-Kroning relation!”

5 _(';)dE (1)

f(E) = (Z/W)Pf

where P denotes the Cauchy principal value. The dispersion
corrections for Au and Pt resulting from these procedures are
shown in Fig. 1. The values for /' and f” obtained and used
are: f'(Au)=-7.3 and f'(Au)=0.70 at E=80.700 keV,
f'(Au)=—4.6 and f"(Au)=0.64 at E=80.400 keV; f'(Pt)
=-7.4 and f"(Pt)=0.69 at E=78.372 keV; and f’(Pt)=-4.7
and f"(Pt)=0.65 at E=78.072 keV. The coherent part of
XRD data obtained at a given energy was reduced to the
so-called total structure function S(g), defined as'®

_ M) =[P = (@)’] _ I*g) - ()
(flg))* (flg))?

S(q) +1,

2)

where I°"(g) is the elastic scattering per atom in electron
units and f(g) is the atomic-scattering factor. Note that the
atomic-scattering factor is a function both of the wave vector
q and x-ray energy E, ie., f(q)=f,(q)+f"(q,E)+if"(q,E).
The stoichiometric average short notations (f*(g)) and
(f(g))* stand for (f(q)f*(¢)) and {f(9)){f"(q)), respectively,
and f*(q) is the complex conjugate of f(g). The wave vector
q is defined as g=4 sin(d)/\, where 6 is half of the scat-
tering angle and \ is the wavelength of the x-rays used. The
corresponding total atomic PDFs were obtained via a Fourier
transformation as follows:!®
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FIG. 1. (Color online) Energy dependence of the real f’ and

imaginary f” dispersion corrections for Au and Pt. f’ was calculated

from the measured f” values via the Kramers-Kroning relation. The

energies below the Au and Pt K edges used in the present experi-
ments are marked with arrows.

9max
Gl == f 45(q) - 1Tsin(gr)dg, 3)
o q=0

where ¢, extends to 25 A~!. Note that for a material com-
prising n atomic species, G(r) is a weighted sum of
n(n+1)/2 partial PDFs G;(r), i.e.,

G(r) = 2 wGyj(r). )

Here w;; are weighting factors depending on the concen-
tration ¢; and scattering power of the atomic species as fol-
lows:

wij = cicj Relfi(@)f (9)/{f(@)*]. (5)

The coherent parts of the XRD data sets obtained at two
energies (E, and E,) below the absorption edge of atomic
species A (A=Au or Pt) were used to compute the so-called
differential structure functions, DS(g) s, defined as>®!”

I°"(q,E\) - I*"(q.E,) - [{(f*(E))) - (f(E)))] .
(FENY? = (f(Ey))?

DS(g)s = 1.

(6)

The corresponding differential atomic PDFs, DG(r),,
were obtained via a Fourier transformation as follows:

PHYSICAL REVIEW B 81, 165428 (2010)

CusAu ordered
2x10°
i)
'c
o}
o 1x10°
Q
(V]
>
g AT [1(80.400 keV) - 1(80.700 keV)]
2 ol b
8.0x10° 1 Pt_core/Pd_shell

AI[I(78.072 keV) - (78.372 keV)] x5
0.0 ,

T T
0 5 10 15 ; 20 25
Wave vector g[A™]

FIG. 2. (Color online) Experimental XRD patterns for ordered
CuzAu alloys and Pt_core/Pd_shell NPs measured with x-rays of
two different energies (black and red). The difference A/ (in blue)
between the respective data sets is shown at the lower part of each
of the plots. Note A7 for the NPs is multiplied by a factor of 5 for
clarity.

dmax

2
DG(r) = . f q[DS(g)4 - 1]sin(gr)dq, (7)

q=0

where ¢,,,, extends to 25 A~'. Note, since only the scatter-
ing form factor of atom A changes significantly, the differen-
tial atomic PDFs contain contributions from atomic pairs in-
volving A-i-type atoms only, i.e.,

DG(r), = 2 Aw G ai(r), (8)
where
AW, ur= 2cac; Relfi(f4(E)) = f4(E,))]
e ED? — (F(E,))?
and
A, = AUIAED ~ ()] o

(EDY ()Y

III. RESULTS

As an example, experimental XRD patterns for ordered
Cu;Au alloys and Pt_core/Pd_shell nanoparticles are shown
in Fig. 2. The XRD data for CuzAu alloys show many sharp
Bragg peaks which is the typical picture seen with bulk crys-
talline materials.!”

The patterns for NPs shows only broad diffraction fea-
tures as usually seen with materials structured at the
nanoscale.”2! As can be seen in the figure, the differences,
Al between two data sets measured at two different energies
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FIG. 3. (Color online) Atomic PDFs for chemically ordered
(blue) and disordered (red) CuzAu bulk alloys. Arrows mark PDF
peaks (second, fourth, sixth, ninth, etc) that differ most for the two
different types of atomic arrangement. Note the oscillatory features
in the experimental PDFs below 2 A are unphysical ripples due to
XRD data noise and other experimental artifacts that are known to
pile up at very low-r values (Refs. 2 and 18).

are small but, as shown below, substantial, and when pro-
cessed in a rigorous way yield unambiguous, element sensi-
tive structure knowledge. In particular, the total and differ-
ential atomic PDFs shown in this work were obtained as
follows: diffraction data measured at a given (single) energy,
after due corrections, were converted to total structure fac-
tors [see Eq. (2)] and then to total atomic PDFs [see Eq. (3)].
The differences, A, between XRD data sets measured at two
different energies, after due corrections, were converted to
differential structure factors [see Eq. (6)] and then to differ-
ential atomic PDFs [see Eq. (7)]. Thus obtained total and
Au-differential PDFs for ordered and disordered CusAu al-
loys are shown in Fig. 3. The total PDFs reflect the correla-
tions between Cu-Cu(wcy.c,=28%), Au-Au(wp, ou=23%),
and Au-Cu(2w s,.c,=49%) atomic pairs in CusAu, while Au-
differential PDFs those of Au-i, i.e., Au-Au and Au-Cu
atomic pairs only. As can be seen in the figure, the total and
Au-differential PDFs for chemically ordered and disordered
CuzAu exhibit a series of sharp, well-resolved peaks as
expected for bulk crystalline materials. The peaks in the
PDFs for both alloys are in nearly the same positions
since Cu and Au atoms occupy very similar cubic lattices
(see Fig. 4, upper part). In ordered CusAu, Cu and Au atoms
occupy the face centers and corners, respectively, of a cell
[a=3.75(1) A] of a cubic lattice with space-group symmetry
Pm-3m. In disordered CuzAu alloy, Cu and Au atoms occupy
the same lattice [a=3.76(1) A] positions in a more or less
random manner rendering the average crystal symmetry
Fm-3m.'" The intensities of the corresponding peaks in
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FIG. 4. (Color online) Fragments from the cubic lattices in dis-
ordered (S.G. Fm-3m) and ordered (S.G. Pm-3m) CuzAu alloys
(Cu-blue, Au-yellow). Cartoons of random alloy and core-shell bi-
nary NPs pertaining to PtPd samples studied here are shown as well
(lower part).

the experimental PDFs for disordered and ordered Cus;Au
are, however, different, and those differences are beyond the
limits of the experimental uncertainty as discussed in Proffen
et al.'% The differences come from the fact that the corre-
sponding coordination spheres in ordered and disordered
CuzAu are occupied by different amounts of Cu and Au at-
oms and that the atomic-scattering factors of Cu and Au are
substantially different. The intensity differences are in line
with predictions based on the well-known crystal structures
of ordered and disordered Cus;Au (see the pairs of PDF peaks
marked with arrows in Fig. 3) proving the ability of high-
energy resonant XRD to reveal accurately fine features of the
atomic ordering in materials. As can also be seen in Fig. 3,
the differences in the intensities of the second, fourth, sixth,
ninth, etc. differential PDF peaks, i.e., the differences be-
tween the second, fourth, sixth, ninth, etc. atomic coordina-
tion spheres in ordered and disordered Cus;Au are expressed
better in the experimental than in the model-predicted data.
This is not a surprise since the predictions are based on data
for the “average” crystal structures determined by traditional
(Bragg) XRD while the experimental PDF data take into
account both the Bragg-type and diffuse components of the
XRD data and so reflect the actual local atomic ordering.
Furthermore, the differences between the ordered and disor-
dered CusAu structures are seen more clearly in the differ-
ential PDFs as compared to those in the total PDF data (Fig.
3). This is a vivid demonstration of the enhanced sensitivity
to the atomic-scale structure high-energy resonant XRD de-
livers by highlighting particular atomic-pair correlations
only. Note that if the experiment were done at the L ab-
sorption edge of Au, i.e., with x-rays of energy ~11.9 keV,
resonant XRD diffraction data could be collected up to
Jmax=10 A" only. The resulting Au-differential PDF would
then have had much stronger Fourier termination ripples and
worse real-space resolution as can be seen in Fig. 5. Such
experimental artifacts distort the profile of experimental
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FIG. 5. (Color online) Comparison between experimental Au-
differential PDFs for disordered (upper part) and ordered (lower
part) CusAu alloys. Data in red correspond to ¢,=10 A" and
data in blue to g =25 A-!. Note the differential PDFs derived
from diffraction data with a higher ¢,,,x show weaker spurious fea-
tures (e.g., see the region from r=0 to 2 A) and much better reso-
lution (e.g., see the region from r=6 A to 8 A) than those derived
from diffraction data with a lower gp,y.

PDFs and should be avoided since may severely impair their
ability?? to reveal fine features of the atomic ordering and
morphology of materials. Obviously resonant XRD aiming
at differential PDFs analysis is exploited best when con-
ducted at K rather than at L edges of atomic species, i.e.,
with x-rays of higher energy. Experimental total PDFs for
monometallic Pt(~2.4 nm), PtPd alloy (~2.4 nm), and
core-shell (~3.5 nm) NPs are shown in Fig. 6. The total
PDFs for bimetallic NPs reflect the correlations between
Pt-Pt(Wpt_pt=40%), Pt-Pd(zWP[_pd=46%), and Pd-Pd(Wpd_pd
=14%) pairs of atoms. Experimental Pt-differential PDFs for
PtPd alloy and core-shell NPs (see Fig. 4, lower part for an
idea about the difference in the morphology of random alloy
and core-shell NPs) are shown in Fig. 7. They reflect the
correlations between Pt-i, i.e., Pt-Pt and Pt-Pd, atomic pairs
only. As discussed below, these differential PDFs have the
necessary real-space spatial resolution and element specific-
ity to reveal the atomic ordering in PtPd NPs in very fine
detail.

IV. DISCUSSION

As can be seen in Fig. 6, the total PDFs for PtPd NPs
show a series of sharp peaks reflecting the presence of well-
defined atomic coordination spheres in those materials.
These PDFs, however, decay to zero much faster than the
PDFs for bulk CusAu alloys, reflecting the much shorter
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FIG. 6. (Color online) Experimental (symbols) and model (lines
in red) total PDFs for PtPd nanosized particles. The models are
based on continuous fcc-type lattices. The low-r part of the experi-
mental PDFs (1=pure Pt, 2=Pt_core/Pd_shell, 3=PtPd alloy, and
4=Pd_core/Pt_shell) is given in the inset on an enlarged scale. Note
the peaklike features in the experimental PDFs below 2 A are
unphysical ripples due to XRD data noise and other experimen-
tal artifacts that are known to pile up at very low-r values (Refs. 2
and 18).

length of structural coherence in the NPs. The experimental
PDF for pure Pt NPs has its first peak positioned at
2.76(2) A which is the Pt-Pt distance in bulk Pt metal. Also,
that PDF may be approximated very well with a model fea-
turing a continuous fcc-type lattice with very little structural
disorder. In this type of models a PDF for an infinite lattice is
first computed and then multiplied by a particle shape-
(spherical in our case) dependent function which is zero for
distances longer than the size of the NP being modeled.?
The computations were done with the help of the program
PDFGUL?* It is a simplistic approximation to the structure of
real NPs but is useful since it allows to determine the type of
atomic ordering in NPs and obtain a set of structural param-
eters (e.g., lattice constants) that may be compared directly
with those for the corresponding bulk materials. Thus ob-
tained “lattice” parameter for pure Pt NPs is a=3.925(1) A.
For reference the lattice parameter of bulk fcc Pt is a
=3.924(1) A. This result shows that pure Pt NPs may well
be viewed as nanosized pieces of bulk Pt, i.e., that atoms
inside Pt NPs sit on the vertices of a 2.4(4) nm piece of a
continuous fcc-type lattice. HAADF-STEM studies of Pt
NPs of the same series studied here (see Fig. la in Ref. 15)
show the same. The total PDF for PtPd alloy NPs may also
be approximated very well by a model featuring a 2.4-nm
piece of a continuous fcc-type lattice whose vertices are oc-
cupied by Pt and Pd atoms arranged in a random manner.
The result is in line with the findings of HAADF-STEM (see
Fig. 5 in Ref. 15). A model based on a continuous fcc lattice,
however, is less successful in approximating the total PDFs
for core-shell NPs, indicating that the atomic ordering in
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FIG. 7. (Color online) Experimental total PDFs for pure Pt (in
red) and Pd (in blue) NPs (a). Experimental total (symbols) and
Pt-differential (lines in red) PDFs for PtPd NPs (b). The higher-r
part of Pt differential PDF for Pt_core/Pd_shell particles is com-
pared with a model one (line in blue) for an fce-type structure in the
inset. The oscillatory behavior of the model and experimental data
agree showing that the higher-r peaks in the differential PDFs are
structure relevant features and not data noise. Note the peaklike
features in the experimental PDFs below 2 A are unphysical
ripples due to XRD data noise and other experimental artifacts that
are known to pile up at very low-r values (Refs. 2 and 18).

core shell and alloy PtPd NPs studied here is of the same fcc
type but yet fairly different. The origin of this difference may
be surmised from the behavior of the experimental total
PDFs. The total PDFs for pure Pt and PtPd alloy NPs show
physical oscillations up to interatomic distances of ~2 nm
which is close to the average NP’s size of 2.4(4) nm. So it is
the size of NP’s that mostly determines the length of struc-
tural coherence in pure Pt and PtPd alloy NPs. The total
PDFs for core-shell NPs, that are approx. 3.5(5) nm in size,
also decay to zero by distances ~2 nm. Hence, the atomic
ordering in core-shell NPs is influenced by an additional ef-
fect that reduces their length of structural coherence well
beyond the effect associated with finite size/surface-
relaxation effects.?>?! This additional effect is seen as an
extra broadening of all atomic coordination spheres in the
core-shell NPs as compared to those in pure Pt and PtPd
alloy NPs (see the extra broadening of the PDFs for core-
shell NPs shown in the inset in Fig. 6). Better understanding
of this extra, atomic disorder-type effect can be obtained by
analyzing the experimental differential PDFs as demon-
strated below.

As can be seen in Fig. 7 the first peak in the Pt-differential
PDFs for PtPd alloy and Pt_core/Pd_shell NPs is positioned
at 2.76(2) A and has a quite sharp full-width at half maxi-
mum (FWHM)~0.3 A. The first peak in the total PDF for
pure Pt NPs has virtually the same position and FWHM.
Furthermore, the peaks in the Pt-differential PDFs for
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Pt_core/Pd_shell NPs follow a pattern typical for an fcc-type
packing of atoms [see the inset in Fig. 7(b)] up to interatomic
distances of ~3 nm, which are close to the average NP’s
size (~3.4 nm). All these results show that Pt atoms pack
closely [Pt-Pt separation ~2.76(2) A] and in an fcc-type
pattern in pure Pt, PtPd alloy, and Pt_core/Pd_shell NPs, as
they do in bulk Pt. When Pd atoms are alloyed with Pt the
fce-type packing of the latter is hardly disturbed as demon-
strated by the very similar behavior of the total and Pt-
differential PDFs for PtPd alloy NPs [see Fig. 7(b)]. As a
result, PtPd alloy NPs show little structural disorder, the
atomic coordination spheres/PDF peaks are sharp, and the
length of structural coherence, just like that in pure Pt NPs, is
set by the NP’s size. Other studies have also found that the
packing of the heavier of the two atomic species involved in
binary metallic alloys usually dominates their atomic-scale
structure.?

However, when Pd atoms are not alloyed with Pt but
deposited as a shell they seem to form a rather loose packing
that is not well lined up with that of the core. Indeed,
as the data in Fig. 7(a) show, the first neighbor distance in
pure Pd NPs is longer [~2.86(2) A] than that in pure
Pt{~2.76(2) A] NPs. For reference, Pd-Pd distance in bulk
Pd is ~2.74 A. The degree of structural disorder in Pd NPs,
measured by the FWHM of the first PDF peak, is also larger
(~0.5 A) than that (~0.3 A) in Pt NP. Also HAADF-
STEM studies show pure Pd NPs to be much less ordered at
the atomic scale than pure Pt NPs [see Fig. 1b in Ref. 15]. As
a result the consecutive coordination spheres in pure Pt and
Pd NPs are not well-lined up with each other [see the arrows
in Fig. 7(a)]. Obviously the premade Pt core and the subse-
quently deposited Pd shell of Pt-core/Pd-shell NPs studied
here maintain the atomic ordering of the respective monome-
tallic NPs. The atomic coordination spheres in the 2.4(4) nm
Pt core and three Pd atomic-layer shell thus remain “out-of-
phase,” and hence, the total PDF decays to zero at distances
shorter than the NP’s size. A similar picture is observed with
Pd_core/Pt_shell NPs. Here the total PDF also decays to zero
at distances less than but comparable to the core diameter
(see Fig. 6) and the corresponding Pt-differential PDF shows
physical oscillations to considerably longer distances [Fig.

7(b)]. In addition, the first peaks in the total [2.80(2) A] and
differential PDFs [2.88(2) A] are considerably shifted with
respect to each other. Obviously, when deposited as a three-
atomic-layer shell, Pt atoms do not pack as densely as in
pure Pt NPs nor they line up with the Pd core, i.e., the Pd
core and Pt shell are not well-lined up with respect to each
other. Note that HAADF-STEM studies too conclude that the
atomic ordering in Pt_core/Pd_shell NPs is quite complex
and of a phase-segregated type.'”

The findings here thus show that using a “sacrificial”
hydrogen layer to deposit thin shells on premade cores not
only prevents Pt and Pd atoms from alloying each other but
apparently keeps the core and shell structurally incoherent.
In Pt_core/Pd_shell NPs a densely packed ~2.4-nm Pt core
is surrounded by a shell of somewhat loosely packed Pd
atoms; in Pd_core/Pt_shell NPs a ~2.4-nm core of loosely
and quite irregularly packed Pd atoms is covered by a some-
what loose shell of Pt atoms. Accordingly, Pt_core/Pd_shell
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and Pd_core/Pt_shell NPs develop fine but substantial struc-
tural differences. The differences are reflected in the total
PDFs (see Fig. 6) but unambiguously discriminated by the
Pt-differential PDFs only [Fig. 7(b)]. Structurally incoherent
shells are known to improve the efficiency of semiconductor
NPs (quantum dots).?® How such shells would affect the
catalytic properties of PtPd NPs is yet to be seen. As to the
disorder in Pd NPs/cores, it is likely to be caused by a strong
surface relaxation effect introduced by the capping layer of
PVP molecules. That capping layer obviously does not influ-
ence Pt NPs/cores much since Pt(Z=78) is much heavier
than Pd(Z=46). The disorder/loose packing in the NPs shells
may be due to hydrogen atoms from the “sacrificial” layer
that embed into them.?” Indeed, structural disorder may oc-
cur easily in shells that are only few (three in our case)
atomic layers thick.

V. CONCLUSIONS

By conducting successful high-energy resonant XRD and
differential atomic PDFs studies on chemically ordered and
disordered CusAu alloys with a well-known structure we
prove in practice that this experimental approach can reveal
the atomic ordering in materials of limited structural coher-
ence with very good spatial resolution and element specific-
ity. By probing the K edge of Pt atoms in nanosized alloy and
core-shell PtPd particles we show that they exhibit a great
deal of structural diversity reflecting the different way Pt and
Pd assemble at the nanoscale. The resonant XRD-based re-
sults agree with those of HDAAF-STEM experiments but go
beyond the mostly qualitative picture yielded by imaging
techniques by providing a firm, quantitative basis for a rig-
orous modeling of the three-dimensional atomic ordering in
the nanoparticles. Such models are a critical prerequisite to
understanding the NP’s properties, in particular, the catalytic
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one. Structural models based on continuous lattices with
little structural disorder may suffice in the case of pure Pt
and PtPd alloy NPs. However, more precise models that
incorporate substantial disorder and feature structurally inco-
herent cores and shells should be constructed and used for
the core-shell PtPd NPs. A possible approach is to employ
reverse Monte Carlo (RMC) simulations that are capable of
handling larger-size atomic configurations followed by
density-functional or molecular-dynamics simulations to
achieve an energy minimization and uniqueness of the RMC
model solution as demonstrated in Ref. 20. Also, the finite
size of NPs should be taken into account explicitly?® and not
just approximated.”? Experimental Pt-differential PDFs, as
obtained here, will be indispensible in guiding such model-
ing studies.

On a more general note, nanosized materials based on Au
and Pt are also being explored for high magnetic-density
recording, bio-imaging, and drug delivery. These research
areas can also benefit significantly from high-energy reso-
nant XRD coupled to differential atomic PDF data analysis.
In general, structure data of excellent spatial resolution and
element specificity can be obtained for any material of lim-
ited structural coherence that contains elements with a
K-absorption edge of ~20 keV or higher. Furthermore, the
technique requires a small amount of sample and works in
various sample environments (e.g., in solution). Given this,
and the number of high-energy synchrotron radiation facili-
ties available worldwide, the technique should find wide-
spread utility.
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