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Structural characterization of bimetallic nanomaterials with overlapping x-ray absorption edges
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We describe a data analysis method for extended x-ray absorption fine structure spectroscopy suitable for use
with compounds of diverse form that contain overlapping absorption edges. This method employs direct
concurrent analysis of the data—demonstrated here for cases involving two interfering metal edges—and does
not utilize subtractive or data filtering strategies that have been previously used to address this challenge. Its
generality and precision are demonstrated in analyses made on two model nanoscale samples: (1) a Ir-Pt

nanoparticle system supported on y-Al,O5 and (2) a hybrid system of Pt nanowires on which Au nanoparticles
have been nucleated and grown at the nanowire tips, stacking faults, and twinning boundaries. The results
obtained demonstrate the unique compositional and structural qualities of these two systems as well as the
broader utility of the new x-ray absorption spectroscopy based protocol used to characterize them.
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I. INTRODUCTION

Nanomaterials are of considerable scientific and techno-
logical interest due to the nature of their nonbulklike optical,
electronic, magnetic, and chemical (especially catalytic)
properties.! An understanding of the dependence of these
properties on and the precise atomistic details of composition
and structure remains a critical challenge to progress in the
field.' In metallic systems, an added level of complexity is
often introduced by the inclusion of multiple elements whose
arrangements in turn can lead to complex alterations of the
nanomaterial properties.*> How such sensitivities can be en-
gineered by design (e.g., through the choice of metals, their
relative composition, and the method of preparation) contin-
ues to attract considerable attention in materials research.’”’
Advanced characterization techniques, especially those that
can be used to elucidate structure and discriminate details
about the local environments of individual atomic constitu-
ents, remain critical to the engineering of nanomaterials for
technological applications.*®

The current paper describes an advance in x-ray absorp-
tion spectroscopy (XAS), a powerful technique that provides
element specific information on the electronic and structural
properties of materials, applied to the characterization of two
nanocrystalline model structures. In XAS, structural infor-
mation (the coordination environment, bond distances, and
structural disorder) can all be determined from fitting analy-
sis of the extended x-ray absorption fine structure (EXAFS)
spectra.’!" In multicomponent systems, such as a binary al-
loy, measurements at the absorption edges of both elements
can provide rich information about homometallic and hetero-
metallic bonding and coordination environments.'>"'¢ These
analyses have been used to powerfully validate structural
models of the bimetallic nanoparticles with pure alloy, core-
shell, or layered character as specific examples.'>!7 Such
analyses are complicated and indeed can fail for systems in
which the component metals absorb x rays in the same spec-
tral range (i.e., their signals in the postabsorption edge re-
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gions overlap). This is a particularly significant problem for
metals that neighbor each other on the Periodic Table such as
Ir, Pt, and Au, whose L; absorption edges are at 11 215,
11 564, and 11 919 eV, respectively. In this case, the edges
are approximately 350 eV apart while the EXAFS oscilla-
tions in metals typically extend beyond 1000-1500 eV above
the absorption edge, indicating that there is a considerable
contribution from the EXAFS of the lower-energy element in
the spectrum of the higher-energy element. Unless these
overlapping contributions are disentangled, extracting struc-
tural information from the data via traditional data analysis
strategies is inherently precluded.'®!® Indeed, the proximity
of the absorption edges in such cases prevents high precision
analyses of structure for the lower-energy element, while the
overlap of their EXAFS signals more generally impedes use-
ful structural analyses for the higher-energy element.

The latter points are significant in that many multimetallic
systems of fundamental interest and technological impor-
tance will contain some measure of spectral overlap. A prime
example is in the area of heterogeneous catalysis where the
use of multimetallic supported nanoparticles containing
platinum group metals is ubiquitous. The modification of
monometallic supported nanoparticle catalysts with second-
ary metals is a common strategy for impacting catalyst ac-
tivity, selectivity, and stability.?>->3 For example, the addition
of Re or Ir to a Pt/ Al,O5 petroleum reforming catalyst sig-
nificantly enhances its catalytic activity, increases the octane
rating of the fuel product, and reduces deactivation of the
catalyst due to coking.?%-?+2>

In this paper we present a strategy for performing fitting
analyses of EXAFS data collected for bimetallic systems
containing elements with overlapping absorption edges. This
is accomplished by performing a first-nearest-neighbor
(INN) scattering path analysis in which the EXAFS data of
each of the metal absorption edges are fit simultaneously,
accounting for (1) the EXAFS of the lower-energy absorbing
atom (e.g., Ir in Ir-Pt) at energies below the higher-energy
(e.g., Pt in Ir-Pt) edge; (2) the continuation or “leakage” of
lower-energy edge EXAFS signal into the region above the
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higher-energy edge; and (3) the EXAFS at energies above
the higher-energy edge attributable to the higher-energy ab-
sorbing atom. Application of the method to two very differ-
ent model systems relevant to heterogeneous catalysis is pre-
sented in order to demonstrate its general applicability. These
are (a) compositionally monodispersed Ir-Pt bimetallic nano-
particles prepared from a molecular cluster precursor sup-
ported on y-Al,0; and (b) Pt nanowires decorated by Au
nanoparticles via a galvanic replacement reaction. We dem-
onstrate in this paper the high precision of the method. These
analyses provide unambiguous and self-consistent bases for
characterizing the structural motifs present in these two sys-
tems: (a) a core-shell structure for the Ir-Pt nanoparticles and
(b) discrete segregation of Au from Pt in the hybrid Pt-Au
system.

II. DECONVOLUTION OF THE OVERLAPPING X-RAY
ABSORPTION EDGES

The essence of the analysis strategy is demonstrated for
an arbitrary bimetallic composition even though, for illustra-
tion purpose only, we use notation Ir and Pt for its constitu-
ent elements. Data analysis is done by a simultaneous fit of
both Ir L; and Pt L; edges, which involve three contribu-
tions: (1) the Ir EXAFS in the Ir Ly edge before the Pt L;
edge; (2) the Ir EXAFS in the Pt L; edge; and (3) the Pt
EXAFS in the Pt Ly edge. Because (1) and (2) describe the
same coordination environments they are strictly constrained
mathematically. The analysis is done in R space and is lim-
ited to nearest-neighbor scattering paths, which are usually
well isolated from longer scattering paths in the Fourier
transforms of the EXAFS signal y(k), where k is the photo-
electron wave number. In this case, the EXAFS equations
that are simultaneously fit are
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where, indexed to the absorbing atom, Sﬁ is the passive elec-
tron reduction factor, N is the INN coordination number, R is
the INN distance, o” is the mean squared relative displace-
ment of R, 0¥ is the third cumulant of the effective radial
pair distribution function, \(k) is the photoelectron mean free
path, and f/(k) and &(k) are the photoelectron scattering
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amplitude and phase, respectively.” The factor A
=Auo 1/ Ao p, Where Apg and A p, are the changes in
the absorption at the edge steps, is necessary because the
extraction of y(k) includes a normalization to these edge
steps. Therefore it follows that, if the Ir L; and Pt L; edge
steps are different in magnitude, the difference in this scaling
factor between the Ir EXAFS in the Ir L; edge and the Ir
EXAFS in the Pt L; edge needs to be accounted for. The
nonlinear least-squares fitting of experimental data to Egs.
(1) and (2) should be done concurrently to the overlapping L;
edges and can be achieved using available EXAFS analysis
tools. For this work, the interface programs ATHENA and
ARTEMIS,?® which implement the FEFF6 and IFEFFIT codes,
were used.?”?

The final complication in the analysis is that the Pt EX-
AFS oscillations as extracted from the experimental absorp-
tion edge are described as a function of a single wave num-
ber, kp;, so the real functional dependence of the data in this
range on both kp, and ky,, which are referenced to different
threshold energies, needs to be accounted for.?® A standard
EXAFS analysis includes an empirical correction for the
photoelectron energy E,, to which the theoretical
k-dependent scattering functions are referenced. In this
analysis, the correction factors AEy 1, and AE, p, are varied as
usual for the Ir EXAFS in the Ir L; edge and the Pt EXAFS
in the Pt L5 edge, respectively. The correction to the thresh-
old energy (in eV) for the Ir EXAFS in the Pt L; edge is then
defined as AE, ,—(349+AE, p), where 349 eV is the differ-
ence between the empirical threshold energies, and its pur-
pose is to correct the energy grid in k space for the Ir EXAFS
in the Pt L3 edge. Such a large energy origin shift is neces-
sary in this method since it accounts for a unique k=0 refer-
ence point for the Ir EXAFS extending beyond the Pt edge
when the Pt edge EXAFS is transformed to k space. The
exact value to use (here 349 eV) will depend on the E val-
ues that are used in the edge subtraction of the EXAFS spec-
tra. The general rule of thumb that AE,;, and AE, p, should
be within the range of approximately =10 eV to indicate a
reasonable theoretical fit is still an appropriate guideline.

The end result of this analysis is one in which both the Ir
and Pt EXAFS data are analyzed over their full energy (or k)
ranges (with a small gap of ~1.5 A~! centered on the Pt L,
edge). The ability to carry out a direct fit of the Ir EXAFS
that overlaps the Pt L; edge significantly minimizes errors in
the Pt fitting results. These benefits are not similarly en-
dowed when other approaches are used to account for edge
overlap (see below). The S(z) values required for the analysis
are determined from appropriate bulk standards and A is a
constant determined from the absorption edge steps. As such,
a total of ten variables are used to generate the two-edge fit.
This value is well below the information limit of the data.

In the examples described below, the theoretical scattering
functions used in Egs. (1) and (2) were calculated by FEFF6
for bulk metals (fcc Pt, Ir, and Au) as well as bulk PtO, oxide
(for the Au-Pt system). All data were k*-weighted for the
fitting analysis. We note that, for the Ir-Pt sample, it is not
possible to fit the Ir-Ir, Ir-Pt, and Pt-Pt scattering paths inde-
pendently with high confidence due to the closely matched
lattice parameters and similar backscattering amplitudes and
phases of Pt and Ir. Thus, in this instance, the variables in-
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FIG. 1. Representative electron microscopy images of the two
model systems described in this work. (a) Annular dark field scan-
ning transmission electron microscopy image of 10 wt % Ir-Pt
nanoparticles deposited on y-Al,O5. (b) Transmission electron mi-
croscopy (TEM) image of Pt-Au nanowire-particle hybrids.

dexed to the Ir and Pt absorbers are ones characteristic of
scattering arising from both Pt and Ir neighbors. A similar
consideration also holds for the Pt-Pt, Pt-Au, and Au-Au
scattering paths for the data obtained from the Pt-Au sample.

III. EXAMPLES: Ir-Pt AND Au-Pt BIMETALLIC
SYSTEMS

As noted in Sec. I, the ability to accurately determine the
structure of bimetallic systems is particularly important in
the characterization of nanomaterials in order to understand
behavior that may differ from that observed in the bulk ma-
terials and that potentially impacts their physical and chemi-
cal properties. We investigate here two different bimetallic
nanoscale systems of interest as models of heterogeneous
catalysts. The first was a sample of Ir-Pt bimetallic nanopar-
ticles prepared on a high-surface-area y-Al,O5 support using
a bimetallic cluster precursor.’® Analytical electron micros-
copy revealed these supported nanoparticles to be highly
monodisperse  (1.7+0.5 nm) with a  composition
(53% *5% Tr) consistent with the stoichiometry of the clus-
ter precursor, Ir;Pt;(u-CO);(CO);(7-CsMes); [Fig. 1(a)].°
The second system was a sample of Pt nanowires decorated
with Au nanoparticles (“Pt-Au hybrid”) prepared by means
of a galvanic replacement reaction between Pt nanowires and
AuCl;. The latter reaction leads to the nucleation and growth
of Au nanoparticles localized along the ends and length of
the Pt nanowires. The procedures used to control the particle
growth in the Pt-Au hybrids are described in greater detail in
the literature.>! The resulting structures, short Pt nanowire
segments with an average cross-sectional diameter of
2.3+0.2 nm bearing Au nanoparticles with an average di-
ameter of 4.5+ 0.8 nm, are shown in Fig. 1(b).}!

In order to best demonstrate the feasibility and advantages
of the approach described in Sec. II we also analyzed the
EXAFS spectra for metallic Ir and Pt standards collected
from the isolated standards and then from the stacked stan-
dards. These results provide a high level of confidence in the
ability of this analysis method to be easily implemented in
the characterization of bimetallic nanomaterials and are pre-
sented first in Sec. IV below.
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X-ray absorption spectra were collected at beamline
33-BM at the Advanced Photon Source at Argonne National
Laboratory and at beamline X18B at the National Synchro-
tron Light Source at Brookhaven National Laboratory. For
measurements of the supported Ir-Pt nanoparticles (we used
pressurized powder pellets as specimens), spectra were col-
lected in transmission modes at the Ir Ly edge from 200 eV
below the edge to 310 eV above the edge and at the Pt 5
edge from 200 eV below the edge to 1200 eV above the
edge. The highest-energy values for the Ir L; and Pt L3 spec-
tra were limited by the onset of the Pt L; and Ir L, absorption
edges, respectively. Specimens of the Pt-Au hybrids were
prepared by drop casting a concentrated suspension of nano-
wires in chloroform onto Kapton tape, forming a uniform
film that was then mounted in the beam at a 45° angle to
allow simultaneous fluorescence and transmission measure-
ments. Energy ranges similar to those used for the Ir-Pt
sample were scanned for the Pt-Au sample, with energy lim-
its determined by the positions of the Pt and Au edges.

Measures were taken to reduce Ir-Pt nanoparticles and
prevent oxidation during the measurements by performing
the experiments under a 4% H, (balance He) atmosphere, as
described elsewhere; spectra were collected with the sample
cooled to 215 K.30 Spectra of the Pt-Au hybrid nanostruc-
tures were acquired under an ambient atmosphere at room
temperature. For both samples, multiple spectra were mea-
sured at each edge for signal averaging.

IV. RESULTS

In order to illustrate the effect of the overlap of Ir Lj
EXAFS with the Pt L5 absorption edge, a simple experiment
was performed in which the respective L; absorption edges
were measured for a Pt foil (4 wm) and an Ir bulk standard
of Ir black (i.e., finely divided metallic Ir) diluted with C
black, both of which exhibited an edge step close to uAx
=1. Data were collected from 200 eV below the respective
absorption edges up to 1500 eV above the edges. Then the
standards were stacked and the truncated Ir L; edge and the
Pt L; edge with overlapping Ir EXAFS were measured as
detailed in Sec. I

These data are shown in Fig. 2 in order to illustrate the
characteristics of the absorption edge overlap. Figure 2(a)
shows the normalized absorption spectra (L; edges) for the Ir
and Pt bulk metallic standards measured individually and in
the stacked configuration. The spectra are normalized to en-
sure that they overplot, facilitating a direct comparison. This
is necessary due to slight changes in the un-normalized spec-
tra between measurements resulting from changes in the
beam brightness, detector efficiencies, or slight differences in
the sample thickness as a result of repositioning the stan-
dards for each of the measurements. Because the edge steps
for both edges were close to uAx=1 the normalized data
provide an accurate representation of the magnitudes of the
EXAFS oscillations in both edges and the effects of edge
overlap. Specifically, it is evident from Fig. 2(a) that the
magnitude of the Ir Ly EXAFS is still significant at energies
above the Pt Ly absorption edge. This is also manifested in
the differences between the Pt Ly EXAFS spectra of the iso-
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FIG. 2. (Color online) Plots in energy space of the spectra col-
lected from the isolated metallic Ir and Pt standards compared to the
spectra collected from the stacked standards. (a) Normalized ab-

sorption spectra at the Ir and Pt L; edges. (b) Background-
subtracted Ir L3 spectra. (c) Background-subtracted Pt L3 spectra.

lated Pt metallic standard and the stacked standards. These
effects are more dramatically illustrated by subtraction of the
absorption edge backgrounds to yield the isolated EXAFS
oscillations, x(E); and x(E)p,, shown in Figs. 2(b) and 2(c),
respectively. This background subtraction was done with a
cubic spline fit to the absorption edge using the AUTOBK code
implemented in ATHENA with an Ry, value of 1.2 A. Ry is
a constraint on the spline fit that minimizes EXAFS contri-
butions in R space below this value (i.e., low-frequency
components).>> The x(E), spectra shown in Fig. 2(b) show
the overlap of the Ir EXAFS near the absorption edge and
also illustrate the large amount of high quality data that
would not be utilized if the portion of the Ir EXAFS that
overlaps with the Pt L; edge is not analyzed. The x(E)p
spectra shown in Fig. 2(c) illustrate the significant convolu-
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FIG. 3. (Color online) Comparison of the EXAFS spectra of a Pt
foil standard and the Pt foil stacked with an Ir black standard. The
spectra are plotted as the Fourier transform magnitudes of the
k2-weighted data, y(k), over the range k=2—18 A~!. The contribu-
tions from overlap of the Ir EXAFS with the Pt L; edge are indi-
cated by the arrows.

tion of the Pt Ly EXAFS due to the overlap of the Ir L;
EXAFS.

Figure 3 presents a further comparison of the Pt L; EX-
AFS spectra both with and without the Ir EXAFS overlap
contribution. These data are presented as the Fourier trans-
form magnitudes of the k>-weighted x(k) functions trans-
formed over the range k=2—18 A~! (Rye=1.2 A). The con-
tribution of the Ir EXAFS overlap is obvious and is
highlighted by the arrows in the figure. The contribution
from the first shell Ir scattering, which is marked by the two
leftmost arrows in the figure, appears deceptively similar to
the contribution from a low-atomic-number scatterer such as
oxygen or sulfur with a bond length shorter than the metal-
metal bonds. The contribution marked by the arrow on the
right of the figure is due to longer Ir scattering paths (single
and multiple scatterings) and again shows a marked shift to
lower R values. As the analysis is limited to a first shell fit,
this latter contribution can be ignored as it does not overlap
with the first shell and so does not affect the fits presented in
this paper.

The appearance of the Ir overlap contribution at low R
values in Fig. 3 can be readily explained as an effect of the
distortion of the Ir EXAFS oscillations when the Pt L; EX-
AFS spectrum is transformed from energy space to k space
using the Pt L; threshold energy. A shell of scatterers at a
distance R gives rise to EXAFS oscillations in k space that
follow a damped sine wave, whose period (to first order) is
inversely related to R. In energy space, however, the spacing
between successive oscillation extrema increases, and thus
the Ir EXAFS oscillations in the Pt edge will be character-
ized by relatively large period. If these oscillations are
treated as if they were part of the Pt EXAFS spectrum and
are converted to k space using the Pt L; threshold energy,
they will appear to arise from a shell of scatterers at an
internuclear distance that is much shorter than the actual dis-
tance. In other words, the lower-frequency character of the
Ir (k) function at the Pt edge is transformed as a low R
peak. Of importance to note here is that, whereas the phase
and period of the distorted Ir EXAFS may mimic a low-Z
scatterer, the amplitude behavior due to f%”(k) is very differ-
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TABLE 1. Fitting analysis results for metallic Ir and Pt standards collected individually (leftmost column of results) and in stacked
configuration (remaining columns of results) using various strategies. See text for details. Data ranges used for the fitting analyses are
provided in the table. All data were k*> weighted. All results are for spectra collected with the sample at room temperature.

Isolated Ir, Stacked Ir, Pt standards Pt only Pt only Ry,=1.2 Pt with Pt-O
Parameter Pt standards simultaneous two-edge fit Ir edge only Rye=2.3 restricted R range contribution
Ny, (defined) 12 12 12
S(Z),Ir 0.83+0.04 0.81+0.07 0.75*+0.15
AEyy (eV) 8.7+0.8 73*+1.6 73*+24
Ry (A) 2.707 = 0.005 2.70+0.01 2.70+0.04
0'12r (A2 0.0034 +0.0001 0.0034 = 0.0003 0.003 +0.002
agf ) (A3) 0.00002 = 0.00003 0.00001 = 0.00007 00.0007
Ir Ly k range (A™") 2.0-18.0 2.7-18.6 2.7-8.7
Ir Ly R range (A) 1.8-3.0 1.2-3.1 1.2-3.1
Np, (defined) 12 12 12 12 12
S(Z)’Pt 0.860.03 0.88+0.09 0.94=*0.21 0.85+0.21 0.83+0.31
AE p (eV) 8.5*+0.6 7.5+1.7 10.7£3.6 9.9+4.6 7.8+8.6
Rp, (A) 2.768 = 0.004 2.76%0.01 2.77%+0.03 2.77%0.04 2.76+0.07
0-123t (A?) 0.0049 +0.0001 0.0048 = 0.0004 0.0051+0.0008 0.0045=0.0009 0.004 +0.002
o{ft) (A3 0.00003 = 0.00003 0£0.0001 0£0.0002 0£0.0002 00.0005
Pt Ly k range (A1) 2.0-18.0 2.7-16.0 2.7-16.0 2.7-16.0 2.7-16.0
Pt L; R range (A) 1.8-3.0 1.2-3.0 2.3-3.0 2.3-3.0 1.2-3.0
A (defined) NA 0.959
Npeo 3322
Rpeo (A) 2.10+0.04
Op o (A?) 0+0.003
Independent points  11.8, 11.8 (Ir, Pt) 21.9 7.1 5.7 5.7 14.8
Variables 5,5 (Ir, Pt) 10 5 5 5 8
Reduced ¥* 459, 290 (Ir, Pt) 1183 916 3592 4586 38192
R factor 0.003, 0.002 (Ir, Pt) 0.002 0.002 0.0007 0.0008 0.05

ent. It is therefore possible to fit overlapping Ir EXAFS and
Pt-low-Z scattering contributions in uniform bimetallic sys-
tems when such scatterers are present in analytically viable
concentrations.”!!

The qualitative comparison of the EXAFS spectra mea-
sured for the bulk metallic Ir and Pt standards in isolated and
stacked configurations illustrates the difficulties posed by the
overlap of absorption edges. A fitting analysis of these spec-
tra using the method described in this paper demonstrates the
advantages of this analysis, quantitatively, over other strate-
gies that attempt to account for the absorption edge overlap.
The values for the structural parameters of the isolated me-
tallic standards determined from the fitting analysis of data
(k=2-18 A~") are presented in Table I. Immediately to the
right of these data in Table I are the results obtained from the
stacked standards using the simultaneous two-edge fitting
analysis described above. We note that fitting the overlapping
absorption edges measured from the stacked standards using
the method described in Sec. II yields identical values for the
fitting parameters as those obtained by fitting the absorption
spectra collected from the standards individually within the

uncertainties. A comparison of the theoretical fits to the mea-
sured spectra for the stacked standards is shown in Fig. 4 as
both the Fourier transform magnitude [R space; Figs. 4(a)
and 4(b)] and the real component of the inverse Fourier
transform taken over the fitting range in R space [Figs. 4(c)
and 4(d)]. The contributions from both the Pt-M (M =Ir or
Pt) and Ir-M scattering paths are shown in the Pt L; spectra
to convey the relative importance of these two contributions.
The inverse Fourier transform plots represent the phase and
amplitude of the individual paths used in the fit. The uncer-
tainties in the structural parameters obtained by fitting the
stacked standards are slightly greater than those obtained by
fitting the isolated standards as are the statistical figures of
merit of the fit quality (reduced x?, R factor). This is consis-
tent with the reduced range of data available for analysis and
to correlations between the Ir-M and Pt-M scattering contri-
butions that are introduced by the absorption edge overlap.
The advantages of this approach to edge deconvolution
and fitting analysis are best illustrated by comparing the re-
sults to those obtained using alternative strategies. Because
the Ir L5 absorption edge is the lowest-energy L edge of the
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FIG. 4. (Color online) Comparison of the data and fit of the
stacked Ir and Pt metallic standards. (a) Fourier transform magni-
tude of the Ir Ly data and fit (k=2.7-8.7 A~!, R=12-3.1 A, k?
weighted). (b) Fourier transform magnitude of the Pt L3 data and fit
(k=2.7-16.0 A~', R=1.2-3.0 A, k* weighted) with the contribu-
tions of the individual paths represented. (c) Real component of the
inverse Fourier transform of Ir L3 data and fit. (d) Real component
of the inverse Fourier transform of Pt L5 data, fit, and paths.

Ir and Pt constituents, it is spectrally “pure” with no compo-
nents from other absorption edges. However, fairly large un-
certainties are expected in a fitting analysis of the data trun-
cated at approximately k=8.7 A~! by the Pt L, edge. This is
indicated in Table I where a comparison of the simultaneous
two-edge analysis to the analysis that fits solely the Ir Lj
EXAFS demonstrates the advantages gained by increasing
the Ir Ly data range.

Two related strategies might be implemented in an at-
tempt to fit the Pt L; EXAFS without fitting the Ir-M EXAFS
by minimizing the contribution of this latter component. One
strategy is to use a large Ry, value in the background sub-
traction algorithm to minimize the low-frequency compo-
nents in the spectrum. This strategy was attempted for the
Pt Ly EXAFS collected from the stacked samples and a value
of Ry,=2.3 A was found to be optimal for reducing the
Ir-M contribution while not severely distorting the Pt-M con-
tribution. A range of Ry, values was attempted and both
smaller and larger values led to poorer fits as assessed by the
uncertainties in the structural parameters and by the statisti-
cal figures of merit. The results of this analysis are given in
Table I and a graphical comparison of the data and fit is
presented in Fig. 5(a). If the Ir-M contribution is not mini-
mized by the background subtraction, but instead the data are
analyzed over an R range that does not include the low-R
Ir-M EXAFS (essentially Fourier filtering the data) then
similar results are obtained. The difference between this lat-
ter strategy and the strategy employing a more aggressive
background subtraction is that there is no risk of distortions
to the Pt-M EXAFS when merely restricting the R range. A
comparison between the data and the fit obtained with this
strategy is shown in Fig. 5(b). While the values obtained by
these alternative methods are close to those determined using
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FIG. 5. (Color online) Comparison of the data and fits obtained
when attempting to fit the Pt-M scattering path by minimizing the
contribution of the Ir-M overlap. (a) Fourier transform magnitude of
the Pt L; data after removing the low-frequency components by
performing the background subtraction with a large Ry, value
(Roxg=2.3 A) and the resulting fit (k=2.7-160 A”', R
=2.3-3.0 A, k? weighted). (b) Fourier transform magnitude of the
Pt L5 data and fit performed by constraining the R range to filter out
the Ir-M overlap contribution (k=2.7-16.0 A~!, R=2.3-3.0 A, k2
weighted).

the simultaneous fitting strategy they are obviously of much
lesser quality and usefulness with regard to both accuracy
and precision.

One final test was employed in which the low-R contri-
bution was fit not with the Ir-M EXAFS but with a low-Z
scattering path, here Pt-O, to investigate chemical sensitivity
of this fitting approach when metal nanoparticles, prone to
oxidation, are studied. The resulting fit is compared to the
data in Fig. 6 and qualitatively appears to be a relatively poor
fit. Moreover, the structural parameter results and statistical
figures of merit shown in Table I are in agreement with this
assessment. The large Pt-O coordination number (Np.q
=3.3+2.2) is greater than that of the bulk oxide (Np.o
=2.0) and is highly correlated with the mean squared relative
displacement, o3, which has a best fit value of o
=0+0.003 A2 Additionally, the reported Pt-O half scatter-
ing path length (Rp.o=2.10=0.04 A) is approximately
0.10 A longer than typical Pt-O bonds in oxides.?* Clearly,
the data are inadequately fit by introducing a Pt-O scattering
path in this example. However, in situations where the Ir-M
EXAFS that overlaps with the Pt L; edge is of lower magni-
tude, the difference between the data and a fit using a Pt-O
path is expected to decrease and the amplitude parameters,
Npeo and op_, to assume more reasonable values. This
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FIG. 6. (Color online) Comparison of the data, fit, and path
contributions when attempting to fit the low-R portion of the spec-
trum with a Pt-O scattering contribution (k=2.7-16.0 A~', R
=1.2-3.0 A, k* weighted). (a) Fourier transform magnitude. (b)
Real component of the inverse Fourier transform.

leaves open the possibility of concluding the presence of an
erroneous oxide contribution (albeit one with a questionable
Pt-O bond distance) if the Ir-M EXAFS overlap is ignored in
the analysis of nanoalloys. This error should be easily
avoided when one considers a comparison of the phase and
amplitude of the Pt-O path in Fig. 6(b) with that of the Ir-M
overlap contribution in Fig. 4(d). These data clearly indicate
differences significant enough to differentiate the two contri-
butions, particularly with the information afforded by the
Ir L; absorption edge.

The above demonstration of the edge overlap deconvolu-
tion is necessary to validate the application of this EXAFS
analysis method to the characterization of bimetallic nano-
materials. Representative TEM images of the two nanoscale
samples investigated are shown in Fig. 1. It is evident that
these metallic structures are very different. The Ir-Pt system
contains particles of roughly the same size, whereas the
Au-Pt system contains a system of two different types of
objects: the nanowires (Pt rich) and nanoparticles (Au
rich).3! As verified by energy-dispersive spectroscopy analy-
sis, both systems are compositionally monodisperse and thus
suitable for EXAFS investigation.3%-3!

The sample of supported Ir-Pt nanoparticles on y-Al,O5 is
well suited for a demonstration of the multiedge fitting
analysis applied to the elucidation of nanomaterial structure.
The high concentration of nanoparticles and the 1:1 Ir-Pt
compositional ratio ensure high quality data at both absorp-
tion edges. Additionally, the narrow distributions of nanopar-
ticle size and elemental composition ensure that the EXAFS
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FIG. 7. (Color online) Comparison of the data and fit of the Ir-Pt
nanoparticles on y-Al,O3 under a H, atmosphere measured at 215
K at the Ir L3 and Pt L3 absorption edges. (a) Fourier transform
magnitude of the IrL; data and fit (k=2.7-8.6 A~', R
=1.2-3.1 A, k? weighted). (b) Fourier transform magnitude of the
Pt L; data and fit (k=2.7-17.2 A~', R=1.3-3.0 A, k* weighted)
with the contributions of the individual paths represented. (c)
k-space plot of Ir Ly data and fit. (d) k-space plot of Pt L data, fit,
and paths.

data are representative of an intraparticle structural motif and
not an ensemble average of disparate nanoparticle
populations.>* The Fourier transform magnitudes of the Ir L,
and Pt L; EXAFS spectra of the Ir-Pt/ y-Al,O5 nanoparticles
are shown in Figs. 7(a) and 7(b), along with the fits simulta-
neously performed at the two absorption edges. These data
and fitting results are also shown in k space in Figs. 7(c) and
7(d). The fitting analysis using the three contributions de-
scribed above is clearly of high quality, an assessment sup-
ported by the low relative uncertainties of the fit results and
the statistical parameters, which are provided in Table II. The
S% values used in the fits were those determined using Ir and
Pt bulk standards and were 0.83 and 0.86, respectively. The
edge normalization factor A was constrained to be 1.0, as
determined from the ratio of the Ir L; and Pt L; absorption
edges.

The Ir and Pt first shell coordination numbers (9.3 = 0.5
and 7.2 = 0.6, respectively) are less than the bulk fcc value of
12 owing to the small size of the nanoparticles and the rela-
tively large numbers of surface atoms with small coordina-
tion numbers. The most nontrivial result obtained using the
fitting analysis relates to the difference between these coor-
dination numbers. A homogeneous alloy would exhibit iden-
tical coordination environments for the Ir and Pt atoms in
clusters of this type. The differences in the coordination
numbers reflect the segregation of different atomic species to
the surfaces and cores of the particles, consistent in this case
with an Ir rich core surrounded by a Pt rich shell. The overall
coordination number is defined as the average coordination
numbers of the individual components in the bimetallic sys-
tem, weighted by their relative abundances. This value
(8.3£0.8) is in close agreement with the value estimated for
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TABLE II. Results of the fit to y(R) of the Ir and Pt L; EXAFS using FEFF and FEFFIT for the Ir-Pt
nanoparticles on y-Al,O3, accounting for the overlap of the Ir EXAFS with the Pt L3 absorption edge.

Ir parameters

Pt parameters

Ny 93+0.5 Np, 72+0.6
AEy, (eV) 5.7+0.7 AEp (eV) 73%13
Ry, (A) 2.687 +0.007 Rp, (A) 2.74+0.01
ot (A% 0.0047 = 0.0002 o5, (A?) 0.0057 = 0.0003
o (A3) 0+0.00005 o) (A3) 0.00008 + 0.00008
Ir Ly k range (A™") 2.7-8.6 Pt L; k range (A1) 2.7-172
Ir Ly R range (A) 1.2-3.1 Pt L; R range (A) 1.3-3.0
Independent points 22.3
Variables 10
Reduced x* 133
R factor 0.004

nanoparticles with an average diameter of 1.7 nm and a trun-
cated cuboctahedral geometry (N=8.2), a model consistent
with the electron microscopy results.>

It is also structurally significant that the values of the
mean squared relative displacements, o7, and o5, are about
two times larger than those observed in the bulk materials
at the same temperature  (0.0028 =0.0001  and
0.0037 +0.0001 A2 for Ir and Pt, respectively). This behav-
ior is generally observed in metal nanoparticles as the per-
centage of surface atoms increases, but the effect is espe-
cially large in the present case due to the fact that the
internuclear distance R is being used to fit scattering from
both homometallic and heterometallic neighbors.?>-¢ Finally,
the EXAFS analysis provides a measure of the effective first-
nearest-neighbor bond distances with precision on the order
of 0.01 A. The latter data show that both the R, and Rp
distances are contracted from the bulk values of Ir and Pt
(2.704 +0.005 and 2.764 +0.002 A, respectively, at 215 K).
Although bond relaxations of this magnitude are commonly
observed in metal nanoparticles due to their lower coordina-
tion environment,?3¢ we note that the expected Ir-Ir bond
length contraction should be even greater than that reported
by Ry, because this value is a weighted average of the rela-
tively shorter Ir-Ir bond distances and the relatively longer
Ir-Pt bond distances, contributions that we cannot differenti-
ate. Conversely, Rp._p, is expected to be greater than the mea-
sured Rp, due to the contribution of Ir neighbors to Rp, and
we cannot, strictly speaking, claim the contraction of Pt-Pt
distances relative to the Pt bulk, as we can in the case of the
Ir-Ir bond.

The Pt-Au hybrid sample provides a second—and in this
case a more challenging—test of the analysis method. The
signal is lower for this sample, particularly at the Au L; edge
due to the fact that Au is a minor elemental component in the
sample. The data also reveal that there is a non-negligible
contribution from Pt-O scattering (one arising because the
sample was measured in ambient atmosphere and was there-
fore partially oxidized). The theoretical fits are compared to
the experimental data collected at the Pt Ly and Au L; edges
in Fig. 8, with quantitative results summarized in Table III.

The Sé values used in the fits, which were those determined
from the Pt and Au foil standards, were 0.87 and 0.83, re-
spectively. The edge normalization factor, A, was 3.30, re-
flecting the higher relative Pt concentration present in this
sample. The difference between the empirical threshold en-
ergies for the Pt L; and Au L; absorption edges was 358 eV.

At the Pt L; edge, both the Pt-O and Pt-M (M =Pt or Au)
scattering paths were fit. At the Au L; edge, the Au-M and
Pt-M overlap contributions were analyzed. It was not neces-
sary to include an overlap contribution from the Pt-O scat-
tering in the Au L; edge analysis because the amplitude of

0.8+ 1.6

(@) — PtL; Datal (b) —— Au L, Data
—m- PtL, Fit —B- AuL, Fit
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FIG. 8. (Color online) Comparison of the data and fit of the
Pt-Au hybrid nanomaterial measured at room temperature and un-
der ambient atmosphere at the Pt L; and Au L; absorption edges.
(a) Fourier transform magnitude of the PtL; data and fit (k
=25-8.7 A™!, R=1.1-3.4 A, k* weighted) with the Pt-M and
Pt-O contributions plotted individually. (b) Fourier transform mag-
nitude of the Au Ly data and fit (k=2.0-14.5 A~!, R=1.1-3.2 A,
k> weighted) with the contributions of the individual paths repre-
sented. (c) k-space plot of Pt L5 data, fit, and paths. (d) k-space plot
of Au L; data, fit, and paths.
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TABLE III. Results of the fit to x(R) of the Pt and Au L; EXAFS using FEFF and FEFFIT for the Pt-Au

nanohybrid.
Pt parameters Au parameters
Np 8.0+0.3 Nau 9.8+2.1
AEyp (eV) 9.1+05 AEj A, (€V) 58+16
Rp, (A) 2.756 £0.006 Rau (A) 2.86+0.03
a5, (A?) 0.0058 = 0.0002 a%, (A?) 0.009 +0.002
o) (A3 0.00011 +0.00005 o) (A3 0+0.0003
Npeo 1.1£0.6
Rpeo (A) 1.93+0.05
Op o (A?) 0.02=0.01
Pt Ly k range (A™") 2.5-8.7 Au Ly k range (A™") 2.0-14.5
Pt L; R range (A) 1.1-3.4 Au Ly R range (A) 1.1-3.2
Independent points 259
Variables 13
Reduced x* 2.32
R factor 0.005

photoelectron scattering, f*/(k), from a low atomic number
neighbor is quite small at 358 eV beyond the absorption
edge, as shown in Fig. 8(c). Residual contributions, addition-
ally, would be shifted to a sufficiently low R value upon
Fourier transformation that it likely would be eliminated by
the background subtraction algorithms. These assertions
were verified independently by attempting to include a Pt-O
contribution in the Au EXAFS; in this case no impact on the
fit was found.

Consistent with the elemental segregation of the Pt-Au
hybrids revealed by analytical electron microscopy, the coor-
dination numbers determined from the EXAFS analysis dif-
fer for the two component metals. The Pt-M and Pt-O coor-
dination numbers of 8.0 0.3 and 1.1 = 0.6, respectively, are
consistent with Pt wires that are 2.3 nm in diameter and that
bear a surface oxide layer on the order of a monolayer in
thickness. The Au-M coordination number expected for an
approximately 4.5 nm Au cuboctahedral nanocrystallite is
10.6, a geometric estimate in agreement with the observed
experimental value of 9.8 +2.1.%

The Pt-Au sample exhibits Pt bond lengths that are con-
tracted relative to the value measured for the bulk standard at
the same temperature (2.772=+0.002 A). However, the Au
bond length in the Pt-Au hybrid is indistinguishable from the
bulk standard value (2.873 +0.003 A), a finding likely due
to the relatively large size of the Au nanoparticles as well as
the larger uncertainty in this parameter. The bond disorder in
the Pt-Au hybrid follows a trend that is consistent with the
above as evidenced by the mean squared relative displace-
ments. The Pt bonds show an increased disorder compared
to the bulk standard, whereas the Au bond disorder
is statistically indistinguishable from the bulk value
(0.0050+0.0001 A2 for Pt and 0.0080 = 0.0002 A2 for Au,
measured at 293 K). The fact that this increased disorder is
not as dramatic as that exhibited in the Ir-Pt nanoparticles
likely derives from the larger sizes of the Pt-Au nanohybrids

in this case and the more complete segregation of the com-
ponent metals (which minimizes the number of heterometal-
lic bonds contributing to the variance in bond lengths being
fit by a monometallic path).

V. DISCUSSION

The results presented above for the bimetallic nanomate-
rials are clearly consistent with a core-shell structure for the
Ir-Pt nanoparticles and a fully segregated structure for the
Pt-Au hybrid nanowires. These structural characterizations
were enabled by a new EXAFS analysis protocol that ac-
counts for the absorption edge overlap of the constituent
metals. The advantages of this two-edge simultaneous analy-
sis were demonstrated first by the analysis of spectra col-
lected from metallic standards in a stacked configuration.
Improvements in the fitting results were observed at both the
low- and high-energy absorption edges compared to strate-
gies that do not utilize all of the data available in a simulta-
neous fit. Until now, a large number of systems of fundamen-
tal and technological relevance have been difficult to study
by XAS owing to this overlap. The method reported here
includes some features originally adopted by Sinfelt ef al. in
1982 in a study of supported IrPt clusters.” In this early
work, the Pt L; EXAFS spectrum was fit with the Pt EXAFS
function and the Ir L; overlap contribution by correctly ac-
counting for the relationship between the wave vectors asso-
ciated with the two absorption edges [the role accomplished
by the threshold energy correction AE,,—(349 eV+AE,p)
in the analysis described above]. However, the Ir Ly edge
was not used in the analysis which amounts to throwing out
the highest quality Ir EXAFS data. The information extracted
from the EXAFS spectra in this case was limited to the bond
lengths, and the best fit was determined by systematically
varying one parameter (Ry,), letting the other parameters be
determined by the fitting analysis, and then selecting the Ry,
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and Rp, values that corresponded to the lowest fitting error
for physical interpretation. This method may or may not
identify the global minimum of the multidimensional fitting
space. These simplifications notwithstanding the work pro-
vided an insightful treatment of the problem of edge overlap.
Since that time, other reports have described the treatment
of edge overlap in a number of systems including IrPt,%’
PtAu,’® WPt,* PbBi,'#404! and RePt.!” The ways in which
the overlap has been addressed include (1) measuring EX-
AFS at the lower-energy edge only;!'*37 (2) fitting the lower-
energy EXAFS and then subtracting the extrapolated fit from
the second absorption edge;** (3) analyzing higher-energy
edges (L, and L,);'%% or (4) trying to exclude the overlap
contribution from the fitting range (filtering in R space).’4!
Limiting measurements to a single edge, particularly if the
energy range is truncated, misses an opportunity for more
detailed (and analytically precise) structural characterizations
obtained from probing both metal coordination environ-
ments. Subtracting the extrapolated EXAFS from the first
edge at least accounts for overlap but it throws away useful
data which can be analyzed. Additionally, subtractive meth-
ods are likely to preclude the ability to quantify correlations
between the parameters of the subtracted data and the re-
sidual data. The higher-energy L, and L, edges may not over-
lap with other edges but they are lower in intensity and their
signal quality is less than that at the L; edge. Fitting around
an overlap contribution has the detracting consequence that it
will increase uncertainties in the fit results (as illustrated in
Table I). Perhaps the most pressing unknown issue is the
number of studies for which EXAFS may have been deemed
unsuitable due to the closeness of the L edge energies.
There have been demonstrations of the use of element
specific fluorescence detection to attenuate the problem of
edge overlap, for example, using a logarithmic spiral of revo-
lution or a bent Laue analyzer to detect only the fluorescence
line of the element of interest.*>* These analyzers, however,
are not generally applicable over a wide range of energies
and thus elements of interest, suffer from lower efficiencies
than ion chamber transmission or fluorescence (with Z-1 or
Z-2 filters and Soller slits) detection, and require constrained
detector and beam geometries.*>*? Reports of analyses made
to date using these detectors remain limited. Diffraction
anomalous fine structure has been demonstrated as an el-
egant method of edge separation but its application for this
purpose is limited to systems with crystalline order, requires
that the different atomic species reside at different crystallo-
graphic sites, and is intensive in terms of data processing.*’

PHYSICAL REVIEW B 80, 064111 (2009)

The first two requirements severely restrict its use in the
characterization of nanomaterials, which often lack long-
range order. In contrast to the above, the method described in
the present paper uses available analysis packages to analyze
data collected using standard equipment available at any EX-
AFS beamline.

VI. CONCLUSIONS

A method is described to characterize bimetallic nanoma-
terials by analysis of EXAFS collected from overlapping ab-
sorption edges. The validity of this method is illustrated by
the analysis of spectra collected from bulk metallic stan-
dards. Its particular utility to the characterization of nanoma-
terials is then demonstrated with two well-characterized
samples: the first, a system of Ir-Pt nanoparticles supported
on y-Al,O3, which are revealed to have a Ir-rich core sur-
rounded by a Pt-rich shell with marked strain relative to the
bulk metals and, the second, a Pt-Au wire-particle hybrid
nanomaterial, providing a more challenging application of
the method due to the low concentration of Au (both absolute
and relative to Pt) and the presence of a Pt-O scattering con-
tribution. The structural model that emerges for this second
sample is one of segregated Au nanoparticles and Pt nano-
wires with a surface oxide layer. The multiedge simultaneous
fitting analysis is broadly applicable to any combination of
overlapping absorption edges and utilizes the full informa-
tion content of the spectroscopy (with only a small gap at the
higher-energy edge of ~1.5 A~'). It is also easily imple-
mented using currently available and widely used analysis
packages.
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