
Chapter 19

Metal Nanocatalysts

Yuanyuan Li and Anatoly I. Frenkel

19.1 Introduction

Metal nanoparticles (NPs) under several tens of nanometers in size have unique

mechanical, optical, electronic, and catalytic properties that are different from their

bulk counterparts [1–5]. Structural characterization of NPs is a key to answering

many questions related to their catalytic properties, for example, what is the nature

of catalytically active sites, or what are the reasons for their catalytic activity,

selectivity, and stability. Various structural, geometric, and electronic characteris-

tics were named “descriptors” of catalytic properties in transition metal catalysts,

such as the number of under-coordinated sites [6, 7], or perimeter sites [7, 8], or

number of (111) crystalline facets [9], or surface strain [10], or the position of the

D-states relative to the Fermi level (a “D-band center” model) [11–15]. The main

challenge preventing direct measurements of those characteristics is the small size

of nanoparticles. Indeed, in size range of several nanometers, there are very few

techniques capable of characterizing structure and electronic properties with suffi-

cient spatial and energy resolutions. A challenge specific to catalysts is the need to

monitor their structure and electronic properties in situ, during their work, also

known as “in operando conditions.” That latter requirement is particularly chal-

lenging to electron microscopy and other imaging techniques that are severely

limited in use by requirements of high pressure and temperature, typical for many

catalytic reactions. Other structural characterization techniques such as X-ray

diffraction are limited by the small size of the nanoparticles that is responsible

for broadening Bragg peaks used for structural refinement. XAFS analysis methods

are excellent alternatives to imaging and scattering methods due to the excellent

spatial, temporal, and energy resolutions of XAFS, and due to the relative ease of its
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application to real-time processes in operando conditions. In recent years, it

became progressively more appreciated that supported NPs are complex systems

whose catalytic properties are influenced not only by the structure of the particle but

also in not a small degree by its interaction with support and adsorbates. In this

chapter, we review the main attributes of supported NPs that affect their catalytic

activities, recent solutions to the structural characterization of NPs and describe

recent advances in solving three-dimensional structure, degree of alloying, and their

changes under conditions of model and real catalytic reactions.

19.2 Size, Shape, Strain, Support, and Composition Effects
on Catalytic Properties

With the decrease of particle size, the surface to volume ratio increases, shifting the

balance between the surface and the bulk energies in favor of the former. Enhanced

surface energy is responsible for generating substantial surface strain [16, 17], that

can be relieved by some adsorbates, e.g., hydrogen [5, 18, 19]. The enhanced

surface stress causes contraction of surface metal–metal bond length [16, 20,

21]. The surface energy and surface stress thus have important influence on the

elastic properties of NPs.

In nanocatalysts strain is a ubiquitous attribute of their structure. It dominates the

surface and support interface regions, and, in the case of bimetallics, is also present

throughout the bulk, due to the size mismatch of two types of metals [10, 16, 22–

25]. The increased surface strain results in the shift of D-band center [10, 26–28]

which tunes the binding energy between surface atoms and adsorbed molecules [10–

12], and changes cohesive energy of surface atoms which alters the thermodynamic

properties and stiffness of NPs [17, 29].

Electronic structure of NPs could also be modified through the change of particle

size. Lowering the coordination number of NPs causes the tendency towards

localization of the valence electrons and gap formation, hence, the transition from

metallic (at large sizes) to nonmetallic (in small sizes) properties. Another conse-

quence of decreasing particle size is thus the reduction of the width of valence band

and the shift of its center of gravity towards Fermi level which leads to an increase

of the adsorption energy of adsorbate and a decrease of the dissociation barriers of

adsorbed molecules [13, 14, 30]. For transition metals catalysts, their properties

could thus be tailored through the D-band center position relative to the Fermi

energy by changing the composition (adding different metal atoms) [13, 15, 31],

surface strain, support material [32–35], or adsorbate coverage [12].

NPs with various shapes expose different facets, which may have different

properties with respect to catalysis in the course of the same reaction [36, 37]. In

addition, different surface types contain different fractions of under-coordinated

atoms (on edge and vertex), which are considered to be the active sites in many

reactions [6–9]. Shapes of NPs are shown to change with size [38], however, when
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particles are extremely small, and they could adopt various geometries with com-

parable energies. The fluctuation of geometries and structures could lower the

reaction barrier [39, 40]. Finally, the nanoparticles can coexist in the ordered and

disordered states in the same size range, and their fractions can change in reaction

condition, further hampering efforts in their characterization and thus understand-

ing catalytic mechanisms [18].

Most heterogeneous nanocatalysts are deposited on supports, which distort the

atomic structure of the interfacial layer in contact with the substrate, creating

defects, strain at interface and may even change the shape of NPs [22, 32,

33]. On the other side, supports with different reducibility have different influences

on the electronic structure of NPs. These structural and electronic factors control

the metal/support adhesion energy, which affects chemical potentials of surface

atoms and their binding ability to small adsorbates [35].

The addition of the second metal to monometallic systems was found to be an

effective way to tune the properties and structures of nanocatalysts. The possible

mixing patterns of bimetallic systems reported in literature vary from random

alloys, core–shell, cluster-by-cluster, and other architectures, depending on the

elements, their compositions and synthesis conditions [41, 42]. The introduction

of the second metal could introduce strain, alter the electronic structure and, hence,

the D-band center position, which greatly affects the interaction between the surface

atoms and adsorbates. Many bimetallic systems were reported to change their

structure and/or compositional motifs in response to the changes in the environ-

mental conditions or in the process of catalytic reactions [43–45]. Tracking the

structural changes of bimetallic systems in operando mode, that is, during real

reaction conditions, while monitoring the reaction in real time, is thus quite

important for revealing their working mechanisms.

19.3 Experimental Characterization of Nanoparticle
Structure and Electronic Properties: The Uniqueness
of XANES and EXAFS

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and electron

microscopy are commonly used techniques for bulk or surface structure character-

ization. When particle size is in nanometer range, XRD is not very helpful due to

the Bragg peak broadening. Electron microscopy, on the other hand, has very high

resolving power, which helps reveal the atomic and surface structure of NPs

[46]. However, if used in situ, only part of the ensemble of catalytic species can

be reliably detected (above the resolution limit) and reports of applications of TEM

to operando studies are still scarce. X-ray absorption spectroscopy (XAS), on the

other hand, can be done in a number of sample conditions (liquid or gas, low or high

temperatures and pressures) [47–52], and a number of reactor cells are available to

date [53–57]. Its sensitivity to local structure and elemental specificity make it
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uniquely fitting for studying nanomaterials. With the development of the analytical

methods for XANES and EXAFS interpretation, a lot of information related to the

physical properties of nanomaterials, such as stress-induced bond length change

and disorder [19, 22, 58], three-dimensional geometry of small clusters [59, 60],

electronic structure modification driven by support/environment [61], and mixing

pattern of bimetallic systems [45, 62, 63], could be obtained. In recent years, with

the proliferation of in situ and operando methods of catalyst characterization,

combination of XAFS with other techniques (IR, Raman, XRD, NMR, UV–Vis,

etc.) helped illuminate cooperative phenomena at the interfaces between nanopar-

ticle, surface species, and support under realistic working conditions [43, 50, 56,

74–88].

In the following sections, we review recent progress in structural characteriza-

tion of nanocatalysts by EXAFS methods.

19.4 Size and Geometry of Nanocatalysts by Coordination
Number Analysis

Historically, the importance of EXAFS for catalysis studies [89] was realized

almost immediately after XAFS was recognized as a new method of studying

local structure in 1970s [90–94]. First works used it for measuring coordination

numbers of supported monometallic and heterometallic NPs to obtain their average

size (only first shell/single scattering analysis was possible) [95–98]. Then, with the

development of multiple scattering (in the 1990s) [99] more advanced analysis

methods were developed for determination of cluster size, shape, morphology, and

mixing pattern in bimetallic systems. Information about the atomic architecture

(three-dimensional packing of atoms) in a representative NP can be most directly

gleaned from the coordination number of first nearest neighboring metal–metal

bonds. The coordination number (nAA(i)) of the ith shell with the radius Ri around

the absorbing atom in a monometallic cluster is defined as the average number, per

absorber, of nearest neighbors within a given shell:

nAA ið Þ ¼
2NAA ið Þ
NA

: ð19:1Þ

Here NAA(i) is the total number of 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. (19.1) 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. Coordination numbers are obtained model-independently

from data analysis of experimental EXAFS spectra. The most important informa-

tion that is available via the coordination number analysis is the average particle
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size, and several methods are available for its determination from the EXAFS

coordination numbers [100].

One such method, developed by Calvin et al. [101], assumes homogeneous

spherical shape of clusters with the radius R. For atoms in the ith shell around the

absorbing atom, the coordination number of the ith shell (Nnano(i)) can be expressed

as follows:

Nnano ið Þ ¼ 1� 3

4

ri
R

� �
þ 1

16

ri
R

� �3� �
Nbulk ið Þ: ð19:2Þ

In Eq. (19.2), ri is the distance between the absorbing atom and neighboring atoms

in the ith shell, and Nbulk(i) is the ith shell coordination number of bulk structure.

This method allows the calculation of coordination number of an arbitrary coordi-

nation shell as a function of the cluster size, which in principle, can be used to

discriminate between symmetric (quasi-spherical) and asymmetric clusters if the

coordination numbers of the higher-order shells are measured by EXAFS. One

disadvantage of this method is that it is limited to sufficiently large clusters (with

number of atoms much larger than 100) [60].

Another useful method for estimating cluster size is comparing the first nearest

coordination number (N1) obtained from EXAFS analysis against model structures

with known geometrical characteristics. For regular polyhedra (e.g., a

cuboctahedron or an icosahedron), N1 is a function of cluster order L, which is

defined as the number of spacing between adjacent atoms along the edge (see

example of L¼ 2 in Fig. 19.1) [102]. This method developed by Montejano-

Carrizales et al. [102, 103], is easy to expand to other morphologies and cluster

families [59]. 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. 19.1). The relationship between N1 and L in a truncated

cuboctahedron is: [104]

Fig. 19.1 Schematic of a

truncated cuboctahedral

cluster with 37 atoms

(L¼ 2)
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N1 ¼
3 20L3 þ 21L2 þ 7L
� �

5L3 þ 12L2 þ 10Lþ 3
: ð19:3Þ

For truncated cuboctahedron with atom numbers of 10 (L¼ 1), 37 (L¼ 2),

92 (L¼ 3), and 185 (L¼ 4), the first nearest coordination numbers are 4.8, 7.0,

8.2, and 8.9, respectively.

Another method that is useful in the case when there is no particular symmetry

known in advance, and/or nearest neighboring shells cannot be easily identified but

the coordinates of atoms in the cluster are available from, e.g., first principle

simulations, is the radial distribution function (RDF) method [59, 105]. This

approach, proposed by Frenkel and Glasner [59], employs computer-generated

cluster coordinates. The cluster-average pair radial distribution function ρ(r) is

computed for a cluster of N atoms:

ρ rð Þ ¼ 1

N

XN
i¼1

ρi rð Þ, ρi rð Þ ¼ dNi

dRi
; ð19:4Þ

where ρi(r) is the partial RDF for an atom i, and dNi is the number of its neighbors

within the spherical shell of thickness dRi. The subsequent calculation of coordi-

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

by integrating the ρ(r):

ni ¼
ðR2

R1

ρ rð Þdr: ð19:5Þ

Compared to the two methods described above, the RDF method enables rapid

calculation of coordination numbers of clusters with arbitrary sizes and shapes. By

combining electron microscopy with multiple-scattering EXAFS analysis and data

modeling, several geometries with the same sequence of coordination numbers of

the nearest-neighbor shells can be discriminated [106, 107]. The authors can be

contacted for sharing their software program that performs RDF calculations for

arbitrary cluster geometries.

The methods listed above for size estimation are strongly dependent on the

knowledge of the first nearest coordination numbers that are, in turn, obtained

reliably by EXAFS analysis if the bond length distribution is relatively symmetric

[91, 108]. For supported nanocatalysts under working conditions, the substrate and

adsorbates may induce stress, causing the bond length distribution to deviate

strongly from the Gaussian shape by for example relaxing the surface atoms

stronger compared to the core [16]. The asymmetric disorder in bond lengths results

in an artifact of the data analysis where, if ignored, it leads to the underestimate of

the coordination numbers [109]. Therefore, anharmonic corrections should be taken

into account for systems with large disorders. Several methods have been proposed

recently that take into account the asymmetric disorder and use structural analysis

of EXAFS data to validate different theoretical models [110–112]. They are

described in greater detail below.
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Including multiple-scattering effects to EXAFS data analysis is another way to

improve the accuracy for size determination and is also crucial for extending

structural refinement of nanocatlysts beyond first nearest bond distance. From the

geometrical characteristics of regular polyhedral clusters, the sequence of coordi-

nation numbers of the 1st, 2nd, 3rd, 4th, etc. nearest neighboring pairs of atoms for

different types of polyhedra is unique. That uniqueness is used for comparison with

EXAFS results, obtained model-independently, for the same coordination numbers

(and for degeneracies of multiple-scattering paths) to determine the size, shape,

structure, and, in some cases, surface orientation of NPs [59, 106, 113]. One

example of such analysis is the characterization of supported Pt clusters [60, 106,

114, 115], which have been extensively studied by EXAFS to establish the rela-

tionship between cluster size, shape, and catalytic properties. The structural char-

acteristics depend strongly on the preparation conditions and on the nature of

support [6, 22, 107, 116, 117]. The demonstrations of the sensitivity of the cluster

shape to the support and treatment conditions are shown in the following examples.

The fully reduced γ-Al2O3 supported Pt NPs have a spherical structure through a

preparative method of deposition precipitation [118] while PVP capped Pt NPs

changed from spherical to flat structure after the particles were deposit on SiO2

support [119]. In another example, the 1 wt% Pt/γ-Al2O3 catalyst containing 11 Pt

atoms was three-dimensional after low temperature reduction (300 �C) and changed
to the raft shape with the structure similar to Pt (100) after high temperature

reduction (450 �C) [120]. Interestingly, for Pt/zeolite, the three-dimensional struc-

ture was retained after high temperature treatment [121].

As an example of the multiple scattering EXAFS analysis of the cluster shape,

we use the structural modeling of carbon supported Pt NPs up to the 4th/5th Pt-Pt

shell [106, 114]. Figure 19.2 illustrates such analysis

for size and shape determination and shows that the (111)-truncated hemispher-

ical cuboctahedron provides good approximation for the 10 wt% Pt/C sample, with

a particles size of about 1.7 nm [106]. To find connections between particle shape

and catalytic properties, γ-Al2O3 supported Pt NPs with various shapes but analo-

gous average size (~1 nm) were prepared and characterized by multiple-scattering

analysis (up to 4th shell) of EXAFS data in combination with microscopic tools

[107]. The shape having higher percentage of undercoordinated atoms (at edge or

corner sites) on the surface was found effective for lowering the onset temperature

for two-propanol oxidation [6].

A more approximate method that also relies on the coordination numbers of

higher shells for determining the size and shape of NPs was proposed by A. Jentys

[122]. This method modeled the first five coordination numbers as a function of

particle size with a hyperbolic function for particles with shapes of spheres, cubes,

and distorted cubes. The coordination number of the first (n1) or second shell (n2)
was found independent with shape and thus used to estimate the average particle

size. The curves of n1/n3 versus particle size were found to be different for different
shapes. The shape can therefore be determined by comparing the curve of exper-

imentally determined n1/n3 ratio with the model n1/n3 graph. Such analysis was

expanded by Beale and Weckhuysen to larger number of shapes [123].
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19.5 Using EXAFS to Characterize Bimetallic
Nanocatalysts

Methods of high precision synthesis of bimetallic NPs for catalysis and

electrocatalysis are actively sought, due to the increased demand to minimize the

use of noble metals and for rational design of catalysts with desired activity and

selectivity, and increased stability [42, 124–131]. Analogously to the definition of

the coordination number for a homo-metallic pair, for heterometallic bonds, the

coordination number is defined as:

nAB ¼ NAB

NA
: ð19:6Þ

The information on the homo- and hetero-metallic coordination numbers nAA,
nAB, nBA, and nBB is available from EXAFS measurements on the absorption edges

of both A and B central atoms [25]. The analysis should be done for both edges

concurrently, with constraints imposed on the heterometallic bonds during the fits:
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Fig. 19.2 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 calculated from a

truncated (by (111) plane) cuboctahedron for cluster orders L up to 15. Reproduced with permis-

sion from ref. [106]. Copyright 2001 American Chemical Society
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nAB ¼ xB
xA

nBA, RAB ¼ RBA, σ
2
AB ¼ σ2BA: ð19:7Þ

Just as in the case of monometallic catalysts, multiple-scattering analysis of

bimetallic catalysts allows for measurements of coordination numbers within the

first few shells [114, 132]. These parameters elucidate the intra-particle composi-

tion, such as the extent of segregation or alloying of atoms, e.g., random distribu-

tion, as opposed to the positive or negative tendency to clustering [60, 132–

140]. Once the above parameters are known, the total coordination number of

metal–metal (M-M) neighbors per absorbing atom can be found from: [60]

nMM ¼ xAnAM þ xBnBM: ð19:8Þ

The total coordination number can be employed to determine the size and shape

using the same methods applied to monometallic particles described above.

For heterogeneouse distributions, the main question in the EXAFS analysis of

bimetallic NPs is to detect a certain architectrual motif, e.g., a core–shell or cluster-

to-cluster [41, 42, 45]. When atoms of the type A will segregate to the surface of the

nanoparticle and B—to the core, then nAM< nBM [60]. For random alloys, the

average coordination numbers nAA and nAB are in the same proportion as the bulk

concentrations of these elements in the sample: [60]

nAA
nAB

¼ xA
xB

: ð19:9Þ

For alloys with positive tendency to clustering of like atoms, e.g., when either the

intraparticle or interparticle segregation is present, the left hand side should be

larger than the right hand side:

nAA
nAB

>
xA
xB

: ð19:10Þ

For homogeneous alloys (Fig. 19.3, center) in which the atoms A and B occur with

equal probability within the particle or on the surface: nAM¼ nBM [60].

Fig. 19.3 Three main types of bimetallic configuration: left: core–shell; center: alloy; right:

segregated monometallic clusters. Reproduced with permission from ref. [45]. Copyright 2009

American Chemical Society
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Interpretation of the coordination numbers in heterogeneous systems in terms of

a “representative cluster” can be misleading. We will discuss two commonly

encountered systems that require particular care. One example is when two differ-

ent NP systems differ in homogeneity of their atomic distributions, and the other—

in the degree of their randomness. First, we consider a homogeneous system where

all atoms have similar local environments within each NP. Two cartoons depicting

two dimensional “nanoparticles” with this type of structure are shown in the

Fig. 19.4a, b. Although the lattices are differently ordered, both types of atoms

contain a similar number of neighbors for each element throughout the “cluster.”

The similarity becomes nearly perfect when the surface to volume ratio becomes

negligible, i.e., for particles larger than 4–5 nm in diameter. Such atomic arrange-

ments are homogeneous, as there is an equal probability to find any given atom type

(A or B) anywhere within the NP. An example showing the other extreme is

presented in the two cartoons in the Fig. 19.4d where the atoms of each type

(A or B) are segregated within different part of the NP.

The second case we briefly discuss is when the two NP systems differ in the

randomness of their atomic distributions. This characteristic will only apply to the

homogeneous systems such as two NPs shown in Fig. 19.4a, b, because the two NPs

shown in Fig. 19.4c, d are heterogeneous, i.e., inherently nonrandom. The cluster on

the Fig. 19.4a has perfect order: both atomic types have equivalent surroundings.

The cluster in Fig. 19.4b is random: for either atom (of type A or B), the probabil-

ities of neighboring atoms being either type A or B are equal. One important

consequence apparent from this simple example is the difference between the

Fig. 19.4 (a, b) shows homogeneous configurations for the same 50–50 composition, character-

ized by a unique, non-positive values of the short range order parameter α. Different heteroge-
neous configurations, characterized by positive values of α, are shown in schemes (c, d).
Reproduced with permission from ref. [62]. Copyright 2013, AIP Publishing LLC
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short range order and homogeneity. For example, an alloy can be homogeneous but

have a “negative tendency to clustering” (i.e., short range order) and is a phenom-

enon frequently encountered in metallurgy [141, 142].

These two examples illustrate the importance of understanding the short range

order and homogeneity of bimetallic NPs when attempting to characterize their

structure. It turns out that both of these can be quantitatively expressed using

J. Cowley’s short range order parameter introduced recently for bimetallic NP

analysis by Frenkel, et al.: [143–145]

α ¼ 1� NAB=NAM

xB
; ð19:11Þ

where xB is the molar concentration of B-type atoms in the sample. As we show

below, the Cowley parameter (α can vary in the interval between �1 and 1) can be

used to investigate the degree of alloying or clustering within bimetallic NPs based

on how positive/negative it is. In many cases, it can be used also as a “litmus test”

demonstrating that atomic segregation, of either intra-cluster or inter-cluster type,

occurred. We note that this equation has been previously employed in EXAFS

studies of bulk bimetallic alloys [24] but its potential in NP studies remains

unexplored.

For alloys that favor (disfavor) clustering of like atoms, α will be positive

(negative). This parameter is therefore essential for studies of alloy—or core–

shell, or cluster-on-cluster—NPs that can be characterized by different levels of

ordering. Only after the short range order parameter is evaluated, can different

models of segregation be compared. In either case, additional experimental infor-

mation is needed to determine the fine detail of segregation, i.e., whether for

example element A is predominantly at the surface or in the core. The analogue

of the effect of compositional heterogeneity on the interpretation of the short range

order within a “representative” NP is the interpretation of the size of the “repre-

sentative” NP from EXAFS coordination numbers. In each case, an independent

technique is needed, and in the latter case, the average particle size can be measured

by electron microscopy.

We emphasize that the role of measuring and evaluating α extends beyond

merely determining whether it is positive or negative. Even large negative values

of α may signal segregation as there is only a finite range αmin� α� 0 in which

homogeneous systems can exist [143]. For example, αmin¼�1 for two dimensional

AB alloys shown in Fig. 19.4a, for β-brass CuZn of bcc structure [143], but it can

also be fractional, e.g., αmin¼�1/3 for fcc Cu0.75Au0.25 alloys [143]. Hence, if the

measured value of α falls within either �1� α� αmin or 0< α� 1 interval, the

system is heterogeneous and the segregation of atoms is evident. Finally, we note

that these conclusions were obtained assuming an idealized case where all particles

are equivalent and the segregation may occur only within the NP. If the bimetallic

composition varies from one NP to another, even random compositional distribu-

tion may generate positive values of α, a point which is discussed in greater detail

below.
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19.6 Pitfalls and Artifacts of the Analysis

In studies of the structure of NPs, coordination numbers are the most important

structural parameters that can be obtained from EXAFS analysis. Coordination

numbers of the first nearest neighbors (1NN) of X-ray absorbing atoms are obtained

by EXAFS analysis very reliably, and are often employed for characterizing

nanoclusters in terms of their structure, size, shape, and morphology [100, 106,

114, 146]. Coordination numbers of atomic pairs in bimetallic NPs are often used to

discriminate between different types of short range order in the NPs, and/or

ascertain the degree of compositional homogeneity in the sample [60, 100,

147]. In this section we emphasize the pitfalls in such interpretation when nano-

particle ensembles display a broad range of sizes and compositions. We show the

implications of these effects on EXAFS results and describe corrective strategies.

The values of partial coordination numbers are important for analyzing compo-

sition habits of heterometallic clusters. For example, depending on the relationship

between the partial 1NN numbers and the bulk composition of the nanoalloy, the

latter is characterized as either homogeneous (when average environment around

each atom is approximately the same) or heterogeneous (when different regions

within the sample have different compositional trends, e.g., A- rich and B-rich, or

when such segregation occurs within each cluster, e.g., A-rich core and B-rich

shell) [147]. For homogeneous alloys, relationships (19.9) and (19.10) can be used

to describe the short range order [60]. In this section we focus on random

nanoalloys (that have zero short range order) and highlight challenges in their

detection by EXAFS.

We now introduce the total coordination number of metal–metal pair, or 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:

nAA ¼ nBA ¼ xAnMM, nAB ¼ nBB ¼ 1� xAð ÞnMM; ð19:12Þ

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

nAAþ nBB¼ nAAþ nAB¼ nBBþ nBA¼ nMM. In a nanocluster with random compo-

sitional distribution, more accurate relationships should be used: [100]

nAA ¼ NA � 1

N � 1
nMM ¼ NxA � 1

N � 1
nMM, nAB ¼ N � NA

N � 1
nMM

¼ N

N � 1
1� xAð ÞnMM, nBA ¼ NA

N � 1
nMM ¼ N

N � 1
xAnMM,

nBB ¼ NB � 1

N � 1
nMM ¼ 1� NxA

N � 1

� 	
nMM:

ð19:13Þ

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

nAAþ nAB¼ nBBþ nBA¼ nMM but in the nanoalloys the sum of nAA and nBB is

smaller than nMM:
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nAA þ nBB ¼ N � 2

N � 1
nMM: ð19:14Þ

Equations (19.13 and 19.14) are exact, and they are equivalent to Eqs. (19.1, 19.6,

19.9, and 19.12) in the limit of large total number of atoms (N) and large concen-

trations (xA), as demonstrated in Fig. 19.5a. Furthermore, in the random nanoalloys,

the nAA and nBB are different from nBA and nAB, respectively, while in the random

bulk alloys they are the same (Eqs. 19.12, 19.13 and Fig. 19.5b).

We have recently shown [100] that alloys with broad compositional distributions

are expected to have positive values for the ensemble-average short range order

despite having random intra-particle distribution of atoms. Hence, a random

nanoalloy may be mistaken as a system with a core–shell motif if the NPs are not

all stoichiometrically uniform. This prediction can be illustrated by the following

simple example. Assume that the sample consists of two groups of bimetallic NPs.

The first group consists of N particles where 30% of all atoms are A-type and

70%—B-type in each. The second group consists of N particles of 70% and 30%

of A and B-type atoms, respectively. The average composition over the entire

sample is then 50% of A and 50% of B atoms. Assume also that the distribution

of atoms in each particle is random, i.e., the value of α calculated over each

population is zero. Finally, assume that the geometry of all particles is the same

and atoms occupy regular lattice sites. Ensemble-average calculation of the coor-

dination numbers of AB type yields the following result: NAB¼ 0.3� 0.7NAM

þ0.7� 0.3NAM¼ 0.42NAM. Hence, the ensemble-average value of α measured

by EXAFS will be equal to 0.16 (Eq. 19.11), in apparent contradiction to the local

randomness (α ¼ 0) of each population. What follows is the more general demon-

stration of this effect [100, 148].

We assume that within each cluster, atoms of type A and B are distributed

randomly, but xA is different for each nanoparticle. For simplicity, we consider a

Fig. 19.5 (a) Exact (solid lines, Eq. 19.13) and approximate (dashed lines, Eq. 19.12) behaviors
of the coordination numbers of A–A pairs for different cluster sizes. (b) Coordination numbers of

different atomic pairs in random, 13-atom, cuboctahedral alloys. Solid lines correspond to exact

calculations using Eq. 19.13 and dashed lines correspond to approximate calculations using

Eq. 19.12. Reproduced from ref. [149] by permission of The Royal Society of Chemistry
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system that contains particles of the same structure and geometry. Effects of cluster

size distribution [100] and asymmetric bond length disorder [109] on the apparent

coordination numbers have been described separately. We distinguish between the

particle-specific coordination number nAA (calculated with Eq. (19.13)) in the

cluster with the concentration xA of A atoms, and the apparent (measured) coordi-

nation number enAA, which, in EXAFS measurement, averages the number of A

nearest neighbors over all the A-type atoms in all clusters in the sample. We let the

interparticle compositional distribution of xA (denoted below as simply x) be a

Gaussian with standard deviation σc and mean x:

ρ xð Þ / exp � x� xð Þ2
2σ2c

 !
: ð19:15Þ

In EXAFS signal, clusters with a greater number of A atoms are weighted more than

the clusters with fewer A atoms. We thus write the apparent partial coordination

numbers as:

enAA ¼

ð1
0

ρ xð ÞnAA xð Þxdx

ð1
0

ρ xð Þxdx
: ð19:16Þ

Figure 19.6 shows the values of enAA and enAA for various values of x and σc
calculated for a cluster containing N¼ 100 atoms. Cluster cartoons are added for

clarity. A single cluster (the cuboctahedral shape was chosen for illustration purpose

Fig. 19.6 Normalized partial coordination numbers of (a) AA and (b) AB pairs as functions of the

standard deviation σc around the average cluster composition <x> for clusters of N¼ 100 atoms,

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

< x >¼ 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 from ref. [148] by

permission of The Royal Society of Chemistry
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only) on the left corresponds to narrow inter-cluster compositional distribution (i.e.,

small σc). Three clusters on the right illustrate the change in composition from cluster

to cluster (large σc). In all cases, the intra-cluster distributions are random.

These results indicate that the ensemble-average coordination numbers enAA can

be smaller for narrow compositional distributions or larger for broad distributions

than the coordination numbers predicted by the equation nAA¼ xnMM. The reason

they are smaller for narrow distributions than the nominal coordination numbers

was demonstrated above (Eq. 19.13 and Fig. 19.5b). For broad distributions, the

effect is due to the ensemble-averaging that favors A-rich clusters over the B-rich

clusters (relative to xA). Similar conclusions can be extended to the other partial

coordination numbers. The two sets of values, enAA and nAA, as well as enAB and nAB,

agree for σc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x 1� xð Þ=Np

, for which the normal distribution coincides with

binomial distribution.

In summary, partial coordination numbers in heterometallic NPs can be

employed to accurately quantify the intra-particle homogeneity and short-range

order for arbitrary cluster sizes and a wide range of component fractions, provided

that all the clusters possess nearly identical compositions. If the intra-cluster

distribution is completely random but the elemental composition varies widely

from cluster to cluster, the coordination numbers measured by EXAFS will point

toward either negative ( enAA < nAA) or positive ( enAA > nAA) short range order,

which, in the latter case, can be mistaken for a core–shell motif, among other

segregation scenarios, even though all clusters are completely random. The only

exception when the apparent coordination numbers coincide with those in the

“mean” cluster is when the compositional distribution is binomial. With the knowl-

edge of actual compositional distribution (e.g., using energy dispersive X-ray

analysis done in electron microscopy experiment) it is possible to correct apparent

coordination numbers for the compositional distribution effects (Fig. 19.6).

19.7 Overlapping Absorption Edges

Heterometallic systems containing two or more elements with overlapping absorp-

tion edges cannot be simply analyzed by EXAFS since the EXAFS at the higher

energy edge overlaps with the EXAFS extending from the lower energy edge. This

is a particularly significant problem for metals that neighbor each other in the

periodic table such as Re, Ir, Pt, and Au, whose L3, L2, and L1 absorption edges

overlap. Unless these overlapping contributions are disentangled, extracting struc-

tural information from the data via traditional data analysis strategies is either not

possible [149, 150] or difficult and/or insufficiently accurate [151].

The problem of overlapping edges in EXAFS analysis is not limited to

heterometallic catalysts, of course. BaTiO3 is among the most extensively studied

perovskites, yet its EXAFS studies are complicated due to the overlap of Ti K-edge

and Ba L3 edge. B. Ravel et al. proposed a very original use of diffraction
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anomalous fine structure (DAFS) technique to deconvolute the EXAFS signals

from Ti and Ba [152, 153]. Other methods have appeared recently, based on the

use of the high energy resolution fluorescence detection (HERFD) that enabled

separation of emission lines from different elements [85, 154–156].

Menard et al. reported a new method for deconvolution of overlapping absorp-

tion edges that is based on the use of concurrent, multiple edge analysis of EXAFS

data from each edge [63]. The analysis strategy is demonstrated here for an arbitrary

bimetallic composition even though, for illustration purpose only, they used nota-

tion Ir and Pt for its constituent elements. Data analysis is done by a simultaneous fit

of both Ir L3 and Pt L3 edges, which involve three contributions: (1) the Ir EXAFS

in the Ir L3 edge before the Pt L3 edge; (2) the Ir EXAFS in the Pt L3 edge; and

(3) the Pt EXAFS in the Pt L3 edge. Because (1) and (2) describe the same

coordination environments they should be constrained analytically, in the process

of fitting each contribution to the experimental data. The analysis is done in r-space
and is limited to nearest neighbor scattering paths, which are usually well isolated

from longer scattering paths in the Fourier transforms of the EXAFS signal χ(k). In
this case, the EXAFS equations that are simultaneously fit are:

χIr edge kIrð Þ ¼ S20, IrNIr

kIrR
2
Ir

f effIr kIrð Þ
��� ��� sin 2kIrRIr � 4

3
σ 3ð Þ
Ir k

3
Ir þ δIr kIrð Þ

� �
e�2σ2Irk

2
Ire�2RIr=λIr kIrð Þ;

ð19:17Þ

and

χPt edge kPt; kIrð Þ ¼ S20,PtNPt

kPtR
2
Pt

f effPt kPtð Þ
��� ��� sin 2kPtRPt � 4

3
σ 3ð Þ
Pt k

3
Pt þ δPt kPtð Þ

� �
�e�2σ2Ptk

2
Pte�2RPt=λPt kPtð Þ þ AS20, IrNIr

kIrR
2
Ir

f effIr kIrð Þ
��� ��� sin

� 2kIrRIr � 4

3
σ 3ð Þ
Ir k

3
Ir þ δIr kIrð Þ

� �
e�2σ2Irk

2
Ire�2RIr=λIr kIrð Þ:

ð19:18Þ
The factor A¼Δμ0,Ir/Δμ0,Pt, where Δμ0,Ir and Δμ0,Pt are the changes in the

absorption at the edge steps, is necessary because the extraction of χ(k) includes a
normalization to these edge steps. The nonlinear least squares fitting of experimen-

tal data to Eqs. (19.17 and 19.18) should be done concurrently to the overlapping L3

edges and can be achieved using available EXAFS analysis tools. In ref. [63], the

interface programs Athena and Artemis were used. In practice, correction of the

energy grid in k-space for the Ir EXAFS in the Pt L3 edge should be made. The

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

defined as ΔE0,Ir� (349þΔE0,Pt), where 349 eV is the difference between the

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

method since it accounts for a unique k¼ 0 reference point for the Ir EXAFS

extending beyond the Pt edge when the Pt edge EXAFS is transformed to k-
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space. The exact value to use (here 349 eV) will depend on the E0 values that are

used in the edge subtraction of the EXAFS spectra. The representative data and fits

in r-space are shown in Fig. 19.7. The signature of the Ir L3 EXAFS “leaking” into

the Pt L3 EXAFS is a low r feature in Fig. 19.7b.

19.8 Outlook and Future Developments

With the ongoing development of X-ray absorption spectroscopy techniques, the

opportunities for investigation of mechanisms of catalytic reactions employing

nanoscale metal catalysts are growing and new challenges, previously ignored or

overlooked, come to the surface. One such important challenge is the heterogeneity

of the NP ensembles that is evident even in samples with narrow size and compo-

sitional distributions and is a common property of real catalysts with large compo-

sitional gradients. That heterogeneity, when ignored, causes artifacts in data

analysis, as demonstrated above in the case of the compositional heterogeneity,

and is also shown by Yevick and Frenkel [109] for the case of the structural

heterogeneity due to surface relaxation in nm-scale clusters.

One possible solution is the single nanoparticle spectroscopy studies by XAS

methods [157]. Current and future capabilities of X-ray spectromicroscopy based

on coherence-limited imaging methods including nano-probe methods were

discussed by Hitchcock and Toney [158]. These methods will benefit from the

dramatic increase in brightness expected from a diffraction-limited storage ring.

The applicability of nano-probe methods for spectroscopy studies of single NPs was

illustrated by Y. Chu’s group. They studied the oxidation process of individual PtNi
NPs by a scanning multilayer Laue lens X-ray microscope and discovered the

transformation of alloyed PtNi (140 to 320 nm) to Pt/NiO core–shell and the further

Fig. 19.7 Comparison of the data and fit of the Ir-Pt NPs on γ-Al2O3 under a H2 atm measured at

215 K at the Ir L3 and Pt L3 absorption edges. Fourier transform magnitude of (a) the Ir L3 data and

fit, and (b) the Pt L3 data and fit with the contributions of the individual paths represented.

Reproduced with permission from ref. [63]
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coalescence under thermal oxidation [159]. The scanning was performed using

10 nm step size and 30 nm focal spot size at beamline 26ID of the Advanced Photon

Source at Argonne National Laboratory. This method is being developed for to the

hard X-ray nanoprobe (HXN) beamline of the National Synchrotron Light Source II

at BNL. Alternatively, photoemission electron microscopy was used for studying of

individual Co NPs with the size of 8 nm. Significant variations in the shapes of the

Co L2,3 edges of the X-ray absorption spectra between different cobalt NPs were

detected and attributed to different cobalt–oxygen interactions on a particle-by-

particle basis [160]. For these spectromicroscopic methods on the basis of

nanoprobe, the main challenge is to keep high flux while reducing the spot size.

More details on challenges and limitations of nano-probe methods for catalytic

investigations were addressed recently by Frenkel and van Bokhoven [157].

Studying nanocatalysts at the single-nanoparticle level and in operando mode

adds more challenges. For spectroscopic methods, the key is to increase particle

sensitivity and for electron microscopic methods it’s to enable realistic working

conditions. In most electron microscopy studies of catalysis, they were either

investigated in an ex-situ mode, i.e., catalysts were pretreated elsewhere under

controlled conditions of atmosphere, pressure and temperature, while measured

under high vacuum at low temperatures, or under simulated working conditions with

lower temperature and pressure compared to the real ones [46, 161, 162]. To bridge this

“pressure gap”, a new mode of operation is needed, where relevant (for structural

analysis) techniques can probe catalysts in the same reaction conditions. Recently,

Stach and Frenkel demonstrated the advantage of using such a micro-reactor, for

nanocatalysis studies at ambient temperature and pressure [104]. Basing on the idea of

combining electron microscopy with spectroscopic techniques by sharing the same

reactor to make sure samples/conditions under study are the same for all types of

techniques [163, 164], the group discovered the complex structural dynamics of

Pt/SiO2under ethylenehydrogenation conditions that occurs at broad length scale [104].

In conclusion, with the development of XAFS instrumentation and analysis

methods, the understanding of structure of nanoparticle catalysts is advanced

from qualitative pictures of the mid-70s to much more quantitative ones that are

capable to capture fine architectural and compositional details, and account for

interparticle and intraparticle heterogeneities. More achievements are expected in

the coming years, owing to the reduced beam sizes, improved energy and time

resolutions, and new developments in the combinations of XAFS with complemen-

tary imaging and scattering methods in operando conditions.

References

1. Gilbert B, Huang F, Zhang H et al (2004) Nanoparticles: strained and stiff. Science

305:651–654

2. Zobel M, Neder RB, Kimber SAJ (2015) Universal solvent restructuring induced by colloidal

nanoparticles. Science 347:292–294

3. Dreaden EC, Alkilany AM, Huang X et al (2012) The golden age: gold nanoparticles for

biomedicine. Chem Soc Rev 41:2740–2779

290 Y. Li and A.I. Frenkel



4. Xu B, Zhang ZC, Wang X (2014) Engineering nanointerfaces for nanocatalysis. Chem Soc

Rev 43:7870–7886

5. Sanchez SI, Menard LD, Bram A et al (2009) The emergence of nonbulk properties in

supported metal clusters: negative thermal expansion and atomic disorder in Pt nanoclusters

supported on γ-Al2O3. J Am Chem Soc 131:7040–7054

6. Mostafa S, Behafarid F, Croy JR et al (2010) Shape-dependent catalytic properties of Pt

nanoparticles. J Am Chem Soc 132:15714–15719

7. Crespo-Quesada M, Yarulin A, Jin M et al (2011) Structure sensitivity of alkynol hydroge-

nation on shape- and size-controlled palladium nanocrystals: which sites are most active and

selective? J Am Chem Soc 133:12787–12794

8. Jaramillo TF, Jørgensen KP, Bonde J et al (2007) Identification of active edge sites for

electrochemical H2 evolution from MoS2 nanocatalysts. Science 317:100–102

9. Yudanov IV, Sahnoun R, Neyman KM et al (2002) CO adsorption on Pd nanoparticles:

density functional and vibrational spectroscopy studies. J Phys Chem B 107:255–264

10. Walsh MJ, Yoshida K, Kuwabara A et al (2012) On the structural origin of the catalytic

properties of inherently strained ultrasmall decahedral gold nanoparticles. Nano Lett

12:2027–2031

11. Ruban A, Hammer B, Stoltze P et al (1997) Surface electronic structure and reactivity of

transition and noble metals. J Mol Catal A: Chem 115:421–429

12. Small MW, Kas JJ, Kvashnina KO et al (2014) Effects of adsorbate coverage and bond-length

disorder on the d-band center of carbon-supported Pt catalysts. ChemPhysChem

15:1569–1572

13. Norskov JK, Bligaard T, Rossmeisl J et al (2009) Towards the computational design of solid

catalysts. Nat Chem 1:37–46

14. Nørskov JK, Abild-Pedersen F, Studt F et al (2011) Density functional theory in surface

chemistry and catalysis. Proc Natl Acad Sci U S A 108:937–943

15. Stamenkovic VR, Mun BS, Arenz M et al (2007) Trends in electrocatalysis on extended and

nanoscale Pt-bimetallic alloy surfaces. Nat Mater 6:241–247

16. Huang WJ, Sun R, Tao J et al (2008) Coordination-dependent surface atomic contraction in

nanocrystals revealed by coherent diffraction. Nat Mater 7:308–313

17. Ouyang G, Zhu WG, Sun CQ et al (2010) Atomistic origin of lattice strain on stiffness of

nanoparticles. Phys Chem Chem Phys 12:1543–1549

18. Li L, Wang L-L, Johnson DD et al (2013) Noncrystalline-to-crystalline transformations in Pt

nanoparticles. J Am Chem Soc 135:13062–13072

19. Frenkel AI, Small MW, Smith JG et al (2013) An in situ study of bond strains in 1 nm Pt

catalysts and their sensitivities to cluster–support and cluster–adsorbate interactions. J Phys

Chem C 117:23286–23294

20. Vermaak JS, Mays CW, Kuhlmann D (1968) On surface stress and surface tension.I.

Theoretical considerations. Surf Sci 12:128–133

21. Frenkel AI, Nemzer S, Pister I et al (2005) Size-controlled synthesis and characterization of

thiol-stabilized gold nanoparticles. J Chem Phys 123:184701–184706

22. Roldan Cuenya B, Frenkel AI, Mostafa S et al (2010) Anomalous lattice dynamics and

thermal properties of supported size- and shape-selected Pt nanoparticles. Phys Rev B

82:155450

23. Sanchez SI, Small MW, J-M Z et al (2009) Structural characterization of Pt� Pd and Pd� Pt

core� shell nanoclusters at atomic resolution. J Am Chem Soc 131:8683–8689

24. Frenkel AI, Machavariani VS, Rubshtein A et al (2000) Local structure of disordered Au-Cu

and Au-Ag alloys. Phys Rev B 62:9364–9371

25. Frenkel AI, Stern EA, Voronel A et al (1996) Lattice strains in disordered mixed salts. Solid

State Commun 99:67–71

26. Kibler LA, El-Aziz AM, Hoyer R et al (2005) Tuning reaction rates by lateral strain in a

palladium monolayer. Angew Chem Int Ed 44:2080–2084

19 Metal Nanocatalysts 291



27. Kitchin JR, Nørskov JK, Barteau MA et al (2004) Role of strain and ligand effects in the

modification of the electronic and chemical properties of bimetallic surfaces. Phys Rev Lett

93:156801

28. Mavrikakis M, Hammer B, Nørskov JK (1998) Effect of strain on the reactivity of metal

surfaces. Phys Rev Lett 81:2819–2822

29. Sun CQ (2007) Size dependence of nanostructures: impact of bond order deficiency. Prog

Solid State Chem 35:1–159

30. Hammer B, Nørskov JK (2000) Theoretical surface science and catalysis—calculations and

concepts. In: Knozinger H, Gates BC (eds) Advances in catalysis. Academic, New York, pp

71–129

31. Kitchin JR, Nørskov JK, Barteau MA et al (2004) Modification of the surface electronic and

chemical properties of Pt(111) by subsurface 3d transition metals. J Chem Phys

120:10240–10246

32. Comotti M, Li W-C, Spliethoff B et al (2005) Support effect in high activity gold catalysts for

CO oxidation. J Am Chem Soc 128:917–924

33. Graoui H, Giorgio S, Enry CR (2001) Effect of the interface structure on the high-temperature

morphology of supported metal clusters. Philos Mag B 81:1649–1658

34. Campbell CT, Sharp JC, Yao YX et al (2011) Insights into catalysis by gold nanoparticles and

their support effects through surface science studies of model catalysts. Faraday Discuss

152:227–239

35. Campbell CT, Sellers JRV (2013) Anchored metal nanoparticles: effects of support and size

on their energy, sintering resistance and reactivity. Faraday Discuss 162:9–30

36. Xu R, Wang D, Zhang J et al (2006) Shape-dependent catalytic activity of silver

nanoparticles for the oxidation of styrene. Chem Asian J 1:888–893

37. Tian N, Zhou Z-Y, Sun S-G et al (2007) Synthesis of tetrahexahedral platinum nanocrystals

with high-index facets and high electro-oxidation activity. Science 316:732–735

38. Karim AM, Prasad V, Mpourmpakis G et al (2009) Correlating particle size and shape of

supported Ru/γ-Al2O3 catalysts with NH3 decomposition activity. J Am Chem Soc

131:12230–12239
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