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ABSTRACT: The surface atomic structure of metallic
nanoparticles (NPs) plays a key role in shaping their
physicochemical properties and response to external stimuli.
Not surprisingly, current research increasingly focuses on
exploiting its prime characteristics, including the amount,
location, coordination, and electronic configuration of distinct
surface atomic species, as tunable parameters for improving the
functionality of metallic NPs in practical applications. The
effort requires clear understanding of the extent to which
changes in each of these characteristics would contribute to
achieving the targeted functionality. This, in the first place,
requires good knowledge of the actual surface of metallic NPs
at atomic level. Through a case study on Au−Pd nanoalloy catalysts of industrial and environmental importance, we demonstrate
that the surface atomic structure of metallic NPs can be determined in good detail by resonant high-energy X-ray diffraction (HE-
XRD). Furthermore, using our experimental surface structure and CO oxidation activity data, we shed new light on the elusive
origin of the remarkable catalytic synergy between surface Au and Pd atoms in the nanoalloys. In particular, we show that it arises
from the formation of a specific “skin” on top of the nanoalloys that involves as many unlike, i.e., Au−Pd and Pd−Au, atomic
pairs as possible given the overall chemical composition of the NPs. Moreover, unlike atoms from the “skin” interact strongly,
including both changing their size and electronic structure in inverse proportions. That is, Au atoms shrink and acquire a partial
positive charge of 5d-character whereas Pd atoms expand and become somewhat 4d-electron deficient. Accordingly, the reactivity
of Au increases whereas Pd atoms become less reactive, as compared to atoms at the surface of pure Au and Pd NPs, respectively.
Ultimately, this renders Au−Pd alloy NPs superb catalysts for CO oxidation reaction over a broad range of alloy compositions.
Our findings are corroborated by DFT calculations based on a refined version of d-band center theory on the catalytic properties
of late transition metals and alloys. We discuss opportunities for improving the accuracy of current theory on surface-controlled
properties of metallic NPs through augmenting the theory with surface structure data obtained by resonant XRD.

1. INTRODUCTION

Largely, the physicochemical properties of a bulk (μm-sized)
metallic material are determined by the type and arrangement
of atoms inside it and so do not depend on the size, shape, and
surface of the material.1,2 However, as the size of a metallic
material decreases toward nanoscale dimensions, the phys-
icochemical properties of the material increasingly become
dependent on the type and arrangement of atoms at its surface.
Thus, a metallic material confined to nanosized dimensions can
exhibit a novel functionality that is induced and controlled
mainly, if not entirely, by its surface. An example of a novel
functionality emerging as a bulk metal is reduced to nanoscale
dimensions is the catalytic activity of Au NPs. While bulk Au is
very inert chemically, i.e., unreactive, Au NPs (<10 nm)
catalyze a number of reactions, including low-temperature
oxidation of CO, water gas-shift reaction, alcohol oxidation to

acids and aldehydes, and others.3−5 For comparison, bulk Pd is
less inert than Au and so surfaces of Pd have long been
employed as catalysts in several useful applications, such as
reducing the amounts of pollutants in automotive emission,
removing contaminants from syngas, and others. Perhaps not
surprisingly, the catalytic activity of Pd has been found to
increase significantly at the nanoscale.6−10

It is well-known that catalytic reactions over metal surfaces
proceed through creating and breaking of bonds between
valence electrons at the Fermi level of surface metal atoms and
frontier orbitals of reactants, including reaction intermediates
and products. Hence, largely, the number and character of
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valence electrons at the Fermi level, or the valence electron
density of states (DOS) near the Fermi energy, on surface
atomic sites is what determines the catalytic properties of
metals and alloys. For late transition metals (TMs) such as Au
and Pd, the valence electrons available for bonding are of md,
(m + 1)s, and (m + 1)p character, where m is the number of the
respective row in the periodic table. In particular, Au and Pd
may be considered to have 11 and 10 valence electrons since
their electron configuration is 5d106s1 and 4d105s0, respectively.
However, at the bulk scale, a small number of the valence d
electrons of Pd and Au are pushed into higher-energy s and p
states through a process known as sp−d hybridization. Hence,
the actual valence electron structure of bulk Pd and Au is
4d9.45(sp)0.6 and 5d9.66(sp)1.4, respectively.11 Typically, the
interaction between the adsorbate orbitals and nearly free
valence electrons of s- and p-character is bonding and,
furthermore, does not vary much between different late TMs.
A significant variation in binding though may come from the
interaction between the adsorbate orbitals and valence
electrons of d-character. In particular, studies have found that
the catalytic activity and selectivity of surfaces of late TMs and
their alloys are influenced by the particular degree of sp−d
hybridization, width and position of surface d-electron bands
with respect to the Fermi energy, overlap between the
adsorbate orbitals and occupied surface d-electron DOS, and
others.12−15 Within the framework of adsorbate orbital−valence
d-electrons interactions, the negligible reactivity of bulk Au can
be explained by the fact that its 5d-band is fully occupied and
positioned well below the Fermi energy, which makes the
valence electrons of 5d-character necessary for the formation of
chemisorption bonds largely inaccessible. The apparent
reactivity of Pd surfaces can then be explained by the fact
that the 4d-band of Pd extends through the Fermi level, that is,
4d-electron DOS at the Fermi energy is high enabling the
formation of sufficiently strong chemisorption bonds.16 Several
explanations for the suddenly appeared and further increased
catalytic activity of Au and Pd NPs, respectively, have been put
forward, including the presence of a large number of low-
coordinated surface atoms, surface stresses intrinsic to metallic
NPs and related to them changes in the width and energy
position of surface d-bands, quantum confinement, NP support
effects, and others.3,12−16 Note, here we use the term
“reactivity” to describe the generic interaction of TM surfaces
with adsorbates. A good catalyst though should interact with
adsorbates with ample strength so that they can react on its
surface but weakly enough to release the reaction intermediates
and product when the reaction ends. Besides, for the catalytic
reaction to proceed with a high rate, both the strength of
adsorbate−metal surface interaction and also the energy
barriers between reactants and products, that is the energy
needed to break or weaken a bond between adsorbates and
surface metal atoms, are important. Therefore, catalyst design
has long aimed at optimizing the often correlated adsorption
energy and reaction barriers through engineering the reactivity
of catalytically active sites on TM surfaces.12−15

Along this line of research, Au−Pd alloy NPs have emerged
as excellent catalysts for a number of reactions of industrial
importance.12−16 Despite the consistent research effort, the
origin of the largely improved catalytic activity and stability of
Au−Pd alloy NPs as compared to the end members of the
alloy, that is pure Au and Pd NPs, is still under debate. In
particular, it has been suggested that the improvement is due to
cooperation between nearby surface Au and Pd atoms in the

NPs, also known as a “bifunctional” mechanism, involving mere
exchange (“spillover”) of adsorbed oxygen species. The so-
called “atomic ensemble effect” has also been evoked and the
improvement explained in terms of specific configurations of
surface Au and Pd atoms such as, for example, short chains of
Pd atoms surrounded by Au atoms. In addition, it has been
argued that the improvement arises from charge exchange
between surface Au and Pd atoms, known as a “ligand effect”,
such that the former gain 6(sp) electrons and lose 5d electrons
whereas the latter lose 5(sp) electrons and gain 4d
electrons.12,17−22 Here we focus on revealing that origin by
(i) determining the surface atomic structure of three members
of the family of Au−Pd alloy NPs, (ii) evaluating their catalytic
activity for low-temperature CO oxidation, and (iii) comparing
the experimental surface structure and catalytic data side by
side. Note, the CO oxidation reaction is prototypical for
heterogeneous catalysis and so widely used as a litmus test for
probing the catalytic activity and stability of NPs based on TMs
and their alloys. Besides, it is important to the areas of pollution
control and development of devices for clean energy conversion
such as fuel cells.3,21,22 To avoid possible NP size effects, we
produce and study Au−Pd alloy NPs with the same size and
low dispersity. Also, to avoid possible NP support effects, we
deposit the NPs on fine carbon powder, which is considered an
inactive component of the CO oxidation reaction.23 More
details regarding the mechanism of CO oxidation reaction over
TM-based NPs can be found in the Methods section of the
Supporting Information.

2. EXPERIMENTAL SECTION
Binary Au−Pd alloy NPs were synthesized by a wet chemical
route described in the Methods section of the Supporting
Information. Pure Au NPs were also synthesized and used as a
reference point in the surface atomic structure determination
and analysis. As-synthesized pure Au and Au−Pd alloy NPs
were deposited on fine carbon powder and activated for
catalytic applications by a controlled thermochemical treatment
including heating at elevated temperature first in oxygen and
then in hydrogen atmosphere. More details of the post-
synthesis treatment protocol can be found in the Methods
section of the Supporting Information.
The overall chemical composition of Au−Pd alloy NPs was

determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and cross-checked by energy dis-
persive X-ray spectroscopy (EDS) experiments, both described
in the Methods section of the Supporting Information.
Experimental data showed that, as desired, one of the three
members of the family of Au−Pd alloy NPs has a chemical
composition of Au9Pd91, i.e., is a Pd-rich nanoalloy; another of
the members has a chemical composition of Au69Pd31, i.e., is a
Pd-poor nanoalloy; and the third member has a chemical
composition of Au45Pd55, i.e., is an Au−Pd nanoalloy wherein
the relative ratio of Au to Pd species is close to 50:50. Note,
following the widely adopted definition, here we use the term
“alloy” to describe any mixture of distinct metallic species,
irrespective of the degree of their mixing and way of mixing.24

The size, shape, and chemical pattern of AuxPd100−x alloy
NPs (x = 9, 45, 69, and 100) were determined by transmission
electron microscopy (TEM), high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM),
and EDS, as described in the Methods section of the
Supporting Information. Exemplary TEM and high-resolution
(HR) TEM images are shown in Figure S1. Exemplary
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HAADF-STEM images and EDS maps are shown in Figure 1
(left). TEM images reveal that both pure Au and Au−Pd alloy
NPs are with an average size of approximately 6.5 (±0.5) nm
and fairly low dispersity. A closer inspection of the HR-TEM
images in Figure S1 (last row) and Figure 1 (middle panel)
shows that the NPs possess a high degree of crystallinity and
are polyhedral in shape. Hence, from a structural point of view,
they can be considered as almost complete nanocrystallites.
Elemental maps in Figure 1 (middle panel) hint that Au69Pd31
and Au45Pd55 NPs are nearly homogeneous nanoalloys whereas
Au9Pd91 NPs are likely to exhibit an Au-enriched surface.
The near-surface chemical composition and electronic

structure of AuxPd100−x alloy NPs (x = 9, 45, and 69) were
studied by X-ray photoelectron spectroscopy (XPS). Details of
the XPS experiments and the utility of XPS data obtained are
discussed in the Methods section of the Supporting
Information. Typical XPS Au 4f and Pd 3d spectra and shifts
in the core-level binding energy of near-surface Au and Pd
atoms in AuxPd100−x alloy NPs (x = 9, 45, and 69) are shown in
Figure 1 (right). The shifts are negative for both Au and Pd
atoms and, furthermore, similar in magnitude (<1 eV) to those
found with bulk Au−Pd alloys and annealed thin Au−Pd
films.25,26 The observation indicates that near-surface Au and
Pd atoms in AuxPd100−x alloy NPs (x = 9, 45, and 69) are well
intermixed together. For reference, as found by experiment,
pure Au and Pd NPs (<10 nm) exhibit a positive 4f and 3d core
level shift relative to bulk Au and Pd, respectively.27,28

Evidently, the electronic structure of near-surface Au and Pd
atoms in AuxPd100−x alloy NPs (x = 9, 45, and 69) is
significantly different from that of near-surface Au and Pd
atoms in pure Au and Pd NPs, respectively. Besides, as the
asymmetry of Pd 3d3/2 and the Au 4f7/2 lines indicates, near-
surface Au and Pd atoms in the alloy NPs are rather diverse in
terms of electronic structure, likely due to variations in their
coordination environment.29,30 Notably, the XPS spectra do
not exhibit signatures of oxygen species (i.e., no peak at 343 eV;
compare the XPS spectra in Figure 1 (right) with those in

Figure 5 in ref 31), indicating that, under ambient conditions,
surface Au and Pd atoms in AuxPd100−x alloy NPs NPs (x = 9,
45, and 69) persist as Auo and Pdo metallic species. XPS spectra
in the Pd 3p3/2/O 1s region (510−550 eV) summarized in
Figure S12 indicate the same. The near surface composition of
AuxPd100−x alloy NPs (x = 9, 45, and 69) was determined by
analyzing the areas of the respective XPS peaks and found to be
“Au20Pd80”, “Au49Pd51”, and “Au62Pd38”, respectively. The result
corroborates the findings of EDS experiments, namely, that the
surface and overall chemical composition of Au−Pd alloy NPs
studied here are not quite the same. Besides, it is in line with
the findings of studies on thin Au−Pd films annealed at 400
°C,27 which is the temperature of postsynthesis treatment of
AuxPd100−x alloy NPs (x = 9, 45, and 69) (see the Methods
section of the Supporting Information). Independent resonant
HE-XRD and element-specific atomic pair distribution function
(PDF) studies described below arrived at the same conclusion.
The catalytic activity of AuxPd100−x alloy NPs (x = 9, 45, and

69) for CO oxidation reaction was determined on a custom-
built system described in the Methods section of the
Supporting Information. A representative set of CO conversion
curves is shown in Figure S3. Analysis of the catalytic data
showed that the temperature at which 50% of CO conversion is
achieved, known as T1/2 (or T50), for Au9Pd91, Au45Pd55, and
Au69Pd31 alloy NPs is 161, 159, and 211 °C, respectively. For
comparison, T1/2 for carbon supported pure Pd and Au NPs, as
obtained on the same equipment, is 146 and 283 °C,
respectively. Experimental data for the so-called turnover
frequency, TOF, indicated the same trend (see Figure 8a
introduced later on). Notably, in line with the findings of other
studies,12,32−34 our catalytic data showed that the CO oxidation
activity of Au−Pd alloy NPs does not evolve linearly with their
overall chemical composition. In particular, T1/2 for Au9Pd91
NPs ∼ T1/2 for Au45Pd55 NPs < T1/2 for Au69Pd31 NPs < T1/2

for pure Au NPs. Evidently, intermixing of a less reactive metal
(Au) with a more reactive metal (Pd) in the range of Au:Pd
ratios from about 10% to 50% results in nanoalloys whose

Figure 1. (left) Representative HAADF-STEM images and corresponding EDS elemental maps of Au9Pd91, Au45Pd55,and Au69Pd31 NPs. Au atoms
are in yellow,and Pd atoms are in green. Maps indicate that the surface of Au9Pd91 NPs is likely to be enriched in Au species whereas Au45Pd55 and
Au69Pd31 NPs are nearly uniform alloys. (middle) Representative HR-TEM images of Au9Pd91, Au45Pd55,and Au69Pd31 NPs. Solid red lines outlining
the NPs emphasize their polyhedral shape. Lattice fringes (red bars) reveal the good degree of crystallinity in the NPs. (right) Typical XPS (a) Pd
3d3/2 and (b) Au 4f7/2 spectra for Au9Pd91, Au45Pd55,and Au69Pd31 NPs. The shift, Δ, in the core-level binding energy of Pd and Au atoms in the
respective NPs is evaluated (arrows) with respect to the Pd 3d3/2 (340.7 eV) and Au 4f7/2 (84.0 eV) lines (vertical broken lines) characteristic to bulk
Pd and Au metals, respectively.
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catalytic properties, in particular CO oxidation activity, are
beyond those of the individual constituents. The specific
surface structural features of Au−Pd alloy NPs behind the
unusual plateau- and not volcano-type dependence of their
catalytic activity on the relative ratio of individual (Au and Pd)
constituents are revealed by resonant HE-XRD described
below.
The surface atomic structure of pure Au and AuxPd100−x alloy

NPs (x = 9, 45, and 69) was determined by resonant HE-XRD
carried out at the K absorption edges of Au (80.725 keV) and
Pd (24.347 keV) coupled to analysis of the experimental data in
terms of element-specific atomic PDFs. Details of the resonant
HE-XRD experiments and derivation of element-specific atomic
PDFs are given in the Methods section of the Supporting
Information. Exemplary HE-XRD patterns are shown in Figure
S5 (left). As can be seen in the figure, HE-XRD patterns for
AuxPd100−x alloy NPs (x = 9, 45, 69, and 100) exhibit a few
broad, Bragg-like peaks at low diffraction angles and discernible
physical oscillations at high diffraction angles, a picture typical
for nanocrystalline materials.35−38 The diffuse character of the
HE-XRD patterns though renders sharp Bragg peak based
procedures for determining the atomic structure of bulk
(polycrystalline) metals and alloys difficult to apply to the
NPs studied here. However, as data in Figure 2 and Figure S5
(right) show, the Fourier transforms of the HE-XRD patterns,
known as total PDFs G(r), exhibit a sequence of distinct peaks
to high-r values and so lend themselves to convenient testing,

refining, and ultimately determining the complete atomic
structure of the NPs, including the NP surface.
By definition, the PDF G(r) = 4πr(ρ(r) − ρo), where ρ(r)

and ρo = const ≠ 0 are the local and average atomic number
density of the material studied, respectively. Hence, exper-
imental G(r)s always oscillate about zero and peak at distances
where the local atomic density is larger than the average one,
that is, at distances between pairs of atoms, immediate and all
farther neighbors, within the metallic NPs studied. The area
under the peaks is proportional to the number of atomic pairs
at those distances.35−38 Since surface atoms at the opposite
sides of metallic NPs are separated the most, experimental
G(r)s may show distinct peaks at distances extending up to the
average NP size only, as demonstrated in Figure 2 (left).
Naturally, peaks at these higher-r distances may reflect
correlations between atoms near the NP surface alone.
Hence, atomic PDFs obtained through HE-XRD, in particular
their higher-r peaks, are sensitive to the relative positioning and
number of surface atoms in metallic NPs. Indeed, this may not
come as a surprise since atoms at the surface of metallic NPs
constitute a very substantial fraction of the overall volume of
the NPs and XRD is known to be sensitive to the volume
fraction of the constituents of any metallic material down to a
few %.37 To be more precise, atoms forming the two outermost
layers of pure Au and AuxPd100−x alloy NPs (x = 9, 45, and 69)
are about 35% of all atoms in the NPs. The inherent sensitivity
of atomic PDFs to the surface atomic structure of metallic NPs
is advantageous to the ongoing effort to develop affordable and
efficient nanoalloy catalysts for practical applications. That is
because it is the surface of metallic NPs whereat chemical
reactions take place.
To ascertain the structure type of AuxPd100−x alloy NPs (x =

9, 45, 69, and 100), the experimental total atomic PDFs were
approached with a simplistic model constrained to an fcc-type
crystal structure. The model made sense since bulk Au, Pd, and
Au−Pd alloys are fcc-type crystals. Details of the computations
are given in the Methods section of the Supporting
Information. Results from the computations are shown in
Figure 2 (right). As can be seen in the figure, largely, the NPs
maintain the fcc-type structure exhibited by their bulk
counterparts. However, contrary to the case of bulk Au−Pd
alloys, the “fcc-lattice” parameter for AuxPd100−x alloy NPs (x =
9, 45, 69, and 100) does not obey the so-called Vegard’s law
envisioning a steady linear change in the lattice parameter for
continuous binary alloys in which the two types of distinct
atomic species simply substitute for one another.32,39 The
observation indicates that Au and Pd atoms in AuxPd100−x alloy
NPs (x = 9, 45, and 69) interact strongly and so arrange in a
nonuniform manner.
Despite being informative, an atomic PDF for metallic alloy

NPs obtained by a single HE-XRD experiment may not reveal
well the mutual arrangement of distinct atomic species in the
NPs. That is because such a PDF is a weighted sum of n(n +
1)/2 partial PDFs, where n is the number of distinct atomic
species in the NPs.36,37,40,41 In particular, each of the
experimental total PDFs shown in Figures 2 and S5 (right) is
a weighted sum of Au−Au, Au−Pd, and Pd−Pd partial PDFs.
As elaborated in the Methods section of the Supporting
Information and exemplified in Figure 3, resonant HE-XRD
allows resolving the individual partial PDFs for metallic alloy
NPs, thereby making it possible to determine precisely the
positioning of distinct atomic species throughout the NPs. For
example, as data in Figure 3 (left) and Figure 4b,c show,

Figure 2. (left) Experimental (symbols) and computed (red line) total
PDF for 6.5 nm pure Au particles. The higher-r part of the
experimental and computed data is given in the inset. The computed
PDF is derived from the respective 3D structure shown in Figure 4a. A
2D cut through the central part of the 3D structure is shown in the
lower right corner. The highlighted outer portion of the 2D cut is
representative of the two outermost layers of the 3D structure
involving about 35% of all (9600) Au atoms in it. (right) (a)
Experimental (symbols) and computed (red line) total PDFs for
AuxPd100−x alloy NPs (x = 9, 45, 69, and 100) NPs. The computed
PDFs are based on a model constrained to an fcc-type infinite lattice as
explained in the text. Refined “fcc-lattice parameters” are given for each
data set. (b) Refined “fcc-lattice parameters” from panel a vs the
overall composition of the respective NPs. Diagonal broken line (in
black) represents the linear (Vegard’s law type) dependence of the fcc-
lattice parameter for bulk Au−Pd alloys on their composition, as
observed by experiment.39 For comparison, the lattice parameters for
bulk fcc Au and Pd metals are also shown at the top and bottom parts
of the plot, respectively. Broken line in red is a guide to the eye.
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experimental Au−Au and Pd−Pd partial PDFs allow an
unambiguous discrimination between competing chemically
fully ordered and disordered full-scale atomic configurations for
Au−Pd alloy NPs. Furthermore, as demonstrated in Figures S6,
S9, S10, and S13, experimental Au−Au and Pd−Pd partial
PDFs are very sensitive to the chemical pattern and geometry
of the surface of Au−Pd alloy NPs as well as to their shape.
The complete atomic structure of AuxPd100−x alloy NPs (x =

9, 45, 69) was determined strictly adhering to the successful
practices of structure studies on polycrystalline metallic
materials. From a methodological point of view, this made
perfect sense because determining the atomic structure of both
polycrystalline and nanocrystalline metallic particles relies on
diffraction data obtained from ensembles of entities with a fairly
close chemical composition, size, and shape.28,42 In brief, full-
scale model structures for each of theAuxPd100−x alloy NPs (x =
9, 45, 69, and 100) were generated accounting for the findings
of ICP-AES, HR-TEM, and HAADF-STM experiments, that is,
the structures featured atomic configurations with the overall
(bulk) chemical composition, size (6.5 nm), and shape
(polyhedral) of the NPs modeled. Also, as suggested by the
findings of crystallography-constrained computations described
above, Au and Pd atoms (∼9600 in total) in the configurations
were arranged in an fcc-like manner. Configurations of various
chemical patterns were considered. The energy of the
configurations was minimized by Molecular Dynamics (MD)
simulations based on the quantum-corrected Sutton−Chen
potential.43−45 Exemplary MD optimized model structures are
shown in Figure S6. Best MD-optimized atomic configurations
were refined further by hybrid RMC guided by the respective
total and Au−Au and Pd−Pd partial PDFs. The refinement was
necessary since actual metallic NPs can exhibit surface

reconstruction and chemical ordering which may not be
captured by MD alone, i.e., without experimental input.35,38 As
it should be, the thermal (Debye−Waller type) and static
displacements, i.e., relaxation, of atoms in the refined
configurations were treated separately.46,47 More details of
the MD and hybrid RMC computations can be found in the
Methods section of the Supporting Information.

3. DISCUSSION
The RMC refined full-scale atomic configurations for pure Au
and AuxPd1 00‑x alloy NPs (x = 9, 45, 69) are shown in Figure
4a. The configurations are with a realistic size, shape, and
overall chemical composition. Besides, they are optimized in
terms of energy and, as demonstrated in Figure 3 (right),
reproduce very well the respective total and element-specific
PDF data. Fine features of the configurations, including the
geometry and chemical pattern of their surface, are verified as
exemplified in Figures S6, S9, and S10. Moreover, the near
surface chemical composition of AuxPd100−x alloy NPs (x = 9,
45, 69) obtained from the configurations (see ref S63)
appeared as “Au22Pd78”, “Au47Pd53”, and “Au60Pd40”, respec-
tively, i.e., pretty close to the findings of independent XPS
experiments. As such, and in full compliance with the criteria
for assessment of the quality of 3D atomic structure
determination,1,36,40,42,47 the configurations can be considered
as the most likely atomic structure of the NPs studied here,
including their surface atomic structure. Indeed, the surface and
bulk atomic structure of metallic alloy NPs (<10 nm) are likely
to be related to each other, if not interwoven, and, for the sake

Figure 3. (left) (a) Experimental Au−Au (red line) and Pd−Pd (blue
line) partial PDFs for AuxPd100−x alloy NPs (x = 9, 45, 69). Arrows
mark the position of the first PDF peak. (b) Experimental (symbols)
and computed (lines) Au−Au and Pd−Pd partial PDFs for AuxPd100−x
alloy NPs (x = 9, 45, 69). The computed PDFs are derived from the
fully chemically ordered (red line) and disordered (green line) 3D
atomic configurations shown in Figures 4b and 4c, respectively. (right)
RMC fits (red lines) to the experimental (symbols) total and Au−Au
and Pd−Pd partial PDFs for AuxPd100−x alloy NPs (x = 9, 45, 69, 100).
The fits reflect the respective 3D structures shown in Figure 4a. The
goodness-of-fit indicators Rw, defined in the Methods section of the
Supporting Information, for the RMC fits are on the order of
11(±2)%.

Figure 4. (a) 3D structures for pure Au and AuxPd100−x alloy NPs (x =
9, 45, 69) determined as described in the text. The very good
agreement between the partial and total PDFs computed from the
structures and those obtained by resonant HE-XRD experiments is
demonstrated in Figure 3 (right). (b, c) 3D model structures for
AuxPd100−x alloy NPs (x = 9, 45, 69) failing to reproduce the
experimental PDF data as demonstrated in Figure 3b (left). Models for
Au99Pd91 alloy NPs feature a fully chemically ordered (Pearson symbol
tI18; space group I4/mmm) and disordered (Pearson symbol cF4;
space group Fm3m) A1B8-type structure. Models for Au45Pd55 alloy
NPs feature a fully chemically ordered (Pearson symbol tP4; space
group P4/mmm) and disordered (Pearson symbol cF4; space group
Fm3m) AB-type structure. Models for Au69Pd31 alloy NPs feature a
fully chemically ordered (Pearson symbol cP4; space group Pm3m)
and disordered (Pearson symbol cF4; space group Fm3m) A3B-type
structure. The structures occur, or are likely to occur, with bulk Au−
Pd alloys as described in ref 60. Au atoms are in orange, and Pd atoms
are in gray.
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of consistency, ought to be refined together. Here it may be
added that describing the structure of binary metal alloys in
terms of a large size atomic configurators is not a rarity. For
example, the monoclinic (space group C2) YbCu4.5 alloy is
described by a 7448-atom unit cell determined by XRD.48

Then, in traditional crystallographic terms, AuxPd100−x alloy
NPs (x = 9, 45, 69, and 100) can be considered as triclinic
(space group P1) nanocrystallites each described by a 9600-
atom unit cell. The nanocrystallites though are not piled up
together in bulk powder (see TEM images in Figure S1) but are
dispersed on fine carbon support, thus becoming an integral
part of a typical composite material. This does not preclude
determining their 3D structure with high precision.
Using the (x,y,z) coordinates for Au and Pd atoms forming

the top two layers of the 3D structures shown in Figure 4a, we
derived structural characteristics of prime importance to the
catalytic functionality of AuxPd100−x alloy NPs (x = 9, 45, 69),
including the total surface coordination numbers (CNs),
partials CNs, and bonding distances. Those are directly related
to the geometry, chemical pattern, and electronic structure of
the NP surface, respectively. Results are summarized in Figure
S11 and Figures 5 and 6.
As data in Figure S11 show, the distribution of total surface

CNs in pure Au and AuxPd100−x alloy NPs (x = 9, 45, 69) is
broad, exhibiting a considerable number of 9- and 8-fold
coordinated atoms, indicative of close packed, planar-type
atomic configurations; 7- and 6-fold coordinated atoms,
indicative of steps and kinks; and a small number of 5- and
4-fold coordinated atoms, indicative of sharp corners at the NP
surface. Though coexisting, the configurations are well-defined,
as data in Figure 7 show.

As data in Figure 5 show, most (∼70%) surface Pd atoms in
AuxPd100−x alloy NPs (x = 9, 45, 69) have either one or two
unlike (Au) atoms from the same surface layer as first
neighbors. Notably, in line with the findings of experiments
on model Au−Pd surfaces,26,49 at least 5% of all surface Pd
atoms appear as monomers, regardless of the overall chemical
composition of the NPs. Besides, surface Pd monomers always
appear outnumbered by lone surface Au atoms. Altogether,
elemental maps, XPS, and data in Figure 5 obtained by
resonant HE-XRD and atomic PDF analysis indicate that the
surface and overall (bulk) composition of AuxPd100−x alloy NPs
(x = 9, 45, 69) are persistently different over a broad range of
relative ratios of Au and Pd constituents.
As data in Figure 6 show, on average, surface Au−Au and

Pd−Pd bonding distances in AuxPd100−x alloy NPs (x = 9, 45,
69) change significantly and by reciprocal factors with the
overall composition of the NPs. Though not exhibited by bulk
Au−Pd alloys, the observed systematic change in the bonding
distances between like surface atoms, i.e., in the size of surface
Au and Pd atoms, may not come as a surprise. According to the
theory of chemical bonding of Pauling and independent
experimental studies, the elemental size of metal atoms may
change upon alloying so that the ratio of the size of the alloyed
atoms becomes as close to one as possible, for minimizing
atomic level stresses. Furthermore, the theory postulates and
experiments confirm that changes in metal-to-metal atom bond
lengths trigger changes in both the strength of the respective
bonds and the electronic structure of the metal atoms involved
in the bonds, and vice versa. That is, the former and the latter
indeed occur concurrently as integral parts of the process of
minimizing the total energy, i.e., maximizing the stability, of the
respective alloys.50−54 For metallic alloy NPs in the size range

Figure 5. (left) Distribution of partial coordination numbers (CNs) for surface atoms in 6.5 nm AuxPd100−x alloy NPs (x = 9, 45, 69) as extracted
from the respective 3D structures shown in Figure 4a. Note that the distribution includes atoms from the top surface layer alone. On average, surface
atoms in the NPs studied here may have up to 4.4(1) such neighbors. For comparison, atoms at the (111) surface of bulk fcc metals and alloys have
6 first neighbors from the same close packed surface layer. (right) Distribution of partial CNs for surface atoms in 6.5 nm AuxPd100−x alloy NPs (x =
9, 45, 69) including first neighbors from both the top surface and subsurface layer. On average, surface atoms in the NPs studied here may have up to
7.4(1) such neighbors. For comparison, the total CN for atoms at the (111) surface of bulk fcc metals and alloys is 9 (6 from the same close packed
surface layer and 3 from the layer beneath it).
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of a few nanometers, such as Au−Pd alloy NPs studied here, it
is not the energy (enthalpy) of formation of the respective alloy
that alone determines the stability of their near-surface region,
typically comprising the top surface atomic layer and up to 2−3
atomic layers beneath it. Rather, it is the free energy which,
besides the alloy formation energy, includes substantial
contributions from the usual for metallic NP surface tension,
stresses induced by the intermixing of Au and Pd atoms, surface
energy of Au and Pd atoms, and interactions with the substrate.
The latter may be considered nearly negligible because of the
inert nature of the carbon support used here. Besides, within
the limits of the experimental accuracy, HE-XRD did not detect
metal−carbon or other bonds of nonmetallic character. It is
well-known that the enthalpy of mixing of Au and Pd atoms is
strongly negative (e.g., −8.4 kJ/mol for Au to Pd ratio of 1:1)
and the surface energy of Au (1.62 J/m2) is lower than that of
Pd (2.04 J/m2). Furthermore, it is well-known that the
elemental size of Au and Pd atoms, i.e., Au−Au and Pd−Pd
bonding distances in the respective metals, is 2.875 and 2.755
Å, respectively. Evidently, the minimization of total energy/
maximization of thermodynamic stability of Au−Pd alloy NPs
occurring during their synthesis and postsynthesis treatment,
including the minimization of free surface energy, leads to both
the formation of specific surface atomic configurations, such as
Au and Pd monomers (like atom CN = 0), dimers (like atom
CN = 1), trimers (like atom CN = 2), etc. (see Figures 5 and
S11), and a significant relaxation of distinct surface atoms. The
latter involves a correlated “compression” and “expansion” of
surface Au and Pd atoms, respectively, as compared to their
elemental size. The surface electronic structure of Au−Pd alloy

NPs, in particular the distribution of valence electron density
around the relaxed surface Au and Pd atoms, would change
accordingly. Here it is to be underlined that XRD is very
suitable for studying changes in the surface electronic structure
of metallic NPs because X-rays are scattered by the electron
cloud surrounding the nuclei of metal atoms and, as discussed
above, the surface of metallic NPs incorporates a very
substantial fraction of all atoms in the NPs (∼35% of all
atoms in AuxPd100−x alloy NPs (x = 9, 45, 69); see Figure 2).
Besides, typically, atomic PDFs reflect diffraction data from q ∼
0.3 Å−1 to about 25 Å−1, if not higher, where q is the wave
vector (see eqs S1−S3). Diffraction data at low (e.g., <10 Å−1)
and relatively high (e.g., ∼10 Å−1 to 25 Å−1) q-values are
particularly sensitive, respectively, to the valence (higher-shell)
and tightly bound (inner-shell) electrons of TMs such as Pd
and Au.55,56 For reference, the valence electrons of Pd(4d9.45-
(sp)0.6) and Au(5d9.66(sp)1.4) are about 21% and 14% of all
electrons in the respective atoms and so make a substantial

Figure 6. Distribution of surface Au−Au (left) and Pd−Pd (right)
bonding distances (gray areas) in pure Au and AuxPd100−x alloy NPs (x
= 9, 45, 69) as extracted from the respective 3D structures shown in
Figure 4a. The centroid of the distributions, i.e., the average surface
Au−Au and Pd−Pd bonding distances, and the average magnitude of
the static displacements, σS, of surface Au and Pd atoms from their
average position are shown for each data set. Note, σS = fwhm/
(2 2 ln 2 ), where fwhm is the full width at the half-maximum of the
respective distribution of bonding distances as approximated with a
Gaussian function (red solid lines). Vertical broken lines in black mark
Au−Au (2.875 Å) and Pd−Pd (2.755 Å) bonding distances in bulk Au
and Pd, respectively. Vertical broken lines and horizontal arrows in red
emphasize the systematic contraction and expansion of surface Au−Au
and Pd−Pd bonding distances, i.e., relaxation of surface Au and Pd
atoms, with the relative amount of unlike atomic species in the NPs.
Note, as expected, the surface and bulk averaged Au−Au and Pd−Pd
bonding distances in Au−Pd alloy NPs are not quite the same
(compare data presented here and in Figure 3, left).

Figure 7. (first row on the left) Fragment from the surface of Au9Pd91
NPs as revealed by the respective 3D structure shown in Figure 4a.
Arrows indicate atoms occupying dense packed (111)-type terraces
(total CN = 9), (110)-related steps (total CN = 7 or 8), kinks (total
CN = 6), and corners (total CN = 4 or 5). Au atoms are in yellow, and
Pd atoms are in gray. (first row on the right and second row) Maps
indicating the CO oxidation activity of surface Au and Pd sites in
AuxPd100−x alloy NPs (x = 9, 45, 69) as measured by the energy
position of the upper edge of the d-band, εwd for the sites. In particular,
surface Au atoms whose εwd is lower than that of Au atoms at the
(111) surface of bulk Au are shown in yellow. Surface Pd atoms whose
εwd is higher than that of Pd of atoms at the (111) surface of bulk Pd
are shown in gray. According to the refined version of d-band center
theory described in refs 76 and 77, such surface Au and Pd atoms are
unlikely to contribute to the superb catalytic activity of Au−Pd alloy
NPs for CO oxidation. Au atoms whose εwd is shifted upward as
compared to the εwd for Au atoms at the (111) surface of bulk Au are
shown in red. Surface Pd atoms whose εwd is shifted downward with
respect to the εwd for Pd atoms at the (111) surface of bulk Pd are
shown in black. According to the refined version of the d-band center
theory, these atoms would contribute the most to the superb catalytic
activity of Au-Pd alloy NPs for CO oxidation reaction.
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contribution to the diffracted X-ray intensities used in the
derivation of atomic PDFs shown in Figure 3 (right).
Often, the size of a metal atom is considered in terms of its

elemental Wigner−Seitz radius, rws, defined as the radius of a
sphere whose volume, Vws, is equal to the volume of the so-
called Wigner−Seitz (WS) cell occupied by the atom while in
the respective solid. In the case of N metal atoms in a volume V

of the solid, the Wigner−Seitz radius is defined as( )4
3

π(rws)
3 =

V/N. Solving for rws, it can be obtained that rws = π( )n r
3

4 ( )
1/3,

where n(r) is the average valence electron density of the
atom.50−52,57,58 Hence, from a local perspective, the size of a
metal atom can be related to the spatial extent of the highest
energy occupied valence electron orbitals in the atom.50,59 For
reference, when expressed in atomic number density units, the
rws for Au and Pd atoms in bulk Au and Pd metals is 1.590 and
1.522 Å, respectively.51

Within the common formalism of WS cells, it may be
expected that, when the size of a late-TM atom, A, changes, as
measured by the change in the respective bonding distance,

dAA, the Wigner−Seitz volume ( = √V dws
A 2

2 AA
3 for atoms

arranged in a fcc-type manner) and so the average valence
electron density for that atom would change, and vice
versa.54,57−59 As data in Figure 6 show, on average, surface
Au−Au bonding distances in pure Au NPs are contracted as
compared to the bulk value of 2.875 Å and so, on average, the
rws for surface atoms in pure Au NPs appears reduced to 1.576
Å. The further systematic decrease in the rws for surface Au
atoms in AuxPd100−x alloy NPs from 1.566 Å for x = 69 to 1.550
Å for x = 45 and then to 1.538 Å for x = 9 indicates that, on
average, the valence electron density on surface Au sites in the
NPs gradually increases with the relative Pd content. On the
other hand, the systematic increase in the average rws for surface
Pd atoms in AuxPd100−x alloy NPs from 1.532 Å for x = 9 to
1.544 Å for x = 45 and then to 1.552 Å for x = 69 (see Figure
6) indicates that, on average, the valence electron density on
surface Pd sites in the NPs gradually decreases with the relative
Au content. The concurrent increase and decrease in the
valence electron density on surface Au and Pd sites in Au−Pd
alloy NPs with the relative content of unlike atomic species may
be regarded as an evolving partial negative and positive charge
on the respective sites. The evolution of partial charge may
include a “charge transfer” between surface atoms, change in
the character of valence electrons of surface atoms through sp−
d (re)hybridization, and filling and emptying of d-bands and
shifts in the energy position of d-bands of surface Au and Pd
atoms. Typically, charge is transferred from metal atoms with
higher value of Fermi energy toward metal atoms with lower
value of Fermi energy. The Fermi energy of metal Au and Pd is
7.25 and 7.69 eV, respectively, as computed using the linear
muffin-tin orbital method.60,61 Hence, it may be expected that
charge will flow from surface Pd → surface Au sites, i.e., surface
Pd atoms will behave like valence electron donors while surface
Au atoms will act as valence electron acceptors. Thus,
increasingly, surface Pd sites will be depleted of charge while
surface Au sites will acquire extra charge with the increase in
the percentage of unlike species in the NPs, as indeed observed
here. Note, Pd → Au “charge flow” referred to above does not
imply actual transfer of electrons onto surface Au sites. Rather,
it envisages a shift of charge from the inner toward the outer
portion of the “expanded” WS cells for surface Pd atoms, and

vice versa for the shift of charge within the “compressed” WS
cells for surface Au atoms, leading to an equilibration of the
initially different valence electron density/Fermi levels of the
respective atoms.25,62,63 The magnitude of the observed
reciprocal changes in the rws for surface Au and Pd atoms
indicates that the highly correlated shift of charge within their
WS cells may involve up to 0.3(1) valence electrons. Though
small and very much local, that shift of charge may change
significantly the character of valence electrons near the Fermi
level in the vicinity of surface Au and Pd sites in Au−Pd alloy
NPs and, hence, significantly affect the reactivity of the NPs.
In particular, considering the fact that the WS cells for

surface Pd atoms and Au atoms in Au−Pd alloy NPs appear
“expanded” and “compressed”, respectively, it may be
conjectured that the atoms gain and lose electrons occupying
their most spatially extended orbitals, respectively. To be more
specific, considering the decrease in the surface Au−Au
bonding distances, i.e., increased d−d electron interactions, it
may be conjectured that 6sp electrons of surface Au atoms gain
more 5d-character through sp → d charge redistribution
(rehybridization) and so the valence electronic configuration of
the atoms increasingly becomes more 5d106s1-like (vs 5d9.66-
(sp)1.4 bulk configuration) with the increase in the concen-
tration of Pd in the NPs. Effectively, both the increased d-
charge density and decreased Au−Au bonding distances (d
orbital−d orbital separation) would widen the 5d-band of
surface Au atoms pushing its top closer to the Fermi level.
Ultimately, this would increase the reactivity of surface Au
atoms in Au−Pd alloy NPs, as compared to corresponding
atoms on the surface of pure Au NPs.60,63−67 This scenario is in
line with the changes in the intensity of the so-called Au L3 line
regarded as a signature of the presence of vacancies (d-holes) in
the valence 5d-band of Au atoms. As found by EXAFS, the line
decays gradually with the concentration of Pd atoms in Au−Pd
alloy NPs and virtually disappears when that concentration
approaches 80%.31 On the other hand, considering the increase
in the average surface Pd−Pd bonding distances, i.e., weakened
d−d electron interactions, it may be conjectured that the 5sp
electrons of surface Pd atoms lose some d-character.
Alternatively, the increased degree of delocalization of charge
on surface Pd sites in Au−Pd NPs may be looked at merely as a
“dilation” of the charge due to the “expanded” WS cells for the
atoms occupying the sites. The decreased charge density and
increased Pd−Pd bonding distances (d orbital−d orbital
separation) would narrow the 4d-band of surface Pd sites
effectively pushing its top below the Fermi level. Ultimately,
this would render surface Pd atoms in Au−Pd alloy NPs less
reactive, as compared to corresponding atoms on the surface of
pure Pd NPs.12−14,68−70 This scenario is supported by scanning
tunneling microscopy studies on Pd atoms deposited on
monolayers of pure Au. In particular, the studies have found
that even when completely isolated the former bear a partial
positive charge while nearby Au atoms are somewhat electron-
rich.68

The concurrent reciprocal changes in the reactivity of surface
Au and Pd atoms would affect the CO oxidation activity of Au−
Pd alloy NPs very significantly.12,70−74 In particular, usually, the
CO oxidation reaction proceeds through the so-called
Langmuir−Hinshelwood mechanism, that is, CO molecules
adsorbed onto a catalyst surface react with nearby adsorbed
oxygen species to form CO2. For clarity, the reaction path can
be divided into four steps as follows: CO(gas) + * → CO* (1);
O2(gas) + * → O2* (2); O2* + * → O* + O* (3); CO* + O*
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→ CO2(gas) + * + * (4), where “*” stands for a surface atomic
site capable of binding CO or oxygen species. Pure Pd NPs
bind CO molecules and oxygen species (steps 1, 2, and 3
above) strongly, i.e., exhibit high catalytic activity for CO
oxidation reaction. Under typical reaction conditions though,
the surface of Pd NPs may end up irreversibly covered
(“poisoned”) with reactants and reaction intermediates. Hence,
the rate of CO oxidation over pure Pd NPs, in particular step
(4) of the reaction, would be limited.20−22 Pure Au NPs bind
CO and particularly oxygen species much less strongly than Pd
NPs do.3,4,13 Hence, the low probability of adsorption of
reactants and particularly high energy barrier for dissociation
(activation) of molecular oxygen (O2), that is, step (3) of the
reaction, would limit the rate of CO oxidation over pure Au
NPs. Note, it is considered that activation barriers for a surface
reaction, such as, for example, dissociation of O2, would follow
the trends of adsorption energies, that is, a change in the
adsorption energy of oxygen species at a surface site would
change the energy barrier for O2 dissociation at that
site.12,14,20,21

On a molecular level, the adsorption of a CO molecule on an
active surface site may be considered in terms of concurrent
transfers of charge from the filled 2σ-orbital of the molecule to
the surface site (donation) and d-charge from the surface site
into vacant 2π*-orbitals of the molecule (back-donation). On
the other hand, the adsorption of O2 on an active surface site
may be considered in terms of concurrent transfer of charge
from the occupied π-bonding orbital of the molecule to the
surface site (σ-donor interaction) and d-charge from the surface
site into empty π*-orbitals of the molecule (π-acceptor
interaction). Then, as discussed in prior studies,12−14 the
decrease in the d-electron DOS in the vicinity of surface Pd
sites in Au−Pd NPs would reduce the transfer of d-charge into
the 2π*-orbitals of CO molecules and π*-orbitals of O2
molecules adsorbed onto the sites. This would reduce both
the CO and O2 adsorption energy at the sites, thereby
significantly reducing the likelihood of surface Pd sites getting
poisoned during the CO oxidation reaction. On the other hand,
the increase in the d-electron DOS in the vicinity of surface Au
sites in Au−Pd alloy NPs would increase the transfer of d-
charge into the π*-orbitals of O2 molecules and 2π*-orbitals of
CO molecules adsorbed onto the sites. This would increase
both the O2 and CO adsorption energy at the sites, thereby
increasing the probability of populating surface Au sites with
reactants. Therefore, according to the concepts considering the
local d-DOS at the Fermi energy as a major factor in
determining the surface reactivity of alloys based on late
TMs, the interrelated increase and decrease in the d-character
of DOS at surface Au and Pd atoms, respectively, would amplify
each other’s positive contributions to the catalytic activity of
Au−Pd alloy NPs for CO oxidation reaction. In essence, this
may be considered as the hallmark of the catalytic synergy
between surface Au and Pd atoms in Au−Pd alloy NPs.
Noteworthy, prior studies have also found that the presence of
partial negative and positive charge on surface sites in pure Au
and Pd NPs, respectively, significantly increases their CO
oxidation activity.12,20,70−75

To reveal the structural origin of the catalytic synergy of
surface Au and Pd atoms in Au−Pd alloy NPs in better detail,
we summarized the surface structure and catalytic data obtained
here in Figure 8. As data for T1/2 and TOF in Figure 8a clearly
show, Au−Pd alloy NPs poor in Au (with 0 < Au% ≤ 50 atomic
%) function much better as CO oxidation catalysts in

comparison to Au−Pd alloy NPs rich in Au (50 < Au ≤ 100
atom %). As data in Figures 8a, 8b, and 8c show, the CO
oxidation activity of Au−Pd alloy NPs is maximized when (i)
surface Au atoms are strongly (2 to 3%) “compressed” and so
exhibit a partial negative charge, (ii) surface Pd atoms are
“expanded” to a certain degree (1 to 2%) and so exhibit some
positive charge, and (iii) the percentage of surface Au atoms
exceeds the overall percentage of Au atoms in the NPs.
Altogether, data in Figure 8a−c indicate that the catalytic

synergy of surface Au and Pd atoms in Au−Pd alloy NPs is
related to a very specific structural feature of the surface of Au−
Pd alloy NPs, that is, the formation of a specific “skin” on top of
the NPs involving as many unlike, i.e., Au−Pd and Pd−Au,
atomic pairs as possible given the overall composition of the
NPs (follow the arrows in Figure 8c). Others have considered
the bonding preference of surface Au and Pd atoms in terms of
some Coulomb Pd−Pd repulsion and net charge transfer from
Pd to Au.12 Here we show that unlike atoms from the “skin”
indeed interact strongly, including changing their size and
electronic structure in inverse proportions, and so endow Au−
Pd alloy NPs with a superb catalytic activity for CO oxidation.
The strong heteroatomic interactions would definitely impede
the migration of individual near-surface Au and Pd atoms
through the “skin”, thereby improving the stability of Au−Pd
alloy NPs under the conditions of chemical reactions.12,20,21

Figure 8. Evolution of the surface structural characteristics and CO
oxidation activity for AuxPd100−x alloy NPs (x = 9, 45, 69, 100) with
their overall composition, x. (a) Experimental T50 (black rectangles)
and TOF (orange bars) for CO oxidation reaction. Broken line is a
best fit to the data. (b) Relative change in the average surface Au−Au
(blue triangles) and Pd−Pd (red triangles) bonding distances as
extracted from the respective 3D structures shown in Figure 4a.
Broken lines are best fits to the respective data sets. The shaded area
indicates the range of Au to Pd ratios within which Au−Pd alloy NPs
would outperform pure Pd and Au NPs as catalysts for CO oxidation
reaction. (c) Average surface Pd−Au (blue bars) and Au−Pd CNs (red
bars) including first neighbors from the same top surface layer alone.
Broken lines trace the evolution of Au−Pd and Pd−Au CNs for an
Au−Pd surface layer involving as many unlike, i.e., Au−Pd and Pd−
Au, atomic pairs as possible given the overall chemical composition of
Au−Pd alloy NPs. The layer may be considered as a “skin” on top of
Au−Pd alloy NPs as explained in the text. The relationship between
the composition of the “skin” and the overall composition of Au−Pd
alloy NPs is indicated by horizontal and vertical solid arrows in the
respective color.
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To assess the consistency of our experimental findings, we
exploited a refined version of the d-band center theory on the
catalytic properties of TM metals and alloys.76,77 In particular,
we computed the energy position, εwd, of the upper edge of the
d-band for surface Au and Pd atoms in Au−Pd alloy NPs using
the {x,y,z} coordinates of surface atoms in the respective 3D
structures shown in Figure 4a. According to the refined theory,
the position can be derived as εwd = εd + wd/2, where εd and wd
are the energy center and width of the d-band, respectively.
Using εwd as a descriptor for reactivity made sense since
electrons near the top of the d-band are more likely than low
lying d-electrons to form bonds with frontier orbitals of
reactants such as CO and oxygen molecules. Besides, the values
of εwd have been shown to correlate particularly well with the
binding energy of oxygen adsorbed on the surface of TMs [see
Figure 9 in ref 77]. As discussed above, the strength of binding
of oxygen species onto Au and Pd surface sites is an important
factor in determining the kinetics of CO oxidation reaction.
Details of the calculations are given in the Methods section of
the Supporting Information. A map indicative of the catalytic
activity of AuxPd100−x alloy NPs (x = 9, 45, 69) for CO
oxidation reaction, as measured by the εwd for surface Au and
Pd atoms in the NPs, is shown in Figure 7. As can be seen in
the figure, a large number of nearby surface Au and Pd atoms
would form sites with improved ability to catalyze CO
oxidation reactions, as compared to corresponding sites in
pure Au and Pd NPs. Besides, many of the sites would involve
adjacent short chains of Au and Pd atoms which, as pointed out
in the work of others,12,20,21,78,79 are essential for the catalytic
activity of Au−Pd alloy NPs for CO oxidation and other
reactions. Thus, though apparently simplified and accounting
for particular steps of the CO oxidation reaction only, theory
using experimental surface structure data produced predictions
for the catalytic activity of Au−Pd alloy NPs that agree well
with independently obtained catalytic data for the same NPs.
The agreement testifies to the potential of resonant XRD and
element-specific atomic PDF analysis to deliver meaningful
surface structure data for metallic NPs of importance to the
field of catalysis.
Here it may be noted that, as data sets in Figures 6, 7, and

8a−c indicate, the surface atomic and electronic structure of
Au−Pd alloy NPs evolve continuously with the overall
composition of the NPs. Hence, for a given bimetallic
composition, Au−Pd alloy NPs may appear as a poor catalyst
for certain chemical reactions and a highly active one for others,
as indeed observed on numerous occasions.12,17−21 In
particular, “ensemble effects” envisioning Pd monomers
(surface Pd−Pd CN = 0) spaced at about 3.3 Å have been
considered as a major factor behind the high catalytic activity of
Pd-poor Au−Pd nanoalloys for acetoxylation of ethylene to
vinyl acetate (VA).19 According to structure data in Figures 6
and 8, bonding distances between surface Pd atoms in Au−Pd
alloy NPs may expand toward 3 Å due to strong interactions
with nearby surface Au atoms. Hence, not only Pd monomers
but also Pd dimers (Pd−Pd CN = 1) may have to be factored
in when the surface structure−catalytic activity relationship in
Au−Pd nanoalloy catalyst for VA synthesis is assessed.
Last but not least, it is well-known that theoretical

descriptors for the reactivity of TMs and their alloys are very
sensitive to fine computational details. This makes the
descriptors less useful for understanding and predicting atomic
surface structure−reactivity relationships and requires develop-
ing of algorithms for estimating the uncertainty of theoretical

predictions, offset corrections, and others.80,81 On the other
hand, little attention is paid to the fact that, typically, the theory
on surface-controlled properties of metallic NPs, in particular
the catalytic properties, is applied on 3D periodic slabs of nearly
perfect fcc(111), hcp(001), and bcc(110) atomic planes. As
shown here and elsewhere,35,36,38,40 the facets of real-world
metallic NPs are not necessarily perfectly 3D periodic at atomic
level. We argue that, among others, the accuracy of theory on
the catalytic properties of metallic NPs may be improved by
applying the theory on a more realistic atomic-level basis
delivered by advanced analytical techniques such as resonant
HE-XRD. Given the model size limitations of electronic
structure theory, it may be argued that such an approach
would be impractical. As we demonstrated recently though, a
realistic atomic-level basis for theoretical calculations need not
necessarily include the full-scale surface structure determined
by experiment. A statistically representative segment of the
structure may suffice.82 Besides, model size limitations can be
overcome by using a simplified theoretical framework such as
MD based on interatomic potentials trained against exper-
imental data for the actual surface of metallic NPs under
study.38

4. CONCLUSION
The contributions of the surface and interior of metallic NPs to
the physicochemical properties of the NPs can differ
significantly. Moreover, the former can easily overwhelm the
latter, endowing the NPs with a unique functionality. Hence,
precise knowledge of the actual surface of metallic NPs is a
prerequisite to gaining control over their performance in
practical applications, particularly in the field of catalysis.
Resonant HE-XRD and element-specific PDF analysis done on
metallic NPs synthesized with due care, i.e., as monodisperse in
size and chemical composition as possible, can deliver surface
structure data relevant to the actual metallic NPs studied,
including the relative amount, location in terms of (x,y,z)
coordinates, and geometric environment of distinct surface
atomic species. It is our belief that such data would help bridge
model-surface oriented theory and reality necessitating the
production, characterization, and usage of metallic NPs en
masse, and thus help design and produce efficient and
affordable catalysts for practical applications. Though counter-
intuitive, the technique succeeds because (i) atoms at the
surface of metallic NPs occupy a very substantial fraction of
their overall volume and (ii) XRD is known to be sensitive to
the volume fraction of the constituents of any metallic material
down to a few % and over a long range of interatomic distances.
An added benefit is the capability of the technique to
“highlight” surface structural features involving preselected
metallic species and “dim” others, thereby revealing the surface
atomic structure of metallic NPs with both element specificity
and high spatial resolution. In terms of statistics, resonant HE-
XRD is as representative of the ensemble of metallic NPs
studied as the widely used traditional XRD and EXAFS are.
However, when compared to the former, the latter are less
sensitive to the surface atomic structure of metallic NPs
because, due to their nature, they deliver structure data
averaged over the NP volume alone.
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