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Abstract. We discuss methods of Extended X-ray Ab-
sorption Fine-Structure (EXAFS) analysis that provide
three-dimensional structural characterization of metal na-
noparticles, both mono- and bi-metallic. For the bimetallic
alloys, we use short range order measurements to discri-
minate between random and non-random inter-particle dis-
tributions of atoms. We also discuss the application of
EXAFS to heterogeneous nanoparticle systems.

Introduction

The question of the fundamental interest in structural studies
of nanoparticles and their applications, e.g., to catalysis, is
how to reconstruct their structure and geometry from experi-
ment. Scattering methods (X-ray, neutron, electron diffrac-
tion) can reconstruct 3D arrangement of atoms in nanoparti-
cles that formed single crystals. Such studies can probe
structure in particles with as few as 13 atoms [1]. To recon-
struct 3D geometry in isolated particles, several methods ex-
ist which have been applied, however, to relatively large par-
ticles (>3—4 nm in diameter). Among them are electron
microscopies (TEM/STEM and HRTEM) that report particle
size and its distribution, electron and X-ray diffraction, in-
cluding recently developed atomic pair distribution function
methods [2], that index nanocrystalline structure, energy-
dispersive X-ray analysis (EDX), that measures composi-
tional distribution, etc. However, the accuracy and the level
of detail decrease for smaller particles, rendering traditional
methods ineffective for sizes of the order of 1-2 nm or less.

During the last decate, a high-angle annular dark field
scanning TEM (HAADF-STEM, also known as the “Z-
contrast”) technique has been employed to count the num-
ber of atoms in the nanoparticles [3], study particle geo-
metry and nanoalloy composition [4]. Using this method,
it was possible to obtain the number of atoms (with the
uncertainty of &= 2 atoms) in the unsupported, ligand pro-
tected 13-atom Au clusters [5], as well as supported (y-
Al,O3) 12-atom Pt clusters [6].

Due to their non-bulk properties, inherently small
length scale, the lack of the long range order, only a com-
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bination of different structural techniques can bring en-
ough characterization power to decipher the structure of
nanoparticles in sub-nm to 2-3 nm size range. Extended
X-ray absorption fine-structure (EXAFS) spectroscopy is
one of the premiere tools to study atomic structure of na-
noparticles. Soon after EXAFS was first introduced by
Stern, Sayers and Lytle as a structural technique [7], its
potential in solving the structure of nanoparticles was
recognized by Sinfelt, Via, Meitzner, efal. [8]. Indeed,
EXAFS directly measures real-space, structural informa-
tion which is virtually instantaneous (the characteristic
time of the photoelectron interference effect is ca. 10717 s)
and local (only distances within 6—8 A away from the ab-
sorbing atoms can be probed).

The EXAFS signal, y(k), is the sum of all contribu-
tions, x,(k), from groups of neighbors at approximately
equal distances from the absorbing atoms (i.e., the i-th
shell), which are often written as [9]:
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where k is the photoelectron wave number, f°ff(k) and
0;(k) are the photoelectron scattering-path amplitude and
phase, respectively, S is the passive electron reduction
factor, n; is the degenacy of the scattering path, R; is the
effective half-path-length (which is equal to the inter-
atomic distance for single-scattering paths), o? is the
mean-square deviation in R;, 0,-3 is the third cumulant,
and 4;(k) is the photoelectron mean free path. Using mod-
ern computer packages, e.g., IFEFFIT [10], which em-
ploys a non-linear least square method to fit theoretically
calculated (with the help of FEFF6 code [9]) EXAFS sig-
nal to the data, the best-fit values of structural parameters
can be obtained, together with their uncertainties.

One of the reasons EXAFS is a method of choice for
nanoparticle studies is the local range (within ca. 8 A)
where this technique probes the structure around absorb-
ing atoms and its sensitivity to the partial radial distribu-
tion function g,,z(r) of atoms B which are neighbors to
the absorbing atom A. The changes in g,4(r) can be parti-
cularly dramatic between the nanoparticles and their bulk
counterparts due to the finite size effects. For example,
metal-metal coordination numbers and distances in clusters
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are different from the bulk. Furthermore, proximity of
most of the atoms to the nanocluster surface and/or the
substrate contributes to the total bond length disorder (¢?).
Effects of alloying (presence or absence of the short range
order) in bimetallic clusters can be examined by studying
metal-metal partial coordination numbers and bond buck-
ling. In the following sections, we will describe several
modeling strategies that are useful for the nanoparticles
structure analysis by EXAFS.

Geometry and short range order

We will limit the scope of this section to supported clus-
ters and monolayer protected clusters. Such nanoparticles,
both monometallic (Pt, Pd, Au, Co, Rh, Ni, etc.) and al-
loys (Pt/Ru, Au/Pd, Pd/Cu, Ni/Pt, Ag/Pd, etc.) can be pre-
pared by a variety of synthetic methods for a large number
of support materials and ligands. They possess high de-
gree of symmetry, their size and properties can be control-
leld by synthetic conditions which use various supports
and ligands, and, therefore, offer good test cases for tech-
nique development. The closed shell clusters are character-
ized by “magic numbers” of atoms, which are unique for
a given family of clusters. Many types of the closed shell,
regular polyhedral clusters (cuboctahedral and icosahedral
[11], truncated decahedral [12], truncated octahedral [13],
hexagonal closed packed [14], etc.) have long been pro-
posed, to be energetically most stable [15, 16]. Mapping
these geometries, which are often conflicting [17], to a
particular system is very difficult due to the lack of an
adequate experimental protocol that would measure rele-
vant geometrical properties of the clusters.

In this section we will outline methods of EXAFS data
analysis, developed in recent years, that allow to obtain
quantitative geometric characteristics of monodisperse na-
noparticles. For monometallic nanoparticles, we will show
how to discriminate between models differing in the man-
ner of atomic packing (closed packed v. non-closed
packed) and/or morphology (e.g., cuboctahedral v. octahe-
dral). Combined with the particle size determination, this
level of detail allows to reconstruct 3D atomic structure of
the clusters. For bimetallic clusters, in addition to the size/
shape determination, we will be able to discriminate be-
tween random and non-random alloying of metals. For
non-random alloys, we will characterize the short range
order around each absorber in terms of the positive or ne-
gative tendency of like atoms to cluster and/or form a
core/shell type nanoalloy.

Monometallic nanoparticles

In the case of single-scattering (SS) paths, n; in EXAFS
equation above is a coordination number of atoms in
the i-th coordination shell, and R; — interatomic distance
between the central atom and its i-th nearest neighbor. In
many cases when the mononetallic nanoparticles are sym-
metrically surrounded by ligands, or when they as colloids
in solutions, or stabilized by dendrimers, a regular polyhe-
dron is a good approximation for a nanocluster. While
such approximation is justified for relatively small clusters
(between 10 and 1000 atoms) where many stable isomers

have competing total energies and thus can all contribute
to the energy landscape at the nanoscale, at the larger
sizes, i.e., where the details of surface morphology of dif-
ferent isomers do not significantly affect cluster energy, a
simple “sphere” becomes an efficient model.

Both approaches allow to obtain the first nearest neigh-
bor coordination numbers (1 NN) n; for regular clusters.
Using the first approach, Montejano-Carrizales, et al. [18],
studied geometrical characteristic of several regular poly-
hedral clusters (cubo-octahedral, icosahedral, body-cen-
tered cubic and simple cubic) analytically as a function of
the cluster order L. Defining L = Ng — 1, where Ng is the
number of atoms along the edge of a regular polyhedron,
the following relationships can be derived for the 1 NN
coordination numbers in cuboctahedral (closed packed)
and icosahedral (non-closed packed) clusters that have the
same sequence of their magic numbers (N = 13, 55, 147,
309, 561, 923 ...) [18]:
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Calvin, et al. [19], used the second approach by approxi-
mating the cluster shape as a sphere with radius R and
obtaining the 1 NN coordination number for a cluster with
average 1 NN distance r as follows:
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This approach is advantageous for larger clusters, and
when the size distribution is relatively broad. Since for the

cuboctahedral clusters, R = Lr, and n®"* = 12, we obtain:
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Fig. 1. Comparison of the exact (Ref. 18) and approximate (Ref. 19)

methods of calculating the 1NN coordination number in cuboctahe-
dral clusters.
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Fig. 2. Atomic configurations and magic numbers for several repre-
sentative clusters.

Figure 2 demonstrates that Eq. (2) is in a reasonable agree-
ment with Eq. (1) for L = 3 and higher, i.e., when number
of atoms in the cluster is > 100.

The methods describe above based on analytical calcu-
lations of the coordination numbers and working well for
calculating n; to any order, are not efficient for the co-
ordination numbers, corresponding to the more distant
shells: ny, n3, n4 ... Since multiple-scattering contribution
to EXAFS in nanoclusters can be quantitatively analyzed
[20], not only the single-scattering coordination numbers
but also multiple-scattering path degeneracies could be re-
liably extracted from the EXAFS data. Such additional
information effectively communicates size, shape and sur-
face orientation of nanoclusters [21].

Due to the large variety of these indices, their analyti-
cal estimation as a function of cluster order is not practi-
cal. Indeed, not only such indices are unique for specific
cluster geometries (cuboctahedral, icosahedral, hexagonal
closed packed, etc.), they need to be also generated for
truncated clusters that simulate supported nanoparticles.
We adopted a different approach by developing a suite of
programs that generate these indices for a given cluster
geometry (Fig. 2) [22].

For a cluster of N identical atoms, we compute cluster-
average pair radial distribution function o(r), or RDF, as
follows:

dN;

—o e, eln=

o(r) N :

where 0,(r) is a partial RDF for an atom i, and dN; is the
number of its neighbors within the spherical shell of thick-
ness dR;. Coordination numbers within a given shell (be-
tween R; and R,) in model clusters can be obtained as:

ni= [ o(r)dr, 3)
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Fig. 3. RDF histograms calculated for a truncated octahedron (140
atoms), icosahedron (147) and a cuboctahedron (147). In all cases,
r=287A.

and be directly compared with those measured by
EXAFS.! To demonstrate the role of the coordination
numbers for the cluster geometry characterization, we plot
the histogram of the RDF (with bin size of 0.05 A) for trun-
cated octahedral, icosahedral and cuboctahedral clusters
(Fig. 3). The 1 NN distance r was chosen to be 2.87 Ainall
cases. Figure 3 demonstrates the effect of the icosahedral
strain (5%) on the coordination shells 1 through 4, and the
similarity between the RDF’s of the two closed packed
structures. Only detecting the small difference in the inten-
sity of the second nearest neighbor peak would allow one
to discriminate between these two very similar models that
coincide for the Au;z clusters as described below.

Recent HAADF-STEM-EXAFS analyses of highly
monodispersed, mixed-ligand Au;s clusters [23] demon-
strated the predictive power of the RDF method. Indeed,
n, =0 for a 13 atom icosahedron, while n, = 1.85 for a
13 atom cuboctahedron (same for the truncated octahedron
which is isostructural to the cuboctahedron for 13 atom
clusters). Figure 4 shows that the icosahedral model for
the mixed-ligand Au,s cluster is preferred to the alterna-
tive one, modeled as a closed packed 13-atom cluster,
given the agreement of the experimentally obtained 1 NN,
2NN and 3NN coordination numbers [23] with the for-
mer model, while the latter model differs from the data
(the most dramatic is the difference in ny). Thus, accurate
measurement of these indices in monodispersed clusters
can allow to discriminate between different structures for
larger clusters where the higher order neighbors are detect-
able by EXAFS.

Bimetallic nanoparticles

In homogeneous samples (with narrow size and composi-
tional distributions over the particles), there are two dis-
tinctly different types of mixing of A and B atoms. They

! Cluster coordinates for many different types of regular and trun-
cated polyhedral clusters can be obtained by contacting the author.
They are also available from: http://www.yu.edu/scc.
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14 concurrently, with obvious constraints imposed on the het-
1 —aA—|cosahedron n erometallic bonds during the fits [27]:
12 = oe 3
=~ Cuboctahedron - Xp
2 ] ' nAp = — Npa, (3)
2 10+ ; XA
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5 8 /jﬁ Rap = Rpa , Oap = Opa - (4)
c e n1 The atoms of the type A will segregate to the surface of
5 o - | -
= 6 - = / =5~ the nanoparticle and B — to the core, if nay < npy, since
£ 12" ks atoms at the surface have fewer neighbors than those in
-g 4+ é s Y - the core. This criterion is useful even for alloys containing
8 18 PO PO - elements that are neighbors in periodic table (e.g., Fe—Ni,
2 u’j m - 3 n Pd—Ag, etc.) where only the total nays, ngy numbers can
0' \ ; 2 be measured by EXAFS analysis of A and B absorbing
] atoms, respectively, due to the similarity of backscattering

I ¥ ] * I

0 25 50 75 100
Numbers of atoms

125 150

Fig. 4. Experimental results (Ref. [23]) vs. model calculations [24] of
the 1NN, 2NN and 3NN coordination numbers for icosahedral and
cuboctahedral clusters.

can be mixed statistically (i.e., randomly, in accordance
with the overall concentration) or non-statistically. The
most common example of non-statistical mixing is segre-
gation of atoms of different elements, forming a “core-
shell” type particle where larger than the concentration-
weighted average number of atoms of one type can be
found in the core, and the other type — at the surface of
the particle. In heterogeneous samples, where different
clusters (A-rich and B-rich) can be formed, the situation
may be further complicated [25].

For random alloys, the average coordination numbers
naa and nyp of A and B atoms relative to A atom are in
the same proportion as the bulk concentrations of these
elements in the sample:

naA XA

nap  XB

For alloys with nonzero short range order, the left part
may be larger or smaller than the right part, indicating
positive or negative tendency to clustering, respectively. In
the former case, the atoms A and B segregate to different
regions of the nanoalloy. In the latter, the A atoms are
preferentially coordinated with B (with probability greater
than x4 /xp) and vice versa.

We can also introduce a short range order parameter, a,
analogously to its definition by Cowley for bulk alloys [26]:

a=1— nag/Nam ’

XB

where n4y = naa + nag is the coordination number of the
A-metal bonds. For alloys with positive and negative ten-
cency to clustering, a will be positive or negative, respec-
tively. However, even after the segregation is demonstrated
by examining the experimental values of na4/nap or a,
more experimental information is still needed to find out
whether A is predominantly in the surface or in the core,
as well as for the determination of the particle size.

Such information is available by measuring EXAFS on
both A and B central atoms and extracting coordination
numbers n44, nap and npp. The analysis should be done

amplitudes of A—A and A—B pairs (as well as B—A and
B-B).

Another advantage of analyzing both A and B EXAFS
data is for the particle geometry determination. Indeed, the
average number of metal-metal neighbors per metal atom:

nym = Xaham + Xghpy - (5)

for the first nearest neighbor shell, combined with other
information (e.g., higher shell coordination numbers, TEM
data, etc.) allows to estimate the particle size by methods
similar to those described above for monometallic parti-
cles.

Random bimetallic alloys have a unique behavior of
these coordination numbers with concentration. Assume,
for simplicity, a bimetallic nanoparticle of a certain size,
with random distribution of A and B atoms, where the
following relationships apply:

Nam = Npm = Ny (6)
NAA = NpA = XAy (7)
ngg = nag = Xghyy = (1 — xa) magys - (8)

Thus, partial coordination numbers should depend linearly
on alloy concentration (Fig. 5) in random nanoalloys, pro-
vided that the particle size is the same at all concentra-
tions.

12

AA

AB

8- ' BB

CN

0 X ' ! j T T T |
00 02 04 06 08 1.0

Xa

Fig. 5. Theoretical partial coordination numbers in random nanoal-
loys (assuming nys = 9) as a function of composition.
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Fig. 6. Experimentally obtained partial coordination numbers in den-
drimer-stabilized PdAu nanoparticles as a function of composition.
The alloying is quasi-random.
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Fig. 7. Experimentally obtained partial coordination numbers in
monolayer-protected PdAu nanoparticles as a function of composi-
tion. The curves are guides to the eye. The alloying is consistent with
Pd segregating to the shell, Au — to the core of the nanoparticles.

Knecht, et al. [28], demonstrated that a dendrimer-sta-
bilized system of Pd—Au nanoparticles with narrow size
distribution (~147 atoms, i.e., nyy = 8.98, assuming the
perfect cuboctahedral model) does behave as a quasi-ran-
dom alloy throughout the entire concentration range
(Fig. 6). Monolayer-protected clusters of the same size
showed a different behavior, consistent with Pd-rich shell
and Au-rich core at all concentrations (Fig. 7).

EXAFS and heterogeneity

After background subtraction and edge-step normalization
of the raw absorption coefficient, resultant EXAFS y/(k)
corresponds to an “average” single atom absorption. The
averaging of the local pair distribution functions o(r)
around all absorbing atoms is obtained automatically in

the process of data measurement and reduction: first, the
contributions of each absorber’s environments are added
by measuring total absorption coefficient, and, at the next
stage, are weighted by the molar fractions of absorbing
atoms in each species during the edge step normalization:

n

o(r) = ; x0W (r), 9)
where
Ny n
s = — ; s = I.
X . S; X

In Eq. (9), N is the total number of absorbing atoms, nis
the total number of species, N is the total number of ab-
sorbing atoms in species s. Equation (9) is valid both for
the entire r-range of the RDF as well as for the range
corresponding to a specific atomic shell within [r,
r 4+ Ar]. Their applications to the coordination numbers of
each shell are straightforward:

Nuyk, .

nME; = Xg ]Q;E’ :xsngj[}:*H Ei 3& M7 (10)
2N, s

nMM:xx%:xxnm,,, E. =M, (11)

where Nyg, is the total number of M—E; pairs. The factor
of two in the bottom line of Eq. (11) is due to the fact
that each atom of the M—M pair is an absorber and thus
the number of these pairs should be doubled in calculating
the M—M coordination numbers. Note that, since the mix-
ing fractions x,; are constants that contribute to the ampli-
tude of EXAFS, they correlate only with coordination
numbers nypg,. The nearest neighbor distances Ry and
their disorders 012”& are calculated the same way for het-
erogeneous and homogeneous mixtures. Note also that
Egs. (10) and (11) are a generalization from the case of a
homogeneous mixture (where each absorber’s environment
is chemically equivalent), in which case x; = 1. Since ”1(22,
denotes a partial coordination number of M—E; within the
volume occupied by the species s, it is this parameter that
characterizes the local environment of M in this species,
not the overall ny, measured by EXAFS. For a homoge-

neous syst (©) _ F het ixt
ystem, ny; = nyg,. For a heterogeneous mixture,

however, since Ny < N, nj%l > nyg,. Therefore, if the pos-
sibility of segregation of the absorbing atoms to chemi-
cally different environments is not accounted for in the
analysis, the size of the nanoparticles will be underesti-
mated. Since such information is not available from
EXAFS, it should be combined with other methods for
analysis of heterogeneous systems, as demonstrated below.

Consider a common scenario in nanocatalysis where a
sample is a mixture of two species: (1) reduced monome-
tallic nanoparticles and (2) molecular precursors, mixed
with fractions x; and x,, respectively. Typical EXAFS data
of an analogous system of dodecanethiolate Pd nanoparti-
cles coexisting with Pd sulfide molecular complexes [29]
are shown in Fig. 8.

As in most compounds where EXAFS data in r-space
have two split peaks due to the M—O (or C, N, S etc.)
and M—M contributions, the data in Fig. 8 has two contri-
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08 - cess to well characterized nanoparticle samples with exceptional size
and compositional control, as well as D. Glasner for writing a suite
L Pd-S Pd-Pd of programs for cluster geometry generation and S. Calvin for useful
3 comments.
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We would like to emphasize that in the above example
only the combination of these complementary methods,
TEM and EXAFS, allowed to obtain such level of detail
about the local structure of a heterogeneous system. How-
ever, in the situation where the mixing fractions in a mul-
ti-component mixture change as a function of some exter-
nal factor (e.g., time, in the case of an isothermal chemical
reaction, or potentiostatic control in the case of electroche-
mical reduction/oxidation, or pH, etc.), the number and
identities of the constituent species, and their mixing frac-
tions as a function of time, potential, pH etc., may be
obtained by a Principal Component Analysis (PCA) of
XANES or EXAFS data [30].
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