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Solving local structure around dopants in metal
nanoparticles with ab initio modeling of X-ray
absorption near edge structure

Janis Timoshenko,*a Atal Shivhare,b Robert W. J. Scott,b Deyu Luc and
Anatoly I. Frenkel*a

We adopted ab initio X-ray absorption near edge structure (XANES) modeling for structural refinement

of local environments around metal impurities in a large variety of materials. Our method enables both

direct modeling, where the candidate structures are known, and the inverse modeling, where the

unknown structural motifs are deciphered from the experimental spectra. We present also estimates of

systematic errors, and their influence on the stability and accuracy of the obtained results. We illustrate

our approach by revealing the evolution of local environment of palladium atoms in palladium-doped

gold thiolate clusters upon chemical and thermal treatments.

1 Introduction

During the last decades X-ray absorption spectroscopy (XAS)
appeared to be an invaluable tool for structural studies,1–3 with
many applications in chemistry.4,5 XAS is a chemically sensitive
method and allows one to probe the local environment around
selected type of atoms. The particular advantage of XAS method
is its applicability to a broad range of materials, including
crystalline, disordered, liquid and nanostructured materials,
and it allows one to investigate concentrated as well as very
diluted samples.2,3 Another important advantage of XAS approach
is its applicability to time-resolved studies6 due to the short
time-scale (10�15–10�16 s) of the photoabsorption process,3 and
also its applicability to in situ and operando studies4 due to high-
penetration depth of X-rays that allows one to investigate samples
in complex environments, such as reaction chambers,5,7 and in
extreme conditions.8–10 Therefore XAS is a premier method for
studying catalytic mechanisms, because of its excellent ability to
probe the evolution of structure and electronic state of catalysts
in the course of chemical reactions.

While extended X-ray absorption fine structure (EXAFS) is
commonly used for solving the unknown local structure around
X-ray absorbing species, its quantitative power is severely
limited by heterogeneity of the sample, where the absorbing

species are present in different chemical environments. In the
cases typical for chemical transformations where X-ray resonant
atoms often coexist in reduced and oxidized states and/or in
multiple crystalline forms, the acquired EXAFS data correspond
to an ensemble average of contributions of these species, and
their separate quantitative analyses are extremely difficult.11

Another typical limitation of EXAFS analysis in the case of
nanoscale systems are large effects of the bond length disorder
and reduction in coordination numbers that reduce amplitudes
of EXAFS oscillations and lower the signal-to-noise ratio. These
factors decrease the structural sensitivity of EXAFS technique to
more distant coordination shells and thus limit its ability to
characterize the three-dimensional geometry of the atomic
arrangement in nanoscale systems, when their dimensions
are in the range of ca. 2 nm or less. Finally, another limitation
of EXAFS in the case of nanomaterials is the strongly asym-
metric bond length disorder, which is typical for metal particles
of that size.12–16 Asymmetric bond length distributions are
responsible for the known artifacts in EXAFS analysis and result
in underestimation of coordination numbers and bond length
variances, further lowering the efficiency of EXAFS for structural
and dynamic characterization of nanocatalysts.14–16

Another part of XAS, X-ray absorption near edge structure
(XANES) spectroscopy, is an attractive complement or alterna-
tive to EXAFS analysis, and mostly does not suffer from the
deficiencies outlined above. XANES is less sensitive to disorder
effects, and XANES data of a good quality can be acquired at
harsher reaction conditions and with better time resolution
than most EXAFS data.17 While XANES part of X-ray absorption
spectrum is most sensitive to the local electronic structure,
determined mostly by the valence state of the absorbing atom
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and the local point group symmetry of the absorbing site,18

recent findings (both experimental and theoretical) suggest
that more complex information on the geometrical arrangement
of atoms around the absorbing atom can be recovered from
the analysis of XANES features17,19–23 and, hence, can provide
possibilities for a robust, XANES-based refinement of materials
structure.

While XANES modeling has not yet achieved the same
quantitative capability in structural refinement as is in the case
of EXAFS analysis, the progress in XANES theory during the last
decades was remarkable.18,22,24 Direct fitting of XANES spectra
to obtain values of structure parameters currently is provided
by such codes as MXAN25,26 and FITIT,27,28 which are able to
provide promising results for simple systems, such as small
organometallic molecules. The applicability of these approaches
is, nevertheless, currently limited to well-defined, homogeneous
materials with a few degrees of freedom. Similarly as EXAFS
data fitting, these XANES fitting approaches are not useful for
the analysis of heterogeneous systems.

On the other hand, for quantitative XANES studies of hetero-
geneous mixtures there is a number of well-known linear algebra-
based tools available. Most widely used approaches are linear
combination analysis (LCA),29 principal component analysis
(PCA)30–33 and multivariate curve resolution with alternating
least squares (MCR-ALS) fitting.34–37

LCA method requires the knowledge of the XANES spectra
of ‘‘standard’’ materials, because such spectra are linearly
combined in this method to represent the data of the unknown
material. Knowledge of XANES spectra of reference materials is
required also for PCA and MCR-ALS analysis to correlate the
signal components, yielded by these methods, with physical
structure models. For many cases synthesis of such reference
samples can be challenging, or even impossible. For instance,
experimental XANES spectrum measured from the dopants in a
metal nanoparticle is a mixture of spectra, each corresponding
to a dopant located at a particular site in the nanoparticle (e.g.,
on the surface or in the core). Synthesizing the corresponding
experimental standards for each dopant location is an almost
impossible, and surely not practical task, hence, a conventional
LCA or PCA analysis aimed at their speciation is not a feasible
approach.

Our alternative approach is based on the replacement of the
experimental XANES standards by the results of ab initio XANES
simulations. In order to replace experimental standards by
theoretical ones, we should investigate first the systematic
errors in theoretical calculations and their effects on the
structural refinement. We use simple models of binary and
ternary mixtures of experimental spectra in model compounds
and their theoretical XANES spectra to solve the speciation
problem, and compare the results with the known mixing fractions
of species. We demonstrate that LCA fit employing theoretically
calculated standards provides a reasonable accuracy for the
determination of weights of different contributions, as expected.

As the next step, we complement the information from
ab initio XANES modeling with the information available from
experimental data to reduce the influence of systematic error

and to improve the accuracy of the analysis. For this purpose we
tested an alternative approach to XANES analysis, based on the
blind signal separation (BSS),38,39 guided by the information
from ab initio XANES simulations. Using this combined procedure,
we demonstrate that even without experimental XANES data
for reference materials one can estimate the ratio of different
components in multiphase material or the ratio of different
non-equivalent sites with accuracy in their mixing fractions
better than 10%.

Finally, we apply this method to analyze the placement of Pd
dopants in gold thiolate clusters and to investigate the structural
evolution of these systems upon chemical and thermal treatments.
For this purpose we chose the monodispersed Au25(SC8H9)18

clusters doped with Pd, a potentially promising catalyst due to
the possibility to tailor its electronic properties by changing the
type of dopant atoms and their location within the cluster.40–43

2 Samples and experimental data

Experimental data for this work were acquired previously and
the details on synthesis and experiments are available in the
literature.44 We will briefly describe the synthesis and treatment
of the gold thiolate clusters because of their special role as an
illustration of our structural refinement procedure.

Synthesis of highly monodispersed Au25(SC8H9)18 clusters,
where one of the gold atoms is replaced by Pd atom, is
described in ref. 45 and 44. Here we just emphasize that the
process has been carried out in two steps. First, Au25(SC8H9)18

clusters without Pd were synthesized. Secondly, solution of
thiol-protected gold clusters was reacted with 0.5 equiv. or
6.0 equiv. of Pd acetate, and stirred overnight. Formation of
PdxAu25 clusters was evidenced by UV-vis spectroscopy and
TEM measurements (see ref. 44 for details). Note that this
approach to synthesis of bimetallic clusters differs from the
more conventional co-reduction method.42,46,47

For catalytic applications48 activation of the synthesized
clusters can be accomplished by removing the thiols from
clusters surface via chemical or thermal treatments. Therefore,
in addition to the analysis of as-prepared samples, in this study we
use Pd K-edge XANES analysis to investigate changes in Pd-doped
Au25 clusters upon two different treatments. In the first case
(thermal treatment), samples were calcinated at 250 1C for
90 minutes in air, and then treated for 90 minutes in H2 atmosphere.
In the second case (chemical treatment), 0.1 mL of 2.0 M LiBH4 in
THF were added to the 100 mg of as-prepared sample, suspended in
hexane, and then sample was washed and dried.

In addition, in this study to test the proposed method for
XANES data analysis, we also used Pd K-edge XANES for three
bulk compounds: Pd foil, palladium oxide PdO in powder form
and palladium sulphide PdS in powder form. XAS measurements
for these standard compounds were also carried out in
transmission mode.

Processing of raw synchrotron XAS data (aligning, merging,
background subtraction and edge-step normalization) was
carried out using Athena software.49
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3 Ab initio XANES calculations

In this study all Pd K-edge XANES calculations were performed
with FEFF (version 9.6.4)50 self-consistent code within full multiple
scattering (FMS) approach and muffin-tin (MT) approximation.
The calculation parameters were chosen to reproduce as well as
possible the Pd K-edge XANES for Pd foil (face-centered cubic (fcc)
structure). For all cases we perform XANES simulations for
material equilibrium structure, known from diffraction experiments,
i.e., the influence of thermal disorder is not accounted for in our
calculations.

We have found out that a reasonable agreement between
experiment and theory can be obtained with complex exchange–
correlation Hedin–Lundqvist potential and with conventional fully-
screened core-hole model. Default values of MT radii were used, as
provided within FEFF code. We also have found out that for bulk
materials the obtained results are not very sensitive to the value of
chosen FMS cluster size RFMS, and the main features are reproduced
with RFMS = 5.0 Å. No significant changes in the shape of spectra
are observed for RFMS 4 7.0 Å, and therefore we used this value
for all further calculations for bulk materials. For nanoclusters,
RFMS was chosen at a large enough value so that the whole cluster
is included in the FMS calculations. No broadening, except due to
the core-hole, was included in XANES calculations. The calculated
absorption spectra ~m(E) were shifted in energy by DE to align the
energy scale used in FEFF calculations with the energy scale of
experimental data. The value of DE = 23.8 eV was chosen as the one
that gave the best agreement between experimental and calculated
Pd K-edge XANES for Pd foil, and was fixed for all further
calculations. After the alignment, the theoretical spectra spanned
energies from Emin = 24 347 eV to Emax = 24 429 eV. Spectra were
calculated on a non-uniform grid with step size of 0.1 eV for data
points near absorption edge. Step size increased linearly with
energy, and reached 1.7 eV at E = Emax. The presence of hydrogen
atoms in the Au25 structure was ignored in our calculations.

4 Quantitative analysis of XANES data
4.1 Linear component analysis for model data

We start with calculations for common Pd-containing bulk
materials with known structures. We have performed ab initio
XANES modeling for (i) palladium metal with fcc structure, (ii)
palladium oxide PdO with tetragonal structure51 and (iii) palla-
dium sulphide PdS with tetragonal structure.52

Comparison of experimental and calculated spectra and also
comparison of their first derivatives, which can highlight the
subtle features near the absorption edge, are shown in Fig. 1.
Note that the overall agreement between theory and simulations
is good for all three considered materials. In the extended
energy range (in this case with E larger than ca. 24 390 eV) the
influence of disorder effects starts to play an important role.

To estimate the accuracy of the LCA approach, we construct
several model spectra as linear combinations of experimental
data for the reference compounds, described above:

m(E) = wPdmPd(E) + wPdOmPdO(E) + wPdSmPdS(E), (1)

where mi(E) are normalized experimental XANES spectra for
Pd foil, PdO and PdS, and wi are the corresponding weights
of given contribution to the total spectrum. We require that
0 r wi r 1 and

P
i

wi ¼ 1. Some of the constructed model

spectra are shown in Fig. 2.
Next, we fit these model data using linear combinations of

theoretical signals:

~m(E) = w̃Pd~mPd(E) + w̃PdO~mPdO(E) + w̃PdS~mPdS(E), (2)

where ~mi(E) are calculated XANES spectra for Pd foil, PdO and PdS,
and coefficients w̃i are obtained using least-square fitting. Best-fitted
curves ~m(E) are shown as red dashed lines in Fig. 2. We can then
characterize the error of the reconstruction by quantity D defined as:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

~wi � wið Þ2
r

: (3)

The obtained values of parameter D as a function of the
weights wi, used to construct the model spectra, are shown in

Fig. 1 Pd K-edge XANES spectra for bulk reference materials: palladium
foil, PdO and PdS. Experimental data (normalized XANES spectra and their
derivatives) are compared with the results of FEFF calculations. Green
dashed lines show the corresponding theoretical spectra, obtained using
BSS-like procedure, as discussed in Section 4.2.
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Table 1 and plotted in Fig. 3. In many cases, especially when the
mixing ratios of all three components are close, this approach
is able to reconstruct the original weights quite accurately.
However, when the weight of one of the components is reduced
and its contribution to the total spectrum gets comparable
with the statistical error of XANES simulations, estimated
w̃i can differ from the true values of weights wi significantly.
The D values are increasing in this case and can reach the
values as high as 0.35, when contribution of metallic Pd to the
total spectrum is dominating. The average D value, obtained in
this study of model data, is about 0.15.

4.2 Simulation-guided blind signal separation

To improve the accuracy of XANES analysis using theoretically
calculated reference spectra, we propose the following scheme,
which is applicable when experimental data for several samples
with different compositions (different sets of weights w) are
available.

Let us denote the XANES spectra of n reference materials as
sj (E), j = 1,. . .,n. The available k experimental XANES spectra
mi(E), i = 1,. . .,k then can be expressed as:

miðEÞ ¼
Xn
j¼1

wijsjðEÞ; (4)

where neither the coefficients wij nor the reference spectra sj are
known. This set of equations can be rewritten in matrix form as
M = WS, where M is a vector consisting of the measured spectra,
S is a vector consisting of the unknown standard (or reference)
spectra and W is matrix, formed by coefficients wij.

The problem of finding matrices W and S is called blind
signal separation (BSS) problem.38,39,53 It is solvable only if
some additional constraints are imposed on the elements of
W and S. PCA can be considered one of the examples of the
BSS methods, where we constrain S elements to be mutually
orthogonal.30,38 Another approach, often used for BSS problems,
is individual component analysis (ICA), where, in turn, we require
S elements to be statistically independent.39 Finally, the non-
negative matrix factorization38,53 (NNMF) requires all elements of
matrices W and S to be non-negative. Obviously, the problem that

Fig. 2 Model XANES spectra, obtained as linear combination of experi-
mental Pd, PdO and PdS XANES data, and their fits using linear combina-
tions of standards that are obtained in FEFF calculations and in BSS-like
procedure.

Table 1 Results of LCA fits of model spectra: estimations of weights for
Pd, PdO and PdS contributions, obtained using (i) standards that are
directly calculated by FEFF and (ii) standards that are obtained in BSS-like
procedure. True values of corresponding contribution to the total model
spectrum are also given for comparison

wPd wPdO wPdS D

True value 0.70 0.20 0.10 —
FEFF 0.55 0.18 0.27 0.23
BSS 0.61 0.19 0.20 0.14

True value 0.10 0.70 0.20 —
FEFF 0.12 0.67 0.21 0.04
BSS 0.09 0.71 0.19 0.02

True value 0.20 0.10 0.70 —
FEFF 0.28 0.06 0.65 0.10
BSS 0.29 0.07 0.64 0.11

True value 0.33 0.33 0.34 —
FEFF 0.31 0.30 0.38 0.05
BSS 0.33 0.32 0.35 0.01

Fig. 3 LCA fit errors D as a function of the true values of Pd and PdS
weights in the total model spectrum. Results obtained with standards that
are directly calculated by FEFF (left panel) and with standards that are
obtained in BSS-like procedure (right panel) are compared.
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we want to solve in XANES analysis is closely related to the
problems, treated by NNMF approach. Note also that BSS and
NNMF approaches are similar to MCR-ALS method, used for
interpretation of spectroscopic data.34–36,54

Unfortunately, the non-negativity of matrices W and S does
not guarantee uniqueness of solution. Therefore some other
constraints are required in NNMF approaches.53 In our case as
such an additional constraint we propose to use the information
obtained in ab initio XANES simulations.

We construct a demixing matrix V, so that estimation S̃ of
reference spectra can be obtained as S̃ = VM. We request that
BSS estimators of reference spectra s̃i should be as close as
possible to the corresponding spectra sFEFF

i , calculated by FEFF
code, i.e., the Euclidean distances between s̃i and sFEFF

i should
be as low as possible. Since the matrix V inverts matrix W, we
can construct V as

V = (W̃TW̃)�1W̃T, (5)

Here W̃ is k � n matrix, consisting of variables w̃ij. We obtain
the values of w̃ij using optimization procedure, which should
minimize JVM � SFEFFJ (the Euclidean distance between BSS
prediction and results of FEFF calculations), requesting additionally

that for all i and j corresponding w̃ij Z 0 and
Pn
j¼1

wij ¼ 1. To solve

this non-linear optimization problem, we apply Nelder–Mead
method.55 Such direct fitting approach is feasible if the total
number of reference spectra is small. The obtained estimations
of reference spectra s̃i(E) then can be used in LCA fitting instead
of sFEFF

i (E).
Obviously, the total number of experimental spectra for mi(E)

for this BSS-like procedure should be at least equal to the
number of reference spectra si(E). Larger sets of experimental
spectra can be used to reduce the influence of experimental
noise in the data and to stabilize the procedure numerically.

To validate the proposed approach, we applied it to the model
data, constructed as linear combinations of experimental Pd
K-edge XANES spectra for Pd foil, PdO and PdS bulk materials.
As input for our BSS-like procedure, we used 3 model spectra,
shown in Fig. 2. As a result, we obtained estimators for Pd, PdO
and PdS spectra that are compared with the experimental XANES
spectra for these materials in Fig. 1. As one can see from Fig. 1,
the results of our BSS-like procedure (green lines) are significantly
closer to the true experimental XANES data (black lines and
circles) for these reference materials than the direct results of
FEFF simulations (red lines).

We used the obtained estimators for reference spectra to
perform linear combination fitting of model data, constructed
with different weights for Pd, PdO and PdS contributions. Note
that the same reference spectra estimators were used for each
of the fits. The errors of the analysis, characterized by para-
meter D, are shown in Table 1 and are plotted in the right panel
of Fig. 3. As one can see from this figure, the errors, obtained
using BSS estimators, are smaller, i.e., the obtained results are
more reliable than the ones, obtained using FEFF data directly
(left panel of Fig. 3). Especially pronounced improvement is

observed in the cases, when contributions of some of the
components in the mixture are comparable with the systematic
errors of FEFF simulations. Note that the maximal value of D is
reduced from 0.35 to 0.24 in this case.

5 XANES analysis for palladium-doped
gold thiolate clusters

In this Section we apply the proposed method to the interpretation
of Pd K-edge XANES spectra for palladium-doped gold thiolate
clusters. Experimental Pd K-edge XAS data for this material are
shown in Fig. 4 and 5.

Single crystal diffraction data47,56,57 and theoretical simulations43

suggest that Au25 clusters with and without Pd doping have a
structure, schematically shown in the inset in Fig. 5. Pure gold
clusters consist of icosahedral Au13 core, to which 6 –S–Au–S–
Au–S– motifs, so called ‘‘staples’’, are attached.44 When one of
the gold atoms is replaced by Pd, it can be located in one of the
three non-equivalent positions: in the core, at the surface or
within the staple motif.

Theoretical simulations43 show that the cluster with Pd in
the core is the most stable configuration. And, indeed, EXAFS
studies, Mössbauer spectroscopy and single crystal diffraction
studies suggest that for samples, prepared via conventional
co-reduction method, Pd is most likely located in the cluster
core.47,56 However, recent EXAFS study of PdAu25 clusters,
synthesized via post-synthetic treatment of gold clusters,

Fig. 4 Experimental Pd K-edge XAS spectra for samples, obtained in a
reaction of thiolated Au25 clusters and 6.0 equiv. of Pd acetate (‘‘Au25 +
6Pd’’) and 0.5 equiv. of Pd acetate (‘‘Au25 + 0.5Pd’’). Experimental Pd
K-edge XAS spectra for Pd foil and PdS are also shown for comparison.
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showed significant contribution of Pd–S bonds, thus implying
that Pd in this case is located within the staple motif.44 Pd K-
edge XANES data and Fourier transformed (FT) EXAFS data,
shown in Fig. 4 and 5, support this finding: clearly, both EXAFS
and XANES parts of X-ray absorption spectra for as-prepared
samples exhibit strong similarity with corresponding spectra
for palladium sulphide.

Thermal or chemical treatments may be used to partially
remove the thiols and activate the material for catalytic applica-
tions. Available EXAFS data (Fig. 5) are in agreement with the
expected reduction of the total number of Pd–S bonds upon
chemical and thermal treatment, as evidenced by the decrease
in the amplitude of FT peak, corresponding to R = 1.5–2.0 Å.
The increase of the contribution to the FT with R = 2.5–3.0 Å for
treated samples, in turn, may be interpreted as an evidence of
Pd–Au bonds formation.

At the same time there are indications that EXAFS analysis
cannot be used as a reliable tool to investigate this system.
Quantitative EXAFS analysis of as-prepared samples was carried
out in ref. 44, and it was obtained that coordination number for
Pd–S bond is close to 3.6. This result is in a contradiction with
the structure model, as shown in the inset of Fig. 5: even if all
Pd is located in the staples, the maximal possible coordination
number for Pd–S bond is 2. The high coordination number for
Pd–S, as observed by EXAFS, may be an evidence of presence of

some other Pd–S containing species in the samples and/or, as
speculated in ref. 44, it may be a result of cross-linking of
staples, belonging to the neighboring gold clusters. In any case,
this finding indicates that any reduction in Pd–S coordination
number, observed by EXAFS, cannot be interpreted simply as a
reduction in the number of staples, but can also reflect the
changes in the ratio of Pd with 2 and more sulphur atoms in the
first coordination shell.

Moreover, while the as-prepared clusters are monodisperse,
one can expect that upon chemical and thermal treatment they
will grow or agglomerate.58 Hence the measured experimental
XAS data may be averaged over many different nanoparticles,
which makes quantitative EXAFS analysis challenging.11 In
addition, pronounced non-Gaussian disorder is expected for
such small nanoclusters, which may have significant influence
on EXAFS spectrum. As demonstrated in ref. 15, in such cases the
conventional EXAFS analysis can underestimate the coordination
numbers significantly.

XANES analysis is a more robust approach, as we show here.
In Fig. 6 we show Pd K-edge XANES spectra, calculated for
different possible environments of Pd atom in the investigated
samples. Structure models, used for FEFF calculations, in this
case were based on the equilibrium structure of thiolated Au25

clusters, as obtained by diffraction analysis of single crystals,57

but one of the gold atoms was replaced by Pd atom. In Fig. 6 we
compare the results of XANES modeling for Pd atom located in
the core, at the surface and in the staple motif of Au25 cluster.
In addition, we calculate XANES spectra for Pd-doped gold
cluster without thiols (i.e., for icosahedral PdAu12 nanocluster),
and, again, we compare the XANES spectra for cases, when Pd
located in the core or at the surface of such cluster. Moreover,
we also present the results of XANES calculations for PdAu12

nanocluster with cuboctahedral shape, for an isolated Pd atom,
attached to a single thiol motif or two thiol motifs, and for four-
coordinated Pd atom in isolated Pd–S motif, similar to that in
palladium sulphide.

Note that XANES spectra for Pd, located in the core of
PdAu12 models with two different geometries, are close to the
spectrum of Pd, located in the core of Au25 particle. Hence our
analysis will not be able to distinguish between these different
Pd environments. Similarly, XANES for Pd, located on the
surface of Au25, is close to the XANES spectra for Pd on the
surface of PdAu12 clusters. Moreover, XANES for Pd, located in
the staple motif of Au25, is close to those for a single Pd atom,
attached to a single or several thiol motifs, or incorporated in
four-coordinated Pd–S motif.

The observed similarities in XANES spectra for quite differ-
ent models, on one hand, limit the amount of information that
can be extracted from XANES analysis, but on the other hand
demonstrate the robustness of this approach. Indeed, even if
the arrangement of atoms in the real sample is significantly
distorted and/or not coinciding with the positions of atoms
in our model (e.g., if the actual size of clusters is larger than
the one assumed in XANES modeling), we still can obtain
reliable quantitative information. For instance, we will not be
able to distinguish between models with two-coordinated and

Fig. 5 Fourier-transformed (FT) experimental Pd K-edge EXAFS spectra
for samples, obtained in a reaction of thiolated Au25 clusters and 6.0 equiv.
of Pd acetate (‘‘Au25 + 6Pd’’) and 0.5 equiv. of Pd acetate (‘‘Au25 +
0.5Pd’’).44 Experimental Pd K-edge EXAFS spectra for Pd foil and PdS are
also shown for comparison. In the inset structure model of thiolated Au25

cluster is shown.47
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four-coordinated Pd atoms in Pd–S motifs, but the reduction of
corresponding contribution to the total XANES can be detected.
Hence the total concentration of such motifs in the sample can
be analyzed and their partial disappearance upon chemical or
thermal treatment can be quantified. Such information cannot
be obtained easily from EXAFS analysis of heterogenous
material.

For further analysis of experimental data we used only three
representative calculated XANES spectra: XANES signal for Pd
(i) in the core of Au25 cluster, (ii) at the surface of Au25 cluster
and (iii) within the staple motif of Au25 cluster. Note that the

differences between these spectra are larger than systematic
error of ab initio simulations for Pd K-edge XANES, as estimated
in our calculations for bulk reference materials.

6 Results and discussion

In Fig. 7 and 8 we compare the results of LCA fits of experimental
data for as prepared and treated Pd-doped Au25 samples,
obtained in a reaction of thiolated Au25 with 6 equiv. Pd acetate
and 0.5 equiv. Pd acetate, correspondingly. As previously, we
performed fits using two different approaches. In the first case
(red dashed lines in Fig. 7 and 8) as standards for linear
combination analysis we directly used theoretical XANES spectra,
calculated by FEFF code. In the second case (green solid lines)
we employed BSS-like procedure, as described above. As input
data for BSS procedure in this case we used all 6 available
experimental spectra for Pd-doped Au25 samples, since we expect

Fig. 6 Calculated Pd K-edge XANES spectra for Pd atom, located in the
core of Pd-doped thiolated Au25 cluster (a), in the core of icosahedral
PdAu12 cluster (b), in the core of cuboctahedral PdAu12 cluster (c), on the
surface of Au25 cluster (d), on the surface of icosahedral PdAu12 cluster (e),
on the surface of cuboctahedral PdAu12 cluster (f) or in the staple motif of
Au25 cluster (g), as well as for Pd, attached to a single thiol motif (h) or two
thiol motifs (i), and for four-coordinated Pd in Pd–S motif as in PdS (j).
Spectra a, d and g were used for further analysis and for construction of
reference spectra using BSS approach. Obtained corresponding BSS
components are shown as a*, d* and g*, correspondingly.

Fig. 7 Pd K-edge XANES spectra for samples, obtained in a reaction of
thiolated Au25 clusters and 6.0 equiv. of Pd acetate: experimental spectra
and their fits using linear combinations of standards that are obtained in
FEFF calculations and in BSS-like procedure.
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that occupation of different sites, available for Pd atom, will be
different in these 6 samples. Three standards for LCA analysis
then were obtained as a linear transformation of the six available
experimental spectra, requiring the best possible agreement
between obtained standards and results of ab initio XANES
simulations for Pd in the core, at the surface and within the
staple motif of Au25 cluster. The obtained standards are shown as
green solid lines in Fig. 6. The results of LCA fits of experimental
data using these standards are shown in Fig. 7 and 8.

By construction, the LCA fits using standards, obtained in BSS-
like procedure, give better agreement with experimental data than
LCA fits that employ as standards the results of XANES calculations
directly. The only notable difference between LCA fits with BSS
standards and experimental data is visible in the shape of the first
broad peak for as-prepared samples (indicated by black arrow in
Fig. 7). This may be an indication that additional Pd-containing
species or more complex atomic arrangements are present in
as-prepared samples, as also suggested by EXAFS data.

The weights of different contributions to the total XANES
spectrum, as obtained by our analysis using BSS standards, are
summarized in Table 2. As expected from EXAFS data, in the
as-prepared samples the contribution of Pd within staple motif
(or within other Pd–S motifs) is dominating. Nevertheless, our
results suggest that contribution of Pd, located in the core of
cluster, is also present in the as-prepared sample, in agreement
with the results of theoretical simulations43 and previous
studies for samples, where co-reduction synthesis method was
employed.46,47,59 Note also that the ratio of occupancies of
staple and core sites is similar for samples, obtained in a reaction
of thiolated Au25 clusters with 6 equiv. Pd acetate and 0.5 equiv. Pd
acetate, indicating that the final product of the reaction is not
sensitive to the ratio of Pd-containing and Au-containing precursors,
as observed for similar system in ref. 46.

Both chemical and thermal treatments, as expected, reduce
the contribution of Pd within staple motif, hence one may expect
that the thiol removal and catalyst activation was partially
successful for both treatment methods. A significant Pd–S
contribution is, nevertheless, still present in the treated samples.
Note also that within error bars of our analysis we do not observe
changes in the occupancy of core sites by Pd atoms after chemical
and thermal treatment. Our results suggest that the Pd released
from staple-motifs is accumulated on the surface of the cluster.
This information is important for planning catalytic experiments
with such systems because of the enhanced catalytic activity and
selectivity of bimetallic compositions to many reactions.42,60 In
particular, Pd-doped Au25 systems have already attracted interest
as highly active and selective oxidation catalysts, and the design
(and characterization) of isolated metal atoms on the surface of
another metal is a tremendously challenging research goal in the
field of catalysis.61–63

7 Conclusions

We reported a method of structural refinement of experimental
XANES spectra obtained in heterogeneous systems by using
theoretical standards. This novel approach can be used not only to
determine the ratios of different species in mixtures, when the
experimental XANES data for reference materials are not available,
but also to determine the occupancies of non-equivalent sites within
the investigated structures. We also provided a method to evaluate
the accuracy of the proposed speciation approach.

Fig. 8 Pd K-edge XANES spectra for samples, obtained in a reaction of
thiolated Au25 clusters and 0.5 equiv. of Pd acetate: experimental Pd K-
edge XANES and their fits using linear combinations of standards that are
obtained in FEFF calculations and in BSS-like procedure.

Table 2 Pd K-edge XANES fitting results for samples, obtained in a
reaction of thiolated Au25 clusters and 6 equiv. Pd acetate (‘‘Au25 +
6Pd’’) and 0.5 equiv. Pd acetate (‘‘Au25 + 0.5Pd’’). Standards, obtained in
BSS-like procedure, are employed

wcore wsurface wstaple

Au25 + 6Pd, as prepared 0.2(1) 0.0(1) 0.8(1)
Au25 + 6Pd, chemically treated 0.2(1) 0.3(1) 0.5(1)
Au25 + 6Pd, thermally treated 0.2(1) 0.4(1) 0.4(1)

Au25 + 0.5Pd, as prepared 0.2(1) 0.0(1) 0.8(1)
Au25 + 0.5Pd, chemically treated 0.3(1) 0.2(1) 0.5(1)
Au25 + 0.5Pd, thermally treated 0.2(1) 0.3(1) 0.5(1)
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