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Abstract

In catalysis since reactions occur on the surface of nano-
particles (NP), it is essential to determine the composition
of this structure, rather than that of the nanoparticles, since
the two may be, and often are, different. Conventional
techniques including X-ray absorption spectroscopy
(XAS) and X-ray diffraction (XRD) are powerful tech-
niques, but these data reflect the average composition of
the entire particle. In this chapter, we introduce the method
of EXAFS analysis, which isolates the surface atoms of
nanoparticles based on its sensitivity to chemical reac-
tions, specifically surface oxidation. As shown in our
case studies, if the surface of a Pt-based nanoparticle is
contacted by air at room temperature, the surface will
selectively oxidize, resulting in the loss of Pt-Pt and
Pt-M bonds to the formation of Pt-O bonds. The difference
between the completely reduced and surface-oxidized
nanoparticle allows for the isolation of signal from the
catalytic surface. Although these examples highlight Pt
alloys, similar analysis is also possible for other group
8 and IB bimetallic catalysts.
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30.1 Introduction

The identification of the geometric and electronic structures
of heterogeneous catalysts and their evolution under realistic
reaction conditions is essential for developing structure-
function relations that motivates catalyst development. With
the availability of a new generation of synchrotron radiation
facilities, scientists are now able to characterize catalytic
nanomaterials under working conditions with control of spe-
cific reaction conditions (e.g., temperature, pressure, reactor
configuration, and chemical feedstock). In particular, X-ray
absorption spectroscopy (XAS) has been extensively used by
the catalysis community to identify the oxidation state and
geometric arrangement of atoms. This has further been
enabled through the development of fast scan modes, allo-
wing for the capture of information about key reaction inter-
mediates and mechanistic steps in the catalytic cycle [1–5].
Many elements of interest in catalytic materials have absorp-
tion edges in the hard X-ray regime. This allows for a variety
of in situ and in operando sample environments since hard
X-rays can penetrate cell windows, gas or liquid reactants,
support materials, etc. Hence, one can make measurements
under realistic reaction conditions and detect all atoms of
interest in the sample. While XAS measures every atom,
which is important for understanding the nanoparticle struc-
ture, chemical reactions occur at the surface of heterogeneous
catalysts, where the structure of the active sites may differ
from the average composition [6–14]. A precise understand-
ing of the surface structure in alloy nanoparticles, therefore, is
critical for relating the active site structure to catalytic
performance.

There are many excellent books and reviews on the theory
and practice of XAS [15–24], and in this chapter, we will not
introduce the basic principles but, instead, present a method
for determination of the surface composition and structure in
alloy nanoparticle and show its potential with three examples.
In the first, the average nanoparticle composition of two Pt-Cr
alloy catalysts is similar, but their catalytic performance is
not, and this difference is related to the surface composition.
The second is an example of PtCo alloys in which the surface
structure is the same but the structure of the nanoparticle
interior changes with varying metal loading. The third exam-
ple describes the formation of bimetallic Pt-V catalysts with
differing composition and average structure. While the cata-
lytic surface structure and reaction performance are identical,
to assess the changes in the energy of the valence orbitals
responsible for catalysis, for example, by resonant inelastic
X-ray scattering (RIXS), requires that the surface and bulk
nanostructures are identical since the latter method is not
surface-sensitive.

30.2 Surface XAS of Alloy Metal Nanoparticle
Catalysts: Basic Approach

In monometallic Pt nanoparticle catalysts, CO or H2 chemi-
sorption is often used to determine the number of surface
atoms, i.e., the dispersion. Alternatively, the catalytic surface
can be selectively oxidized by O2 at room temperature, and
the dispersion can be determined by re-reduction of the
oxidized surface by H2 titration. For many (reduced) nano-
particle catalysts, especially for noble metals, ambient oxida-
tion leads to selective oxidation of the (monolayer) catalytic
surface. The surface EXAFS method takes advantage of this
selective oxidation. In the fully reduced nanoparticle, all
atoms are reduced, while, in the oxidized nanoparticle, the
surface atoms are oxidized, but the interior atoms remain
reduced. For surface EXAFS analysis, the spectra of both
the reduced and oxidized catalyst are determined. Subtraction
of the oxidized from the reduced EXAFS gives a difference
spectrum that allows for determination of the surface struc-
ture. See references [6, 9, 10, 25], and for more details on the
procedure for this analysis. Since the interior atoms in both
the reduced and oxidized nanoparticle are unchanged, these
interior atoms subtract and are not present in the difference
spectrum leaving only EXAFS from surface atoms. Specifi-
cally, there are fewer metallic atoms in the oxidized sample,
while oxidation also leads to new M-O bonds. The difference
spectrum (reduced – oxidized) has metal-metal scattering
with phases identical to those in the reduced catalyst, while
the M-O bonds are π-radians out of phase (due to the sub-
traction process) from a normal scattering pair [6, 9, 10, 25].
As will be demonstrated in the examples, this method works
well when the fraction of surface atoms is large enough to get
a reliable EXAFS in the difference spectrum, for example,
nanoparticle less than about 5 nm in size where there are
greater than about 20% surface atoms. For nanoparticle larger
than about 8 nm, the error in the difference EXAFS fit
becomes larger due to the small CNs, although qualitative
characterization is still possible. The potential of the surface
EXAFS technique will be demonstrated in the following
three examples.

30.3 Case Study 1: Incomplete Formation of a
Pt3Cr Surface Alloy

Pt-Cr bimetallic catalysts show promising performance for
propane dehydrogenation with propylene selectivity higher
than 95% compared to monometallic Pt nanoparticles [10].
2%Pt/SiO2 (denoted 2Pt), 2%Pt-1%Cr/SiO2 (denoted
2Pt-1Cr), and 2%Pt-3%Cr/SiO2 (denoted 2Pt-3Cr) were
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prepared by incipient wetness impregnation, and all catalysts
had a similar particle size of about 2 nm measured by scan-
ning transmission electron microscopy (STEM). Detailed
structural characterization and catalytic performance have
been previously reported [10]. Therefore, only a brief sum-
mary will be given here to demonstrate why it is necessary to
determine the surface structure and how this can be deter-
mined using the surface EXAFS analysis. The propane dehy-
drogenation selectivity of 2Pt shows lower propylene
selectivity (75%) than 2Pt-1Cr (95%) and 2Pt-3Cr (98%) at
~15% conversion. Additionally, the selectivity of 2Pt and
2Pt-1Cr decreases with increasing propane conversion,
while that of 2Pt-3Cr remains little changed at all conver-
sions, Fig. 30.1.

The crystalline phases (long-range order) and coordina-
tion environment (local structure) of 2Pt and 2Pt-3Cr were
determined using in situ X-ray diffraction (XRD) and XAS,
respectively. The XRD pattern of 2Pt-3Cr after reduction at
800 �C showed that the bimetallic phase was a Pt3Cr inter-
metallic alloy. Under these conditions, the XAS indicated that
a Pt has about 8 Pt neighbors and 4 Cr neighbors, with a Pt-Cr
to Pt-Pt coordination number ratio (CNPt-Cr:Pt-Pt) of 0.5, con-
sistent with the Pt3Cr phase (Cu3Au structure type). How-
ever, when 2Pt-3Cr was reduced at 550 �C under the
conditions of the catalytic reaction, XRD indicates that both
Pt and Pt3Cr phases were present. The XAS was also consis-
tent with a Pt-rich morphology with the CNPt-Cr:Pt-Pt ratio of
about 0.25. For 2Pt-1Cr reduced at 550 �C, the XRD pattern
and EXAFS CNPt-Cr:Pt-Pt ratio and bond distances were nearly
identical to that of 2Pt-3Cr indicating that both catalysts have

very similar average structures (Fig. 30.2). The catalytic
performances, however, suggest some difference in the sur-
face compositions.

As discussed above, the XAS difference spectrum of the
reduced minus oxidized catalyst, depicted in Fig. 30.3, pro-
vides surface-sensitive structural information for the two
Pt-Cr catalysts. Figure 30.4a shows the two Fourier transform
of the k2-weighted EXAFS spectra (reduced and oxidized)
for 2Pt-3Cr. Upon room temperature oxidation, there is a
small loss of surface Pt-Pt and Pt-Cr bonds and the formation
of Pt-O bonds. Cr-O bonds formed from the oxidation of
surface chromium in the alloy are not observed at the Pt edge
due to the element specificity of XAS. While the oxidized
spectrum could be fit directly to determine the core compo-
sition, the small changes and overlapping features make
quantification of these changes in coordination numbers and
bond distances less accurate for determination of the surface
composition. By subtracting the oxidized from reduced
EXAFS spectrum, Fig. 30.4b, changes in the two catalysts
are more readily resolved and can be more accurately fit,
Table 30.1.

The Pt-Cr to Pt-Pt coordination numbers, bond distances,
and CNPt-Cr:Pt-Pt ratio can be used to determine the Cr incor-
poration into these nanoparticles for the fully reduced
alloy, metallic core (in the oxidized nanoparticle), and
surface monolayer (from the difference EXAFS),
Table 30.2. In the average EXAFS fit of 2Pt-3Cr, i.e., the
reduced catalyst, the coordination ratio, CNPt-Cr:Pt-Pt, was
0.30, while that of the surface EXAFS is near 0.5. The latter
is consistent with a stoichiometric Pt3Cr intermetallic alloy
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Fig. 30.1 Propylene selectivity as a function of propane dehydrogena-
tion conversion at 550 �C, 2.5% C3H8 and 2.5% H2 (balanced with N2)
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Fig. 30.2 EXAFS of Pt-Cr bimetallic nanoparticles containing 1 wt%
and 3 wt% Cr after reduction at 550 �C in 3.5% H2
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surface. The bond distances of the surface EXAFS are also
consistent with the Pt3Cr intermetallic alloy. The oxidized
EXAS fit also represents the structure of the non-surface
atoms in the nanoparticle, i.e., the nanoparticle core.
Although the surface is a Pt3Cr phase, the interior is much
more Pt-rich than the surface. The analysis of the surface and
particle interior also suggests that Cr alloy formation during
synthesis starts at the surface of a reduced Pt nanoparticle
with metallic Cr atoms diffusing to the nanoparticle interior.

A similar difference surface EXAFS analysis of the
reduced and oxidized 2Pt-1Cr shows that the surface CNPt-

Cr:Pt-Pt ratio is 0.40 compared to 0.56 for the 2Pt-3Cr catalyst.
In other words, the surface of 2Pt-1Cr is Pt-rich suggesting
incomplete formation of a surface Pt3Cr monolayer
(Table 30.2), which leads to lower catalytic selectivity. By
identifying the surface structures and compositions, small
changes in the catalytic performance can be explained. For
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Fig. 30.3 Approach for
difference analysis, where
reduced Pt-Cr nanoparticles are
subsequently oxidized and the
EXAFS (chi) data is subtracted to
isolate the surface atoms [10]
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Fig. 30.4 The k2-weighted Fourier transform of chi of 2Pt-3Cr after reduction at 550 �C; (a) the reduced, oxidized, and (b) difference EXAFS

Table 30.2 The CNPt-Cr/CNPt-Pt ratios of 2Pt-1Cr and 2Pt-3Cr catalysts

Sample

CNPt-Cr/CNPt-Pt ratio

Catalyst structureAverage Interior Surface

2Pt-1Cr 0.28 0.25 0.40

2Pt-3Cr 0.30 0.22 0.56

Table 30.1 Difference EXAFS fits for 2Pt-1Cr and 2Pt-3Cr

Catalyst Scattering pair CN R (Å)

2Pt-1Cr Pt-Pt 1.5 2.75

Pt-Cr 0.6 2.71

Pt-O 0.4 2.05

2Pt-3Cr Pt-Pt 0.9 2.73

Pt-Cr 0.5 2.73

Pt-O 0.3 2.05
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these two catalysts, the 2Pt-3Cr had a full monolayer Pt3Cr
intermetallic alloy composition, while the surface of the
2Pt-1Cr was an incomplete monolayer; see schematic in
Table 30.2. For the 2Pt-1Cr catalyst, even reduction at higher
temperatures did not lead to a complete surface alloy
monolayer [10].

30.4 Case Study 2: Identification
of the Evolution of the Core-Shell
Structures

In this example, using the difference surface EXAFS analy-
sis, we show that the average Pt-Co NP composition changes
with increasing Co loading, while the surface composition
remains similar [9]. The average EXAFS of bimetallic Pt-Co
nanoparticles containing 2 wt% Pt with 0.6 (2Pt-0.6Co),
1 (2Pt-1Co), 2 (2Pt-2Co), and 4 wt% Co (2Pt-4Co) is com-
pared to a monometallic Pt nanoparticle (3Pt). The k2-
weighted magnitude of the Fourier transform (FT) at the Pt
L3 edge shows different shapes between the four bimetallic
particles and Pt (Fig. 30.5 and Table 30.3). The shape of the

EXAFS spectrum of 2Pt-0.6Co particles is distorted com-
pared to monometallic Pt. The EXAFS fitting results suggest
7.8 Pt-Pt bonds at 2.73 Å and 2.5 Pt-Co bonds at 2.56 Å. The
larger Pt-Pt coordination number is consistent with Pt-rich
nanoparticles. As the nominal Co content increases, the num-
ber of Pt-Pt bonds decreases, and the number of Pt-Co bonds
increases. For instance, 2Pt-1Co has 4.5 Pt-Pt bonds at
2.73 Å and 2.2 Pt-Co bonds at 2.56 Å (Table 30.3). The
Pt-Co to Pt-Pt coordination number ratio (CNPt-Co:Pt-Pt) is
about 0.5, which matches the Pt3Co phase. This structure
was also confirmed by in situ synchrotron XRD. In
2Pt-2Co, the number of Pt-Pt bonds decreases to 3.0, and
the number of Pt-Co bonds increases to 2.9, i.e., a CNPt-Co:Pt-

Pt of about 1.0, or about an equal number of Pt-Pt and Pt-Co
bonds. With a further increase in Co, in 2Pt-4Co, the CNPt-Co:

Pt-Pt ratio was approximately 2.0. Thus, with increasing Co
loading, the average nanoparticle composition changes from
Pt-rich to Co-rich from low to high loading, respectively.

Since these nanoparticles are small (1–2 nm), there is a
sufficiently large fraction of surface atoms, and the difference
EXAFS analysis can be performed to identify the surface
composition. Upon oxidation, there are loss of surface Pt-Pt
and Pt-Co metallic bonds. The remaining metallic bonds in
the spectra (Pt-Co and Pt-Pt), therefore, are due to metallic
atoms from the nanoparticle interior, i.e., the nanoparticle
core. From the difference EXAFS, it is possible to evaluate
whether the composition is homogeneous throughout the
particle or if the surface and particle interior have different
compositions. In addition, the ratio of Pt-Co to Pt-Pt neigh-
bors can be useful to identify the ordered surface structure or,
at least, rule out other compositions and structures.

The reduced, oxidized, and difference spectra of 2Pt-1Co
are shown in Fig. 30.6. In Fig. 30.6a, the large peaks (solid
line between about 2–3 Å) of the reduced catalysts represent
both Pt-Pt and Pt-Co bonds. The red spectrum in Fig. 30.6a
shows the oxidized spectrum with loss of metallic neighbors
and addition of a Pt-O peak at about 1.5 Å (phase uncorrected
distance). In these bimetallic Pt-Co catalysts, since the frac-
tion of surface atoms is high, there is a significant Pt-O peak,
which can be fit. In the difference spectrum, any atoms that
are unchanged are not present in the difference spectrum.
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Fig. 30.5 Comparison of EXAFS magnitudes of Pt and Pt-Co catalysts

Table 30.3 Summary of EXAFS analysis for the reduced bimetallic and monometallic Pt and Co samples

Sample Scattering pair Bond length (Å) CN CNPt-Co:Pt-Pt Phase

3Pt Pt-Pt 2.75 9.3 0 Pt

2Pt-0.6Co Pt-Pt 2.73 7.8 0.32 Pt þ Pt3Co

Pt-Co 2.56 2.5

2Pt-1Co Pt-Pt 2.73 4.5 0.49 Pt3Co

Pt-Co 2.56 2.2

2Pt-2Co Pt-Pt 2.73 3.0 0.97 Pt3Co þ PtCo

Pt-Co 2.56 2.9

2Pt-4Co Pt-Pt 2.73 2.5 2.08 Pt3Co þ PtCo

Pt-Co 2.56 5.2
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Thus, the Pt-Pt, Pt-Co, and Pt-O are more easily resolved and
fit in the difference EXAFS spectrum (Fig. 30.6b). The fits
for the difference EXAFS are shown in Table 30.4.

An unexpected result in Table 30.4 is that the CNPt-Co:Pt-Pt

is near 0.5 for all catalysts, despite the clear difference in their
average and core compositions. This suggests that all cata-
lysts likely have the same surface structure, i.e., Pt3Co (struc-
ture type AuCu3) with different core compositions from
Pt-rich to Pt3Co to PtCo.

As also shown in Fig. 30.6, the difference EXAFS gives a
Pt-O scattering peak, which can be related to the number of
surface Pt atoms in the alloy. For alloy nanoparticles, the
STEM particle size gives the fraction of surface atoms, but
not the number of catalytic surface atoms. In addition, as in
the case of Pt-Co alloys, since both Pt and Co may adsorb
standard adsorbates like H2 and CO, the Pt and Co disper-
sions are not possible to determine. However, the Pt

dispersion can be estimated from the Pt-O coordination num-
ber. For example, Pt(II) compounds have CNs of 4, thus the
Pt dispersion is the ratio of Pt-O CN/4 in the difference
spectrum. The accuracy of the Pt-O coordination number is
more accurate in the difference EXAFS than in the partially
oxidized sample, since there is less overlap of the Pt-O and
metallic Pt scatters; see Figs. 30.4b and 30.6b, for example.
This energy specificity of the surface Pt-O allows for deter-
mination of the number of catalytic sites for determination of
the turnover rates and identification of the active site, for
example, Pt or Co [9].

30.5 Case Study 3: Identification of Bimetallic
Alloy Compositions Suitable
for Determination of Electronic Changes
by XANES or RIXS Spectroscopy

While the surface alloy composition and structure are impor-
tant, there are also important electronic changes in the energy
of the catalytic, i.e., surface, valence orbitals, which control
the metal-reactant bond energies, surface coverage, and per-
formance. For the row 5 catalytic elements, e.g., Pt, the L2

and L3 edge XANES measure the energy of the unfilled 5d
orbitals, while resonant inelastic X-ray scattering (RIXS)
allows for determination of the energy of the filled 5d
orbitals. Both XANES and RIXS measure all atoms in the
sample and, thus, are not surface-sensitive. The absorption
and emission processes for RIXS are shown in Fig. 30.7
[26–30]. It is the energy of the filled 5d orbitals of the
surface-active atoms that is responsible for the catalytic per-
formance. As shown in the case studies above, the composi-
tion of bimetallic catalysts is often not uniform, and the
surface can have a different composition from that of the
average nanoparticle. Since hard X-rays sample all atoms in
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Fig. 30.6 FT magnitude of the EXAFS for 2Pt-1Co at the Pt L3 edge

Table 30.4 Fitting results for the difference spectra (reduced minus
oxidized catalyst) at the Pt L3 edge

Sample Bond Bond length (Å) CN CNPt-Co:Pt-Pt

3Pt Pt-O 2.05 0.9 –

Pt-Pt 2.77 2.5 –

2Pt-0.6Co Pt-O 2.05 0.2 –

Pt-Pt 2.73 0.6 0.5

Pt-Co 2.56 0.3

2Pt-1Co Pt-O 2.05 0.9 –

Pt-Pt 2.73 2.1 0.5

Pt-Co 2.56 1.0

2Pt-2Co Pt-O 2.05 0.9 –

Pt-Pt 2.73 2.4 0.5

Pt-Co 2.56 1.2

2Pt-4Co Pt-O 2.05 0.7 –

Pt-Pt 2.73 1.9 0.5

Pt-Co 2.56 0.9
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the catalyst, in order to accurately determine the energy shifts
due to catalytic surface, one must measure the XANES, and
RIXS, on catalysts where the nanoparticle and surface com-
positions are identical, i.e., a fully alloyed nanoparticle with
the same surface and interior structure. The following exam-
ple shows two Pt-V bimetallic alkane dehydrogenation cata-
lysts with similar catalytic selectivity and rates but differ in
their structure. Determination of the nanoparticle and surface
structures allows for identification of the catalyst in which all
atoms have identical geometry and electronic properties allo-
wing for accurate determination of the changes in energy of
the Pt valence orbitals due to alloy formation with V [25].

A 3%Pt/SiO2 catalyst (denoted 3Pt) and two Pt-V/SiO2

catalysts with different Pt loadings, 2%Pt-5%V/SiO2

(2Pt-5V) and 5%Pt-5% V/SiO2 (5Pt-5V), were synthesized,
and full characterization of the structures and catalytic per-
formance have been previously reported [25]. Thus, only a

brief summary is given. All three catalysts had metal particle
sizes of approximately 2.5 nm. Both Pt-V catalysts had
propylene selectivity above 95% at 20% propane conversion
and comparable propylene turnover rates of 0.3 � 0.1 s�1.
The bimetallic structure of the catalyst was verified using in
situ EXAS, Fig. 30.8. The 3Pt catalyst showed scattering
from Pt neighbors, with three characteristic peaks between
2 and 3 Å. The ratio of the three peaks in the 2Pt-5V catalyst
is modified due to Pt-V scattering. First shell fits of the two
spectra are given in Table 30.5. The coordination number
ratio of Pt-V to Pt-Pt (CNPt-V:Pt-Pt) for 5Pt-5V was 0.31, while
the ratio for 2Pt-5V was 0.47, demonstrating that 5Pt-5V was
Pt-rich compared to 2Pt-5V. The coordination number ratio
of Pt3V intermetallic alloy is 0.5, suggesting that the 2Pt-5V
nanoparticles are a full alloy, while those in 5Pt-5V are a
phase mixture, i.e., Pt þ Pt3V.

The nanoparticle surface compositions of 2Pt-5V and
5Pt-5V were determined using the difference EXAFS spectra
(reduced – oxidized) and are shown in Fig. 30.9, and fits are
given in Table 30.6. Both spectra show Pt-O scattering
between 1 and 2 Å from the surface oxidation process and
Pt-Pt and Pt-V scattering between 2 and 3 Å. Fitting the
difference spectra and taking the ratio of CNPt-V to CNPt-Pt

gave a ratio close to 0.5 for both catalysts, which is consistent
with their similar catalytic performance and suggests a Pt3V
surface structure. While the surface and bulk ratio for 2Pt-5V
were similar, suggesting a pure-phase Pt3V nanoparticle, the

hv 26s 6s
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Fig. 30.7 RIXS spectroscopy:
excitation of the 2p electron to the
empty 5d orbitals (XANES
absorption spectra) and decay to
the core hole from the filled 5d
state (emission spectrum). The
difference in energy of the
absorbed (Ω) and emitted (ω)
photon gives the energy difference
between filled and unfilled 5d
valence orbitals
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Fig. 30.8 R-space EXAFS magnitude (solid lines) and imaginary
components (dashed lines) for 2Pt-5V/SiO2 and 3Pt/SiO2 collected
after reduction in hydrogen at 550 �C

Table 30.5 XANES energies and EXAFS fitting results for 3Pt and
two Pt-V catalysts reduced at 550 �C

Sample Edge energy (keV) Scattering pair CN R (Å)

3Pt 11.5640 Pt-Pt 8.8 2.74

5Pt-5V 11.5642 Pt-Pt 6.5 2.73

Pt-V 2.0 2.71

2Pt-5V 11.5644 Pt-Pt 6.2 2.72

Pt-V 2.9 2.72
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bulk coordination ratio of 5Pt-5V was lower than that of the
surface suggesting a structure with a Pt-rich core and a Pt3V
shell consistent with the in situ synchrotron XRD.

Consistent with changes in average coordination geometry
in the bimetallic Pt-V catalyst, the XANES spectra and edge
energies shift slightly to higher energy with increasing V
content in the nanoparticles suggesting changes in the energy
of the unfilled Pt 5d orbitals; see Fig. 30.10 and Table 30.5.
For the 5Pt-5Vand 2Pt-5V bimetallic catalysts, there is a shift
to higher energy, 11.5642 and 11.5644 keV, respectively,
compared to Pt (11.5640 keV); however, edge energy of
5Pt-5V is the average of atoms in the NP, Pt3V þ Pt, rather
than the catalytic surface, i.e., Pt3V. Only in the 2Pt-5V is the
surface composition and structure the same as the NP. Thus,
the true shift in the energy of the empty Pt 5d orbitals
between Pt and Pt3V phases is an increase of 0.4 eV. Thus,
to obtain accurate determination of the electronic properties
of the catalytic surface, i.e., the Pt3V phase, one not only has
to determine the nanoparticle composition but also confirm
that the surface and bulk structures are the same.

Since the average and surface EXAFS of 2Pt-5V indicate a
full Pt3V intermetallic alloy, the RIXS spectrum was obtained
and compared to that of Pt, Fig. 30.11. The energy transfer is
the difference in energy between the absorbed (XANES) and

emitted photons. When the energy transfer is combined with
the XANES energy, the energy of the filled 5d orbitals, which
are responsible for adsorbate bonding and surface chemistry,
can be determined. For Pt, the energy transfer value is 2.7 eV.
For Pt3V, the energy transfer value is larger, 3.5 eV. The
energy separation between the filled and unfilled states in
Pt3V is 0.8 eV larger than Pt, which can be separated into a
0.4 eV increase in the energy of the unfilled states and a
0.4 eV decrease in the energy of the filled 5d states relative
to Pt. These values in Pt 5d orbital energies reflect the true
nature of the electronic changes due to the Pt3V alloy and,
thus, are comparable with density functional theory (DFT)
calculations and essential for understanding of the catalytic
properties [25].

30.6 Summary

Bimetallic nanoparticles often have complex morphologies
where the average and surface structures differ significantly.
In the examples highlighted in this chapter, a method is
presented which allows for determination of the surface
structure even though hard X-rays sample all atoms in the
nanoparticle. The difference EXAFS approach relies on the
selective oxidation of surface atoms. While these examples
were for Pt alloys, the method is not limited to noble metals.
For example, the surface atoms of Cu(0) nanoparticles can be
selectively oxidized to Cu(I) forming a surface Cu2O layer.
The quantity of Cu(I) sites generated during N2O oxidation
could be used to estimate the number of active Cu(0) surface
sites [31]. Since in the Cu2O surface layer each Cu(I) site is
surrounded by two oxygen atoms, the increase of the Cu-O
coordination number could also be used to determine the
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Fig. 30.9 Pt EXAFS difference spectra for 2Pt-5V (a) and 5Pt-5V (b) and difference spectra fit

Table 30.6 EXAFS fit for Pt-V difference spectra

Sample Scattering pair CN R (Å) CNPt-V/CNPt-Pt ratio

5Pt-5V Pt-O 0.6 2.03 0.58

Pt-Pt 1.2 2.74

Pt-V 0.7 2.74

2Pt-5V Pt-O 0.5 2.05 0.66

Pt-Pt 0.9 2.70

Pt-V 0.6 2.72
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surface composition of Cu catalysts. For particle sizes of less
than about 5 nm, there is a sufficient fraction of surface atoms
to provide accurate surface analysis. For example, in the
study of the bimetallic Pt-V catalysts [25], there are small
differences in XRD patterns of Pt and Pt3V, which makes
identification of the intermetallic alloy structure or solid
solutions difficult, especially for small nanoparticles where
the peaks are small and broad and can overlap. The surface

EXAFS coordination ratio can also be useful for elimination
of several possible alloy structures, for example, that are
inconsistent with the fits. In addition, comparison of the NP
and surface EXAFS can also rule out the formation of solid
solutions. For the latter, the surface and average composition
are the same, while for intermetallic alloys core-shell struc-
ture are common, i.e., regions of different composition [25].
Finally after elimination of these structures, the NP (for
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Fig. 30.10 (a) In situ Pt L3 edge XANES of 3Pt/SiO2, 2Pt-5V/SiO2, and 5Pt-5V/SiO2; (b) zoomed-in region of the XANES spectra. Spectra were
collected at room temperature in He after reduction at 550 �C in 3.5% H2
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2Pt-5V) and surface CN ratios (and XRD) were consistent
with formation of the Pt3V intermetallic alloy.

While these examples focused on differences in surface
and average structures resulting from different compositions,
this method is equally applicable to changes in the surface
composition under reaction including changes due to the
reacting gases, deactivation, or poisoning. The basis of this
technique relies on changes in the surface structure during a
chemical reaction. Here the reaction was surface oxidation
but could also be applied to changes in the catalyst under
reaction conditions. For example, deactivation may lead to
M-C surface bonds, sintering, or surface reconstruction. For
coke formation one would expect to determine new M-C
scatting peaks, which could be fit to determine the CN, i.e.,
C/Msurface and M-C bond distance. Sintering would lead to
increases in the average NP CN, while the surface CN would
decrease. Finally, surface reconstruction would lead to
changes in surface composition, and the difference EXAFS
before and after reaction would show which Ms have lower
and higher surface concentrations after reaction. The full
potential of the method is to determine these changes in the
surface during reaction, deactivation, etc.
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