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5.1 INTRODUCTION

5.1.1 Nanocatalysts and Their Applications

Clusters with sizes ranging from subnanometer to a few nanometers in diam-

eter attract broad interest from both the scientific and technological perspec-

tives due to their nonbulk-like properties. These particles are widely used as

components in novel electronic, magnetic, and optical devices and most com-

monly as heterogeneous catalysts. Nanocatalysts, compared with their bulk

counterparts, demonstrate enhanced catalytic activity, selectivity, and stabil-

ity. Understanding the mechanism of their work requires precise synthesis

methods and high accuracy in structural characterization, both of which are

among the major goals in studies of nanocatalysts. With rapid rise of new syn-

thetic methods aimed at controlling the architecture of nanoclusters and the
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characterization methods that validate it, many fascinating details about

their structural and electronic properties have emerged. For example, the con-

tinuous band structure of metal breaks up into discrete electronic states when

particle size approaches the Fermi wavelength of an electron [1]. Correspond-

ingly, for large clusters, the optical absorption spectra show one optical

absorption peak assigned to the surface plasmon resonance. The absorption

frequency and line width are inversely proportional to the particle radius

(1/R) [1]. For small clusters, there are multiple absorption peaks assigned to

single-electron intraband resonances; thus, some clusters (e.g., Cu, Ag, and

Au) exhibit strong fluorescence emission upon UV photoexcitation. The

unique optical property makes those clusters good candidates for biolabels

and light-emitting sources [2–4]. Analogously, simple scaling laws used to

describe properties (such as ionization energy, electron affinity, melting tem-

perature, and cohesive or binding energy) of large (>5–10 nm in size) clusters

are no longer valid in the limit of ultrasmall (subnanometer to a few nano-

meter in size) clusters [1,5]. Other important characteristics derived from

the finite size effects are multitudes of geometric forms (some well-known

examples of nonbulk-like geometries are decahedron, cuboctahedron, and

icosahedron) [6] and compositions (clusters can feature core/shell, cluster by

cluster, or other more exotic motifs). All these parameters have significant

influences on cluster properties. For instance, the surface geometry affects

thermal properties [7], strain [8,9], position of the d-band center [10], and sta-

bility of valence shell [11], all of which are regarded to be descriptors of their

catalytic activity.

The increasing demands for studying functional nanomaterials under real-

istic working conditions add challenges to their investigation due to the fact

that the cluster properties can be affected by the surroundings, such as ligands,

organic solvents, supports, and gases. These environmental parameters are

often sensitive to and thus can change in the result of operating conditions.

Such sensitivity brings opportunities for making materials with novel proper-

ties [3,12,13], and, simultaneously, poses challenges for both experimental

and theoretical methods in linking the properties of clusters to their size,

shape, geometry, structure, and/or composition. This chapter summarizes lat-

est advancements in experimental characterization of three-dimensional struc-

tures of metal clusters in the size range of subnanometer to a few nanometer

by extended X-ray absorption fine structure (EXAFS) spectroscopy.

5.1.2 Solving the Structure in Model Nanocatalysts

Herein, we will briefly review the experimental methods that are among

the most commonly used for characterization of the size, shape, geometry,

and atomic structure of clusters. We also address the challenges the small

size and nonbulk-like behaviors of clusters and their sensitivity to environ-

ments pose to some of the characterization approaches. Scanning tunneling
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microscopy, atomic-force microscopy, (scanning) transmission electron micros-

copy ((S)TEM), and X-ray photoelectron spectroscopy (XPS) are widely

utilized techniques for cluster characterization. Electron microscopy (EM)

methods are most commonly employed for the purpose of imaging and

observing cluster size/shape/structure and their transformations, due to their

high resolving capability [6]. The latter diminishes significantly during

in situ/operando measurements (e.g., growth of nanoparticles [14,15] and

structure evolution in realistic catalytic environments [16]). One exception

is the environmental TEM/STEM, which can be used for in situ/operando

studies with atomic resolution in gaseous or liquid atmospheres at pressures

up to a fraction of 1 atm [17–21]. The rest of the methods listed above has

been used predominantly for elucidating the electronic structure (e.g., bind-

ing energy) [22] and revealing elemental composition of clusters [23] that

can also be measured by combining STEM and electron energy loss spec-

troscopy [24]. Though the availability of high-flux X-rays produced by syn-

chrotron radiation enables XPS measurements at ambient pressure

(AP-XPS) for gases environments [23] and for liquid/solid interfaces [25],

it is still challenging to take high-quality data under realistic growing/work-

ing conditions, because of the surface sensitivity of the XPS. Bragg X-ray

diffraction (XRD) and small-angle X-ray scattering (SAXS) can also pro-

vide information about particle size and are routinely used in operando

conditions. However, Bragg XRD requires long-range order of atomic

arrangements. SAXS reveals low resolution (1–2 nm) structures, and the

extracted size/shape information strongly relies on the analysis method [26].

Because of its inherent complexity, the characterization of supported metal

catalysts relies on the use of multiple complementary techniques to provide a

complete picture. A good approach with considerable promise to improve

characterization is the combination of experiment and theory into a correlated,

multitechnique analysis scheme, as summarized by Billinge and Levin [27].

Multitechnique characterization is a powerful method for better understanding

catalytic reaction mechanisms, but its predictions will remain limited if the

correlated experiments are not performed in the same conditions [28–31].

The need to investigate clusters in harsh environments of catalytic reactions,

that is, under high temperature and/or pressure, further complicates their anal-

ysis. In particular, it has been demonstrated in several studies that results

obtained under operation conditions can differ quite significantly from those

acquired in static, pre- or postreaction measurements [32–34]. The most fre-

quently used in situ or operando methodologies are based on scattering or

spectroscopy techniques, including XRD [35–37], XAS (XANES and

EXAFS)[36,37], XPS [38], Auger spectroscopy [39], M€ossbauer spectros-

copy [40], magnetic resonance (ESR and NMR) [41,42], UV/VIS spectros-

copy [43,44], vibrational spectroscopy (IR and Raman) [44,45], and thermal

desorption spectroscopy [46]. Another challenge to the quantitative accuracy

of these methods is the ensemble averaging nature of the spectra. Such
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averaging may provide only incomplete or even incorrect information in

terms of the underlying structural properties and reaction dynamics, especially

when the particle size, shape, and/or compositional distributions are broad

and/or asymmetrical.

In this chapter, we will focus on model nanoparticles, those possessing

well-defined sizes and shapes. We will make a particular emphasis on EXAFS

for their characterization because (1) it is a particularly widely used in situ

technique, (2) it can be easily applied in various kinds of environments, (3)

it exhibits high temporal resolution (e.g., Quick EXAFS or QEXAFS [47]),

and (4) the EXAFS method provides comprehensive knowledge about struc-

tural and electronic properties at the local scale, without the need to have

ordered structures and/or bulk dimensions [48–51].

5.2 CHARACTERIZATION OF MODEL NANOCATALYSTS
BY EXAFS

5.2.1 EXAFS Application in Nanomaterials Research

X-ray absorption fine structure (XAFS) spectroscopy is a premier technique

for measuring both electronic and atomic local structures around different

atomic species in materials. XAFS can be divided into two parts: X-ray

absorption near-edge structure (XANES) and EXAFS. XAFS has advantages

over many other techniques by being feasible to many different sample

types, including solutions, powders, pellets, and films. It can easily adapt

to in situ/operando modes (e.g., time-, temperature-, pressure-, electric/mag-

netic field-, and gas-dependent), a vital capability for studying functional

materials of the future and new modes of applications [28,52]. Compared

with the EM-based techniques that probe a few hundreds to thousands of

particles, XAFS provides excellent statistical information due to the large

fluxes (1010–1014 photons per second interrogating the sample) available

at today’s synchrotrons. Different from the X-ray scattering methods, most

of which are restricted to the materials with long-range order, XAFS detects

local structure that makes it ideal for investigation of small (less than 10 nm

in diameter) clusters where large disorder is expected. Additionally, due

to its elemental specificity, XAFS is capable of studying heterometallic

nanocatalysts.

In XAFS, fine structure in the resonance region of the X-ray absorption

coefficient (called the absorption edge) is measured in either transmission or

fluorescence detection mode. The XANES region (within 30 eV below to

40 eV above the edge) contains information about the electronic structure

and local geometry of the absorbing atom and its nearest neighbors. The post-

edge region that extends from  40 eV to between 1000 and 1500 eV (depend-

ing on the system) past the edge contains an oscillatory signal and is known as

EXAFS [53]. The origin of the fine structure in EXAFS is the interference
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between the incoming and scattered photoelectron waves. The interference

pattern contains quantitative information about the local atomic environment

in the proximity of the absorbing atom. The frequency of these oscillations

can be quantitatively related to the distances between the absorbing atom

and atoms within a given coordination shell around it. The EXAFS signal

therefore contains information about interatomic distances and their disorders

(due to the static and dynamic displacements of all atoms from their average

positions). The amplitude of these oscillations correlates with the number of

neighboring atoms of a given type and their phase—with the identity of the

scattering atomic species—thus providing chemical sensitivity to the EXAFS

method. Because EXAFS originates from the absorbing of X-ray photons by

selected (by X-ray energy) atomic species and not all atoms in the sample, this

technique has elemental specificity: all structural information is defined with

respect to a specific atomic species (which exhibit resonant absorption of

X-rays in the given energy range). In that respect, EXAFS is different from,

for example, pair distribution function (PDF) method of total X-ray scattering,

which obtains the environmental radial distribution function (RDF) in the

sample, not partial RDF as in EXAFS.

The oscillatory part of the absorption coefficient— w(k) —contains the

sum of all contributions wi(k) from groups of neighbor atoms at approximately

equal distances from the absorbing atoms (i.e., within the ith shell), which are

often written as [54]

wi kð Þ¼
S20ni

kR2
i

f effi kð Þ
    sin 2kRi$

4

3
s

3ð Þ
i k3 + di kð Þ

! "
e$2s

2
i k

2

e$2Ri=li kð Þ, (5.1)

where k is the photoelectron wave number; fi
eff(k) and di(k) are the photoelec-

tron scattering-path amplitude and phase, respectively; S0
2 is the passive elec-

tron reduction factor; ni is the degeneracy of the scattering path; Ri is the

effective half-path length (which equals the interatomic distance for single

scattering paths); si
2 is the mean-square deviation in Ri; si

(3) is the third cumu-

lant of the RDF [55]; and li(k) is the photoelectron mean free path. The most

dominant contribution to the EXAFS signal originates from backscattering of

the photoelectron by neighboring atoms toward the absorbing atom (single

scattering). More complex scattering patterns involve the electron wave’s

reflections by multiple atoms [56]. This multiple scattering approach is essen-

tial in order to accurately calculate the absorption coefficient. For example,

the contribution from multiple scattering by atoms along an atomic row,

known as the shadowing or focusing effect, can dominate the backscattering.

The amplitude reduction factor S0
2 describes the intrinsic losses upon excita-

tion, which arise due to the many-body effects during the photoabsorption

process. The scattering amplitudes and phases, along with the photoelectron

mean free paths for different scattering configurations contributing to the

EXAFS signal, are calculated ab initio. Among the most widely used software
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programs for these calculations are FEFF (versions 6 [54], 8 [57], and 9 [58]),

EXCURVE [59], and GNXAS [60].

Due to the relatively large penetration depth of hard X-rays (tens of micro-

meters), many reactors are available for in situ and operando studies in gases

and liquids, electrochemical or fuel cell studies, and even ones for

high-pressure and high-temperature conditions [37,61–69]. High brilliance

third-generation synchrotron sources further enable the investigation of low

concentrations of catalysts and the use of submicron X-ray beams for spatially

resolved XANES and EXAFS measurements. Another important characteris-

tic of synchrotron X-ray absorption spectroscopy (XAS) experiments is the

extremely short (10$15–10$16 s) lifetime involved in X-ray absorption. For

this reason, XANES and EXAFS are found in many studies and applications

that require high temporal resolution [70].

For an in-depth description of the different aspects of EXAFS methodol-

ogy, the reader is referred to other resources [56,71–75]. Detailed discussion

of specialized methods suitable for the characterization of nanoparticle size,

shape, and atomic structure, based on multiple scattering analysis of EXAFS

data, has also been recently reported [66,76–80]. Also of interest are several

recent reviews outlining XAS-based applications to structural and catalytic

studies of nanomaterials [81–84]. In the following sections, we will review

some of these recent developments.

5.2.2 Methods of Analysis of Monometallic Nanocatalysts

5.2.2.1 Size, Shape, Morphology of Well-Defined Clusters

Fourier-transformed (FT) EXAFS spectra of metal clusters, similar to other

systems probed by EXAFS, exhibit one or more peaks corresponding to the

contributions of different photoelectron paths that connect the absorbing

atom and its neighboring atoms. These paths can be analytically expressed

in terms of the three structure-related parameters that are unique for each

path and can be quantified by fitting the theoretical EXAFS spectrum to

the experimental data. They are coordination number (CN), bond distance

(R), and the mean-square bond-length disorder, also known as EXAFS

Debye-Waller factor (s2). Among them, CN is a key parameter used for

determination of the size and shape of well-defined clusters. For homome-

tallic atomic pairs, the CN is defined as the average number, per absorber

of type A, of nearest neighbors of the same type A within a given coordina-

tion shell:

ni¼
2NAA ið Þ

NA

: (5.2)

Here, ni is the coordination number of the ith shell at the radius Ri around

the absorbing atom in a monometallic cluster, NAA(i ) is the total number of
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the A-A nearest neighbors within the same coordination shell, and NA is the

total number of A-type atoms in the cluster. The factor of two in Eq. (5.2) is

due to the fact that each atom of the A-A pair is an absorber, and thus, the

number of these pairs should be doubled in calculating the A-A coordination

numbers.

For small monometallic clusters, EXAFS spectra usually show one promi-

nent peak in r-space, located between 2 and 3 Å. This peak can be, depending

on the type of absorbing atom, split into two or more peaks due to the

Ramsauer-Townsend resonance [85–87], corresponding to the first

nearest-neighbor (1NN) metal-metal pair interaction. Using the coordination

number of this pair measured in EXAFS analysis, several methods are avail-

able for estimating the size of nanoparticles. One such method was proposed

by Montejano-Carrizales et al. [88,89]. They obtained that the geometric char-

acteristics of regular polyhedra can be analytically expressed as a function of

one parameter, the cluster order (L), defined as the number of spacings

between adjacent atoms along the edge of the cluster [88]. This method can

be expanded to many morphologies and cluster families [90]. For example,

the truncated cuboctahedral model with the (111) plane parallel to the support

is most close to the morphology found in many supported metal clusters

(Fig. 5.1). The relationship between N1 and L in a truncated cuboctahedron

is [91]

N1¼
3 20L3 + 21L2 + 7Lð Þ

5L3 + 12L2 + 10L + 3
: (5.3)

For truncated cuboctahedron with atom numbers of 10 (L¼1), 37 (L¼2),

92 (L¼3), and 185 (L¼4), the first nearest coordination numbers are 4.8, 7.0,

8.2, and 8.9, respectively.
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FIG. 5.1 Cluster order L (0%L%10)-dependent changes of total number of atoms (A) and aver-

age coordination number (B) for cuboctahedron, icosahedron, body-centered cube, simple cube,

hemispheric cuboctahedron, and truncated octahedron.
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Calvin et al. developed another useful method to estimate the size of qua-

sispherical clusters [92]. In this method, the average coordination number ni
of the ith shell is written as

ni¼ 1$
3

4

ri

R

# $
+

1

16

ri

R

# $3! "
Ni: (5.4)

In Eq. (5.4), Ni is the ith shell coordination number of the corresponding

bulk counterpart of the nanocluster, ri is the scattering path length for the

ith shell, and R is the radius of cluster. Although Eq. (5.4) results in inaccurate

values of the coordination numbers for small clusters, this method provides

good estimates for coordination numbers for larger clusters. The advantage

of this approach is that the cluster radius can be directly extracted from the

fit by using Eq. (5.4). Another advantage of the latter method over the first

one is that it takes into account single scattering paths at larger distances.

Indeed, the size/geometry of clusters, no matter how narrow is the cluster size

distribution, cannot be obtained only with the knowledge of the first nearest

coordination number. The reason for that is the correlation between the cluster

size and shape in terms of their effects on the 1NN coordination numbers. For

instance, as shown in Fig. 5.1, the average coordination numbers of the

55-atom icosahedron and 79-atom truncated octahedron are both close to

8.5; hence, the knowledge of the 1NN CN is not sufficient to refine the cluster

size, shape, and structure. For studying ideal polyhedral clusters, Frenkel et al.

proposed to use multiple scattering contributions for refining the cluster size,

structure, and shape self-consistently, by utilizing different functional beha-

viors of the 1NN, 2NN, 3NN, 4NN, and 5NN coordination numbers as a func-

tion of the cluster size [66,78,77].

Another challenge in calculating coordination numbers is the irregular geo-

metries of relaxed clusters, such as those generated by first principle calcula-

tions. In such case, analytic calculations cannot be performed. Frenkel et al.

proposed to use a histogram-based method, where a RDF of the nearest neigh-

boring shells is calculated for any given set of atomic coordinates, and the coor-

dination numbers are then obtained by integrating the RDF within the shells of

interest [90,93]. Using the previously described example of the challenge in

separating the 55-atom icosahedron from the 79-atom truncated octahedron,

the degeneracy of the 1NN CNs will be lifted when comparing n2 or even n3
due to their uniqueness for each of these two geometries (icosahedron,

n2¼2.18 and n3¼8.73 and truncated octahedron, n2¼3.19 and n3¼11.54).

As emphasized, another advantage of this method is that it is not limited by

the shapes and symmetries of a very small number of regular polyhedral clus-

ters, making it a very robust strategy for size/geometry determination.

We will briefly demonstrate how the histogram method [90,93] works.

This approach employs computer-generated cluster coordinates. The

cluster-average pair radial distribution function r(r) is computed for a cluster

of N atoms:
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r rð Þ¼
1

N

Xn

i¼1

ri rð Þ, ri rð Þ¼
dNi

dRi

, (5.5)

where ri(r) is the partial RDF for an atom i and dNi is the number of its neigh-

bors within the spherical shell of thickness dRi. The subsequent calculation of

coordination numbers for an arbitrary coordination shell (between R1 and R2)

is achieved by integrating the r(r):

ni¼

ZR2

R1

r rð Þdr: (5.6)

Compared with the two methods described above, the RDF method

enables rapid calculation of coordination numbers of clusters with arbitrary

sizes and shapes. By combining EM with multiple scattering EXAFS analysis

and data modeling, several geometries with the same sequence of coordina-

tion numbers of the nearest-neighbor shells can be discriminated [78,94].

As mentioned above, when the analysis of EXAFS data extends beyond

the 1NN contribution, multiple scattering effects should be included in the

model. To illustrate this point, Fig. 5.2 includes the fourth nearest-neighbor

single scattering (SS4), collinear focusing triple scattering (TS), and collinear

focusing double scattering (DS) paths in a face-centered cubic (fcc) lattice. By

using multiple scattering analysis, Frenkel et al. were able to identify the ico-

sahedral geometry of monolayer protected Au13 cluster [95,96] and determine

the shapes of well-defined supported nanoclusters [78,77,94].

As another example of the multiple scattering EXAFS analysis of the clus-

ter shape, we use the structural modeling of carbon-supported Pt NPs up to the

fourth/fifth Pt-Pt shell [78,77]. Fig. 5.3 illustrates such analysis for size and

shape determination and shows that the (111)-truncated hemispheric cubocta-

hedron provides a good approximation for the 10 wt% Pt/C sample, with a

particles size of about 1.7 nm [78]. To find connections between particle

shape and catalytic properties, g-Al2O3-supported Pt NPs with various shapes

FIG. 5.2 Schematic representation of (A) fourth nearest-neighbor single scattering (SS4),

(B) collinear focusing triple scattering (TS), and (C) collinear focusing double scattering (DS)

paths in a face-centered cubic lattice. In each figure, the absorbing atom is labeled with “A,”

orange atoms (light gray in print versions) are in plane, and purple atoms (dark gray in print

versions) are located above the plane.
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but analogous average size ( 1 nm) were prepared and characterized by mul-

tiple scattering analysis (up to fourth shell) of EXAFS data, in combination

with microscopic tools [97]. The shape having higher percentage of under-

coordinated atoms (at the edge or corner sites) on the surface was found effec-

tive for lowering the onset temperature for 2-propanol oxidation [98].

Jentys also proposed to estimate the mean size and shape of clusters by

comparing a set of coordination numbers obtained by EXAFS analysis with

those of models with different geometries [99]. This method uses a hyperbolic

function to correlate the relationship between the average coordination num-

ber of the ith (1% i%5) shell and the total atom number in a fcc cluster:

ni¼
aNA

b+NA

+
cNA

d +NA

: (5.7)

With the known information on 13–7500-atom clusters, the parameters

(a, b, c, and d) were quantified by applying a nonlinear least square fitting.

FIG. 5.3 Comparison of the average distances (up to 5NN), together with their error bars

(shown as shaded rectangles), measured by EXAFS for the 10 wt% Pt/C sample and the calcu-

lated from a truncated (by (111) plane) cuboctahedron for cluster orders L up to 15. (Reproduced

with permission from A.I. Frenkel, C.W. Hills, R.G. Nuzzo, A view from the inside: complexity in

the atomic scale ordering of supported metal nanoparticles, J. Phys. Chem. B 105 (51) (2001)

12700. Copyright 2001 American Chemical Society.)
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The particle shape was found to have minor influence to the coordination

numbers of the first and second nearest shells but significant influence to

those of the higher shells. Therefore, two steps were suggested for size/shape

determination. First, cluster size can be estimated using n1. Second, one can

further determine cluster shape by comparing the ratio of n3 with n1.

A similar idea was extended by Beale and Weckhuysen to a larger number

of atom packings and shapes with the use of the Hill function [100].

5.2.2.2 Adsorbate and Support Effects on Metal-Metal Bond
Strains

Due to the ensemble-averaging nature of EXAFS, determination of

surface-specific strain by EXAFS is complicated, but several strategies have

been assessed recently to isolate the surface contribution to strain from that

of the bulk. For example, Erickson et al. obtained a change in the Pt-Pt bond

length in the nanoparticles in response to the exposure to either O2 or N2 gas

[101]. In this work, Pt-Pt bond lengths measured in the 1 nm in diameter

nanoparticles immobilized in the electrochemical cell were shown to change,

depending on the gas flown into the cell (Fig. 5.4A and B). While the distri-

bution of strain within the bonding framework is impossible to extract from

this average method, its upper and lower bounds can be estimated by assum-

ing two extreme models. The “bulk strain” model corresponds to the uniform

bond expansion, where all bonds change by the experimentally observed

amount DR (Fig. 5.4B). The second model describes the experimentally

observed expansion as the superposition of the two subsets of bonds: the sur-

face ones, expanded, and the rest, unchanged. Using a 35-atom cluster

(Fig. 5.4C) as a simplified model, Ericksen et al. obtained quantitative esti-

mates of the surface-localized strain. The second model allowed generating

the surface-localized bond expansion, DR (Fig. 5.4D), and the surface-

localized strain via

e¼
DR

R
, (5.8)

and the stress in the cantilever film via Stoney’s equation. The agreement

between the calculated stress-thickness values from EXAFS and from in situ

cantilever measurements was excellent, thus validating the model used. This

example highlights a direct link between the microscopic strains in nanoparti-

cles measured at the subpicometer scales and their macroscopic implications

(here—on the cantilever measurements).

In addition to strain measurements, EXAFS analysis allows to evaluate

energetic characteristics associated with local deformations of interatomic

bonds. In elastic approximation, local strain energy averaged over the ensem-

ble of bonds can be calculated by EXAFS, as it was done, for example, in Ref.

[102] and, later, modified in Ref. [8]:
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U¼
1

2
Nks2: (5.9)

Here, U is the total elastic energy per atom, N is the metal-metal (M-M)

coordination number, k is the force constant of the M-M bond, and s2 is the

EXAFS Debye-Waller factor. In the harmonic approximation, the force con-

stant is k¼mo2, where m¼m/2 is the reduced mass of the M-M bond,

o¼kBYE/ℏ is the Einstein frequency, ℏ is Planck’s constant, and YE is the

Einstein temperature. When static (temperature-independent) strain is present,

Eq. (5.9) can be written as the sum of two contributions: U¼V(T)+W, where

V(T) arises due to dynamic vibrations and W originates from the static disor-

der present in the system of interatomic bonds. These two terms can be sepa-

rately evaluated by expressing s2 in terms of the dynamic and static terms (sd
2

and ss
2, respectively) of the EXAFS Debye-Waller factor:

s2¼ s2d + s2s : (5.10)

The residual elastic strain energy due to the static disorder can then be cal-

culated as Eq. (5.8)

Us¼
1

2
Nks2s : (5.11)

In harmonic approximation, the force constant k can be found from the

Einstein temperature measurement within the same EXAFS experiment.

Eq. (5.11) can be used in for a wide range of materials, from bulk to nano-

scale, as long as the coordination numbers of particular species and their
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dynamic characteristics are known. As shown many times in EXAFS analysis,

the local distortions from the average structure, obtained at the length scale of

just a few interatomic distances around atomic species may be important for

explaining materials properties at much larger length scales. For example, in

Ref. [102], it was demonstrated that the residual strain energy due to the

bond-length mismatch in bulk binary alloys maximized in the middle of the

concentration range and was sufficiently large to explain the melting point

suppression of the alloys. X-ray powder diffraction measurements confirmed

the existence of microstrain in binary alloys and provided independent esti-

mate of the energy associated with the microstrain, showing that it is the

important factor in thermal instability of the disordered phase of Au-Cu alloys

at low temperatures [103,104]. In Ref. [8], it was shown that the strain energy

of nanometer-scale metal catalysts is of the same order of magnitude with the

chemisorption energy of adsorbates, and, hence, should be taken into account

in fundamental theories of reactivity of nanocatalysts.

XAFS methods do not only possess the required accuracy to detect finite

size effects in nanomaterials but can also illuminate the nature of the complex

interactions of the components and their environment. One illustration of this

is seen in a recent study of a Pt catalyst supported on both high surface area

g-Al2O3 and carbon substrates that revealed several aspects of anomalous

behavior [105,106]. For example, g-Al2O3-supported Pt particles of 1 nm

average diameter demonstrated the following attributes: (1) an unexpected

negative thermal expansion, revealed in the bond-length contraction at ele-

vated temperatures; (2) size-dependent changes in the static disorder, revealed

by the large y-intercept values linearly interpolated for the mean-square dis-

placement of Pt-Pt distances; and (3) shifting of the onset of the Pt L3 absorp-

tion edge to lower energies with increasing temperature. These findings

demonstrate that the effects of substrate and adsorbates on the thermodynamic

properties of metal nanoparticles are as important as the particle size, which

has long been believed to be a dominant factor responsible for nonbulk-like

properties (e.g., decrease of lattice parameters of small clusters compared with

the bulk [107–109] or size-dependent changes in vibrational dynamics

[109–113]). These results [106] show that the effects of the size, support,

and atmosphere on the structural, dynamic, and electronic properties are of

the same order of magnitude and are thus comparable. This highlights the

need for new experimental and theoretical methodologies that are able to cap-

ture the details of substrate and adsorbate influences on the thermodynamic

properties of the metal clusters in addition to details of cluster size, structure,

and shape. An important requirement for such methods is that they are suited

to measure all of these attributes for catalytic processes in situ while

controlling pressure and temperature.

A recent illustration of this approach is the work by Small et al. [8], where

the effect of gas concentration, pressure, and temperature on adsorbate cover-

age, structure, shape, and electronic state of Pt clusters supported on g-Al2O3

162 Studies in Surface Science and Catalysis



was measured. The data in this study show that these effects can be modeled

as arising from separable components. For example, coordination numbers

and bond-length disorder were found to strongly correlate with adsorbate cov-

erage and temperature. The g-Al2O3-supported particles exhibited enhanced

static disorder (and thus strain) at increased partial pressure (and thus cover-

age) of CO. An opposite trend was seen in an H2 atmosphere. Furthermore,

the metal-metal coordination numbers increased at high temperature under

CO (at all partial pressures), indicating adsorbate-induced restructuring

[114]. By independently varying the partial pressure of the gas and the sys-

tem’s temperature, this study revealed how the complex structural and elec-

tronic properties of this important—and representative—heterogeneous

catalyst evolve under varying conditions. Specifically, it is found that CO eli-

cits strong structural and electronic changes of the Pt nanoparticles, while H2

adsorption mainly acts to relieve significant metal-metal bond strains. The

XANES data indicated a series of contributions that were ascribed to

particle-adsorbate, particle-support, and adsorbate-support interactions. The

intertwining of these different contributions could be related to the patterns

of condition-dependent charge exchange, which in turn mediates the catalysts’

atomic and electronic structure:

S T, Pð Þ¼
A

a Pð Þe$n=T + 1
+ BT +C Pð Þ: (5.12)

The first term in the right-hand side of Eq. (5.12) describes the

metal-adsorbate interactions via the (P,T)-dependent adsorbate coverage, the

second term the contribution of the metal-support interaction, and the last

term, the adsorbate-support interaction. These data also show that charge

exchange due to metal-support interactions is a dominant factor in the elec-

tronic structure changes observed for the working catalyst.

5.2.3 Methods of Analysis of Bimetallic Nanoparticles

5.2.3.1 Determination of Composition Patterns of Bimetallic
Clusters

Heterometallic clusters composed of two or more metals are of great interest

in a broad range of fields from electrocatalysis [24,115,116] to catalysis [23],

information storage [117,118], biological labeling [119], and nanophotonics

[120]. Among the factors affecting their properties, the most important ones

are the size, morphology, and mixing patterns of different elements in the

cluster. Several analytic methods developed on the basis of EXAFS data for

characterizing heterometallic nanoclusters will be described here.

In nanoclusters, like in bulk alloys, one should discriminate between

homogeneity and randomness. Both characteristics can be carefully character-

ized by EXAFS [121,84]. For example, different types of bimetallic config-

urations (homogeneous and heterogeneous with short-range order and
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random) are demonstrated in Fig. 5.5. Compared with the cluster in Fig. 5.5A,

which has perfect short (and long)-range order, the atomic distribution is ran-

dom for the cluster in Fig. 5.5B. For such random alloys (A and B are mixed

statistically), nAA and nAB are in the same ratios as the bulk concentrations of

A and B atoms in the cluster:

nAA

nAB
¼
xA

xB
: (5.13)

In Eq. (5.13), analogously to the definition of the coordination number for

a homometallic pair (Eq. 5.2), the coordination number for heterometallic

bonds is defined as

nAB¼
NAB

NA

: (5.14)

It is also important to compare the average CN of the A-metal (AM)

pairs, nAM, with that of the BM pairs, nBM. These indices are defined as

nAM¼nAA+nAB and nBM¼nBA+nBB. By analyzing EXAFS data, the quan-

titative information on nAA, nAB, nBA, nBB, nAM, and nBM can be obtained,

and information about the patterns of mixing or segregation of alloying

elements can be analyzed by modeling. As an illustration of the above,

we will demonstrate how the values of nAM and nBM can be used to charac-

terize the homogeneity of heterometallic clusters. For example, if nAM<
nBM and if the cluster size—and composition—distributions are narrow, this

inequality points to the preferential location of A atoms near the surface,

with smaller numbers of nearest neighbors, while B is preferentially located

in the cluster core, where the coordination number of nearest neighbors

is larger.

Homogeneity (–1≤aAB≤0) Heterogeneity (0<aAB≤1)

aAB=–1 aAB=0

aAB>0 aAB=1

(A) (B)

(C) (D)

FIG. 5.5 Demonstration of homogeneous (A,B) and heterogeneous (C,D) packing of atoms with

50–50 composition. Each configuration can be characterized by a unique value of the short-range

order parameter a. (Reproduced with permission from A.I. Frenkel, Q. Wang, S.I. Sanchez, M.W.

Small, R.G. Nuzzo, Short range order in bimetallic nanoalloys: an extended X-ray absorption fine

structure study, J. Chem. Phys. 138 (6) (2013) 064202. Copyright 2013, AIP Publishing LLC.)
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For more formal characterization of segregation or mixing tendencies,

including the characterization of randomness of well-mixed alloys, the

short-range order parameter, a [121,84], similar to its definition by Cowley

for bulk alloys [122–124], can be used:

a¼ 1$
nAB=nAM

xB
: (5.15)

As shown in Fig. 5.5, a can be applied to clusters with different degrees of

homogeneity and randomness. The value varies in the interval between $1
and 1. For alloys that favor (disfavor) clustering of like atoms, a will be posi-

tive (negative). In two dimensions, it equals $1 for systems with perfect

order, 0 for random alloys, and 1 for systems without the formation of hetero-

metallic bond. This parameter is therefore essential for characterization of

nanoalloys, such as core-shell, random, or cluster-on-cluster types.

In addition to the composition pattern, the cluster size can be determined

by methods similar to those described above for monometallic particles with

the knowledge of the average number of metal-metal neighbors per metal

atoms:

nMM¼ xAnAM + xBnBM: (5.16)

The coordination numbers of homo- and heterometallic bonds can be

extracted from XAFS data analysis, which should be done concurrently for

both absorption edges with obvious constrains imposed on the heterometallic

bonds:

nAB¼
xB

xA
nBA, RAB¼RBA, s2AB¼ s2BA : (5.17)

To analyze higher-shell data, it is required to add the multiple scattering

path contributions, which may be comparable with the amplitudes of the

single scattering paths. Nashner and Frenkel et al. revealed the local metal

coordination environment by multiple scattering analysis of the EXAFS

data, which shows the segregation and migration of Pt from the core to

the surface of PtRu5 when temperature was changed under reducing atmo-

sphere [66,76].

5.2.3.2 Solving Structures of Bimetallic Clusters With
Overlapping Absorption Edges

Some bimetallic systems contain atomic species that are close to each other in

the periodic table, for example, Ir and Pt or Pt and Au. The implication of that

proximity for their XAFS data is that the extended high-energy region of the

lower energy (e.g., Ir or Pt) edge spectrum leaks into the spectrum of the

higher energy (Pt or Au, respectively) edge. This phenomenon is not limited

to the heterometallic clusters but hampers analysis of any materials with adja-

cent absorption edges, for instance, Ti K-edge (4966 eV) and Ba L3-edge
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(5247 eV) of perovskite BaTiO3. With overlapped XAFS spectra, their

EXAFS analysis becomes problematic [125–127]. Menard et al. deconvoluted

the EXAFS spectra of both edges by parameterizing the EXAFS signals of the

lower and higher energy ranges in terms of the photoelectrons originating

from their respective absorption edges [128]. For demonstration, Ir and Pt

L3-edge data were used, but this method could be extended to any arbitrary

bimetallic composition. The overlapped EXAFS signals are split into three

parts: (1) the Ir EXAFS until the Pt L3-edge rise, (2) the Ir EXAFS contribut-

ing to the Pt L3-edge EXAFS, and (3) the Pt EXAFS from the Pt L3-edge. For

the analysis of nearest-neighbor scattering paths, those three contributions

could be described by the EXAFS equations:

wIr edge kIrð Þ¼
S20,IrNIr

kIrR
2
Ir

f effIr kIrð Þ
    sin 2kIrRIr$

4

3
s

3ð Þ
Ir k

3
Ir + dIr kIrð Þ

! "
e$2s

2
Ir
k2
Ire
$

2RIr

lIr kIrð Þ,

(5.18)

and

wPt edge kPt, kIrð Þ¼
S20,PtNPt

kPtR
2
Pt

f effPt kPtð Þ
    sin 2kPtRPt$

4

3
s

3ð Þ
Pt k

3
Pt + dPt kPtð Þ

! "

&e$2s
2
Pt
k2
Pte
$

2RPt

lPt kPtð Þ +
AS20,IrNIr

kIrR
2
Ir

f effIr kIrð Þ
    

&sin 2kIrRIr$
4

3
s

3ð Þ
Ir k

3
Ir + dIr kIrð Þ

! "
& e$2s

2
Ir
k2
Ire
$

2RIr

lIr kIrð Þ:

(5.19)

The nonlinear least squares fitting of experimental data to Eqs. (5.18), (5.19)

should be done concurrently. Further structural constraints are applied in the

analysis: (1) The factor A¼Dm0,Ir/Dm0,Pt, where Dm0,Ir and Dm0,Pt are the

changes in the absorption at the edge steps, is included to account for differ-

ences in normalization of the two terms in the second part of Eq. (5.19); (2)

the correction to the threshold energy (in eV) for the Ir EXAFS in the Pt L3-edge

is defined as DE0,Ir – (349+ DE0,Pt), where 349 eV is the difference between the

tabulated threshold energies. Such a large energy shift is necessary in this

method since it accounts for a unique k¼0 reference point for the Ir EXAFS

extending beyond the Pt-edge when the Pt-edge EXAFS is transformed to

k-space. Finally, Ir-M (or Pt-M) paths are used to describe both Ir-Ir and Ir-Pt

(or Pt-Pt and Pt-Ir), since the backscattering amplitudes and phases of Ir and

Pt as nearest neighbors to the absorbing atoms (Ir or Pt) are similar.

5.2.4 Limitations of EXAFS Methods for Analysis of Nanoclusters

We discussed how to determine the atomic structures of mono- and bimetallic

nanoclusters by modeling EXAFS analysis results in Sections 5.2.2 and 5.2.3.

Those examples clearly show the importance of coordination numbers of the
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first neighbors of absorbing atoms. To monometallic nanoclusters, they can be

used to determine particle size, shape, and morphology, while to bimetallic

nanoclusters, they are also essential for determining the compositional pat-

terns of samples. Those interpretations are made assuming the narrow size,

shape, and composition distributions of nanoclusters. If such assumption is

not justified and the clusters are, instead, broadly distributed over multiple

forms of order, that assumption would result in the incorrect interpretation

of the system. The artifacts that arise due to the broad range of sizes and com-

positions of cluster ensembles and corresponding corrective strategies that

should be undertaken are described below.

Heterogeneity of bond length and compositional distributions is a common

situation that not only happens in each individual cluster (intracluster hetero-

geneity) but also can be present due to the changes between multiple clusters

(intercluster heterogeneity). As an example, catalytic particles undergo reduc-

tion and oxidation at different stages of the reaction, and their structure is thus

strongly sensitive to the gradients of temperature and concentration (of reac-

tants, intermediates, and products, as well as the catalytic species) that are

unavoidable in real catalytic reactors and processes. If the sample consists

of a heterogeneous mixture of reduced and unreduced species, the best-fit

results of the coordination numbers are affected not only by the size and/or

geometry of clusters but also by the volume fraction of the reduced clusters

within the sample [79]. In the study by Sun et al., Pd cluster size revealed

by EXAFS analysis was found much smaller than that measured by TEM

due to the coexistence of disordered Pd-S compounds and metallic cluster

cores [129]. From the ratio of the coordination numbers measured from

EXAFS and calculated from the size obtained by EM, assuming a specific

shape of clusters, the unknown volume fraction of nanoclusters could then

be obtained [129]. Liu et al. recently investigated the structural dynamics of

working nanocatalysts via combined XAFS and STEM. The average cluster

size obtained from EXAFS analysis was also smaller than that from STEM

measurements, indicating the existence of multiple sample species during cat-

alytic reactions [115].

For small clusters, additional limitations of EXAFS analysis are related to

the imperfections of the atomic order due to the effects of capping ligands

[130], steric effects [131], crystalline defects [132], and interaction with

adsorbates [133]. The enhanced surface tension, typical in nanoparticles,

causes a decrease in the lattice parameter [107]. The bonds near the surface

of nanoclusters are more strained than the ones inside the core, which accord-

ingly results in a strong variation of the interatomic distances: the bond dis-

tance decreases from the interior of the cluster toward the surface

[134,135]. Such a non-Gaussian form of interparticle disorder would cause a

problem in EXAFS analysis if it is not properly accounted for in structure

models. Yevick and Frenkel [136] examined the effects of surface disorder

on the EXAFS modeling of metallic clusters by using two sample clusters
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with 147 and 923 atoms, which are 1.7 and 3.4 nm in diameters, respectively.

They employed the empirical distortion function f(r) to each atom within the

clusters to simulate surface tension effects:

f rð Þ¼A + 1$Að Þexp Crð Þ, where¼
1

R
ln

B$A

1$A

' (
: (5.20)

This distortion function satisfies the conditions f(0)¼1 and f(R)¼B%1 for

the atoms at the center and the periphery, respectively. Multiplying the radial

distortion function (Eq. 5.20) to all atomic coordinates yields the new posi-

tions of atoms in the distorted cluster. The parameter A, corresponding to

the curvature of the distortion curve, can be changed in the range between

1.05 and 1.00001, to simulate uniformly [134] and nonuniformly distorted

structures [135]. The B parameter lies in the range between 0.95 and 1.0,

which agrees well with physical reasonable bond-length truncation effects in

small clusters. Fig. 5.6A shows the distortion function f(r) with different cur-

vature A as a function of r/R. Different distortion functions represent different

bond-length distributions of the 1NN bonds or different radial relaxation of

the surface tension within a cluster. They calculated the theoretical EXAFS

signals in distorted and undistorted clusters and analyzed them using conven-

tional methods, which assume low disorder and include a third cumulant in

the analysis. The results exhibited the enhanced surface disorder in metal clus-

ters, in the size range under 5 nm. If such disorder is unaccounted for in the

analysis, it may result in the significant underestimation of particle size

(Fig. 5.6B) and overestimation of the nearest-neighbor distances. To minimize

the errors in the analysis due to the effects of surface relaxation, one can pas-

sivate the cluster surface with H2, which increases bulk-like order in the clus-

ters [105,106,137]. Alternatively, one can take complementary measurements
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6 signal with data generated for model clusters (symbols). (Reproduced with permission from

A. Yevick, A.I. Frenkel, Effects of surface disorder on EXAFS modeling of metallic clusters, Phys.

Rev. B. 81 (11) (2010) 115451–115453, 115451–115456. Copyright 2010 American Physical
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using other techniques, in addition to EXAFS, when the asymmetrical disor-

der causes artifacts in the conventional EXAFS analysis.

Other than the intraparticle disorder, the interparticle disorder also affects

the EXAFS results. To investigate the effects of the latter type of disorder,

Frenkel et al. [80] averaged the contributions to EXAFS produced by an

ensemble of clusters, which are described by a symmetrical distribution r of

cluster order (L). The latter is approximated as the Gaussian function:

r Lð Þ¼ exp $
L$ !Lð Þ

2

2s2s

 !
, (5.21)

where !L is the average cluster order and ss is the standard deviation in L. The

average coordination numbers are calculated over all clusters with the size

distribution r(L):

en¼

Z
∞

0

r Lð ÞN Lð Þn Lð ÞdL
Z

∞

0

r Lð ÞN Lð ÞdL

: (5.22)

Eq. (5.22) contains a weighting factor, N(L), which indicates the number

of atoms in a cluster of the order L. This correction is required because r(L)

is commonly obtained by EM measurements as a frequency distribution that

depends on cluster size, not volume, whereas volume averaging is required

for coordination-number measurements by EXAFS. The cluster order L

instead of cluster diameter D is employed in Eqs. (5.21), (5.22) to insure that

the results are independent of a given material composition. For cuboctahedral

clusters, the cluster order L and cluster diameter D are simply related:

D¼2Lr, where r is the 1NN distance. To estimate the effect of r(L) on the

average coordination numbers, they assume clusters with cuboctahedral

geometry. Accordingly, the calculated average coordination numbers for var-

ious values of !L as a function of ss were plotted in Fig. 5.7. If ss¼ 0 (all clus-

ters are identical), en¼ n0, the coordination number in each cluster. When

ss increases, en> n0 because the larger clusters contribute more to the average

than do the smaller clusters. For systems with relatively narrow size distribu-

tion (ss < 0:5 for small clusters and ss < 1 for larger clusters), the EXAFS

predictions are not significantly affected (Fig. 5.7). The 1NN distance r and

the Debye-Waller factor s2 obtained from EXAFS analysis may be also

affected by the distribution of cluster size/order when larger clusters have dif-

ferent spacing between atoms compared with the smaller clusters [80]. Fren-

kel et al. [80] observed that even for very poorly defined cluster sizes, with

ss=L' 2=3 and typical choices of r(L), the resulting corrections to r and

s2 do not exceed 0.015 Å and 0.00015 Å2, respectively.

In summary, the following guidance can be offered for the interpretation

of the coordination numbers in clusters: (1) if the distribution of particles sizes

is known, for example, through electron microscopic measurements, the
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theoretical average coordination number can be obtained by applying

Eq. (5.22). (2) For quasi-Gaussian distributions, the average coordination

numbers can be determined from Fig. 5.7 for different values of ss. (3) If ss is

incorrectly assumed to be too narrow, the EXAFS coordination numbers over-

estimate the mean cluster size. (4) The combination of EXAFS and micros-

copy analyses is necessary in order to find out whether the models proposed

on the basis of each method, ones that possess certain sizes and shapes, are

in agreement with each other. For example, if the size distribution of the clus-

ters measured in the microscopy experiment brackets the cluster size

corresponding to the EXAFS-derived model with specific size and shape,

one can conclude that the representative cluster’s model resulted from EXAFS

is a valid one. (5) The effects of ss on the mean bond-length r and its variance

s2 are relatively weak compared with those on the coordination numbers.

As for the heterometallic clusters, the values of partial coordination num-

bers are important for analyzing their composition habits. For example, by

evaluating the relationship between the partial 1NN coordination numbers

and the bulk composition, one can determine whether the nanoalloy is either

homogeneous (when average environments around each atom being approxi-

mately the same) or heterogeneous (when different regions within the sample

have different compositional trends, e.g., A-rich and B-rich or when such seg-

regation occurs within each cluster, e.g., A-rich core and B-rich shell) [79].

However, improper use of the method may lead to wrong conclusions.
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We will now focus on random nanoalloys (which have zero short-range

order) and highlight challenges in their detection by EXAFS. We now intro-

duce the total coordination number of metal-metal pair, nMM, which is equal

to n1 for monometallic clusters. For bulk alloys, when atoms of type A and

B are distributed randomly, their partial coordination numbers are found from

the overall compositions:

nAA¼ nBA¼ xAnMM, nAB¼ nBB¼ 1$ xAð Þ nMM, (5.23)

where the composition is defined as xA¼NA/N. Note that in random bulk

alloys, nAA+nBB¼nAA+nAB¼nBB+nBA¼nMM. For a nanocluster with ran-

dom compositional distribution, the equations can be revised and represented

as the following [80]:

nAA ¼
NA$1

N$1
nMM¼

NxA$1

N$1
nMM, nAB ¼

N$NA

N$1
nMM¼

N

N$1
1$xAð ÞnMM,

nBA ¼
NA

N$1
nMM¼

N

N$1
xA nMM, nBB ¼

NB$1

N$1
nMM¼ 1$

NxA
N$1

' (
nMM:

(5.24)

We note that in random nanoalloys, same as in the bulk random alloys,

nAA+nAB¼nBB+nBA¼nMM, but the sum of nAA and nBB in the nanoalloys

is smaller than nMM in bulk:

nAA + nBB ¼
N$2

N$1
nMM: (5.25)

Eqs. (5.24), (5.25) are exact, and they are equivalent to Eq. (5.23) in the

limit of large total number of atoms (N) and large concentrations (xA). Fur-

thermore, in the random nanoalloys, the nAA and nBB can be different from

nBA and nAB, respectively, while in the random bulk alloys, they are

the same.

In previous sections, we found that the knowledge of the coordination

numbers in heterometallic nanoclusters could be used to determine the size

and the clusters’ compositional habits, including the degree of the short-range

order and the homogeneity of alloying. Here, we discuss the effects of compo-

sitional disorder on coordination numbers determined by EXAFS analysis.

For demonstration, a simple system that contains clusters of the same size

but of different composition is considered. We will assume the distribution

of compositions across the ensemble of clusters to be a Gaussian:

r xð Þ¼ exp $
x$ !xð Þ2

2s2c

 !
, (5.26)

where x¼NA/N is the fraction of A atoms in a given cluster, !x is the average

composition over all clusters, and sc represents the standard deviation in the

Characterization of Model Nanocatalysts Chapter 5 171



distribution of r(x). Furthermore, assuming a random ordering of the atoms

within each cluster, the partial coordination number nAA in each cluster is

defined as

nAA¼
NA$1

N$1
nMM, (5.27)

where NA is the number of A atoms in the given cluster and N is the total

number of atoms in each cluster and is identical for all clusters as a result

of the identical cluster size. Compared with the equations used by Hwang

et al. [138] and Frenkel [79] that require that nAA¼xnMM for randomly

distributed atoms within the clusters, Eq. (5.27) is more general and accurate

for all clusters and correctly calculates the coordination numbers over the

entire compositional range. The exact formulas for the partial coordination

numbers, averaged over the ensemble of clusters, are

enAA¼

Z 1

0

r xð ÞxnAA xð Þdx

Z 1

0

r xð Þxdx

(5.28)

and

enAB¼ nMM$ enAA¼ nAM$ enAA: (5.29)

For clusters with N¼100 atoms, calculated partial coordination numbers

that have been normalized by nMM are shown in Fig. 5.8. The results
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FIG. 5.8 Normalized partial coordination numbers of (A) AA and (B) AB pairs as functions of

the standard deviation sc around the average cluster composition hxi for clusters of N¼100

atoms, calculated assuming a Gaussian compositional distribution. In both figures, cartoons next

to the xh i¼ 0:5 curve illustrate the difference between the narrow (one cluster on the left) and

broad (three different clusters on the right) compositional distributions. (Reproduced with permis-

sion from A.I. Frenkel, A. Yevick, C. Cooper, R. Vasic, Modeling the structure and composition of

nanoparticles by extended X-ray absorption fine-structure spectroscopy, Annu. Rev. Anal. Chem.

4 (2011) 36. Copyright 2011 Annual Review.)
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indicate that the ensemble average coordination number ñAA can be smaller

for narrow compositional distributions or larger for broad distributions than

the coordination numbers predicted by the equation nAA¼xnMM. The two

sets of values, ñAA and nAA, agree for sc¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x 1$ xð Þ=N

p
, for which the nor-

mal distribution coincides with binomial distribution.

In summary of this part, we remark that the narrow distributions of cluster

sizes and compositions across the ensemble of clusters in the sample are cru-

cial for accurate characterization of intraparticle composition in bimetallic

systems. In case the distributions are not narrow, corrective strategies are pos-

sible when prior knowledge or the width of the distributions exists from com-

plementary studies.

5.3 OUTLOOK AND PERSPECTIVES

As shown throughout this chapter, EXAFS possesses excellent spatial resolu-

tion to probe atomic architecture in nanoscale metal clusters. It demonstrates

the best quantitative powers when the distribution of cluster sizes, shapes, and

compositions is narrow and the interatomic distances are symmetrically

distributed around an average value. In that case, the model of a representa-

tive cluster will emerge from the analysis of the EXAFS data, where unique

details of structural and compositional motifs can be obtained.

We have also demonstrated the limitation in the analysis and modeling of

EXAFS data in clusters due to the ensemble-averaging nature of the EXAFS

technique. If the distribution of particles is broad, results of the measurements

cannot be simply interpreted in terms of a “mean” particle due to a number of

simplifying assumptions made in EXAFS data analysis. A possible remedy

toward a more accurate analysis of individual clusters, not relying on the

average over the ensemble, is single nanoparticle spectroscopy [139–143].

Hitchcock and Toney recently published an overview of spectromicroscopy

methods that include nanoprobe-based systems [144]. As an illustration of

the capability of nanoprobe methods in studies of single nanoparticles, Chu’s

group used scanning multilayer Laue lens X-ray microscopy to study the

oxidation process of individual PtNi nanoparticles [145]. Frenkel and van

Bokhoven reviewed major challenges for the existing nanospectroscopic

methods. They suggested the following three directions for advancing the

XAFS spectroscopy toward the single nanoparticle level [146]: (1) decrease

the spot size to well below 10 nm while maintaining sufficiently high flux

to probe individual nanoparticles of interest, (2) enable energy scanning while

maintaining the spot size and position, and (3) study materials that change in

the process of their work, which demands that the single-particle spectroscopy

at the nanometer level should be performed in operando conditions.

The latter challenge is directly related to one of the most important

requirements to modern applications of synchrotron-based spectroscopic

methods, that is, to characterize nanoclusters in situ, where the nanoclusters
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are studied as a function of temperature, pressure, or time [28,147,82,148],

and/or investigate the work mechanism of nanocatalysts in operando condi-

tions [115,149]. Accordingly, there are growing demands in developing

time-resolved and operando techniques. Extensive efforts have been made in

this regard. For instance, Stach and Frenkel et al. recently demonstrated the

advantage of using a microreactor for nanocatalysis studies at ambient tem-

perature and pressure [115,150], by bridging the “pressure gas” between spec-

troscopic and electron microscopic techniques. The catalytically active site is

often only a minority of atoms in the catalysts; sensitivity is therefore an

issue. Ferri et al. employed modulation excitation method [151–153], which

provides better sensitivity to the structure of the catalytically active site

[152,154]. Pump-probe measurements are able to capture structural variation

at the micro-, nano-, pico-, and even femtosecond time scales [155]. In the lit-

erature related to this technique, most of them are about photocatalytic pro-

cess during which a flash of light induces electron excitation after which a

structure change occurs and detected in the ultrafast time domain [156,157].

To summarize, nanoclusters have been studied for several decades with

increasing accuracy and level of detail that parallel the development of ana-

lytic methods. Of those methods, XAS technique proved to be uniquely capa-

ble to capture multiple attributes of structure, such as the size, shape, surface

relaxation, and compositional motifs, and measure their dynamic changes in

real time due to externally controlled conditions. The combination of the

ongoing developments of cluster synthesis methods, new synchrotron nanop-

robe methodologies, and the increased use of in situ/operando characterization

techniques are the promising new directions toward future progress in this

field in the next decade.
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