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We acquired Pd K-edge and Au Ls-edge EXAFS spectra of two libraries of titania-supported Pd-doped Au na-
noparticle catalysts representing the as-prepared and post-catalysis state. The nanoparticles have narrow particle
size distributions, in the range 2.8-6.6 nm, and were synthesized to preferentially locate the palladium atoms on
the surface of a gold core, with Pd mole fractions of 1.4-38%. EXAFS spectra of both the as-prepared samples and
post-catalysis Pd-Au particles were collected and modeled. EXAFS refinement of all samples showed contribu-
tions from both Pd-Au and Pd-Pd scattering paths, revealing that Pd and Au components alloyed together. Pd

was in a partially oxidized state as evidenced by a Pd-O scattering contribution, unlike Au. Overlaying measured
coordination numbers from the libraries with predicted values, using models of surface and bulk alloying,
showed that Pd restructures among Au as a result of exposure to the reaction conditions.

1. Introduction

Recently, catalytic hydro-oxidation (Wrasman et al., 2018) has
proven effective in complete conversion of short-chain hydrocarbons
with high selectivity, e.g. the selective oxidation of 2-propanol to
acetone, potentially providing a pathway for other selective oxidation
reactions. The reaction utilizes a feed of hydrocarbon, oxygen and hy-
drogen over a single-atom alloy catalyst, where a single platinum-group
metal atom (e.g. Pd) on a coinage metal surface (e.g. Cu or Au) dis-
sociates hydrogen, but not oxygen. The dissociated hydrogen forms a
peroxide with molecular oxygen from the gas phase, subsequently
oxidizing the organic molecule, e.g. alcohol to acid (Nijhuis et al.,
1999).

EXAFS modeling was used to gain insight into the location of Pd in
or on the surface of the Au nanoparticles after the synthesis and post-
catalysis, to gain information on the structural stability of these cata-
lysts. Applying modeling of bulk and surface atoms to the EXAFS ana-
lysis allowed the distribution of Pd among Au to be characterized, for
which supervised machine learning is applied and EXAFS data serves as
training sets for the artificial neural network (Timoshenko et al.). Given
statistical uncertainties on the EXAFS analysis, the use of structural
models from the analysis of sample libraries, rather than from a single
sample, allows trends in the data to be readily observed.
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Here, EXAFS data from the as-prepared catalysts, with 3.7-6.6 nm
particle size and 3.0-38% molar Pd fraction, were collected at the
Stanford Synchrotron Radiation Lightsource (SSRL), while EXAFS data
from the post-catalysis samples, with 2.8-5.5nm with Pd molar frac-
tions of 1.4-10.5%, were recorded at the Advanced Photon Source
(APS). The data were analyzed independently by the two groups, fol-
lowed by a joint interpretation.

2. Methods

Colloidal Pd-Au nanoparticles (NPs) were prepared, as previously
described, by depositing Pd on the surface of initially synthesized Au
NPs using a modified seed-mediated process (Cargnello et al., 2015).
The Pd-Au NPs were supported on TiO, (P25) to obtain a weight
loading of 0.5% (samples 1-8 in Table 1). Post-catalysis samples 9-16
were tested for catalytic performance in a flow of 1% CH, + 1% O, +
1% H,, balance He for 2h at 300 °C. Transmission electron microscope
images of samples 1-8 are shown in Fig. S1 and for samples 9-16 in the
as-prepared state in reference (Wrasman et al., 2018).

EXAFS spectra of samples 1-8 were measured at APS beamline 12-
BM-B at the Pd K-edge (24350 eV) and the Au Ls-edge (11919 eV) using
the Si(111) double-crystal monochromator. Analogous measurements
of samples 9-16 were conducted at the Pd K-edge at SSRL at beamline
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Table 1
Nanoparticle size and Pd fractions of Pd-Au particles in the as-prepared samples
1-8 and post-catalysis samples 9-16.

Size Sample No. <d> [nm] Xpq [mol.%]
Small (APS) 1 3.7 £ 0.7 4.4
2 3.9 + 0.6 14.8
3 4.3 += 0.8 24.4
4 4.4 = 0.7 38.0
Large (APS) 5 6.6 = 0.6 3.0
6 51 = 0.4 4.5
7 53 = 0.4 11.8
8 5.7 £ 0.3 20.2
Small (SSRL) 9 2.8 + 0.4 1.4
10 2.8 = 0.4 4.1
11 2.8 = 0.4 7.0
Medium (SSRL) 12 4.3 = 0.4 3.2
13 3.8 = 0.4 5.1
14 4.4 = 0.4 10.5
Large (SSRL) 15 54 = 0.5 1.8
16 55 = 0.5 6.9

7-3, using a Si(220) double-crystal liquid nitrogen-cooled mono-
chromator. The samples were pressed into self-supporting pellets and
data were recorded in fluorescence mode at room temperature using a
13-element Ge detector (Canberra) at APS and a 32-element Ge detector
(Canberra) at SSRL. To improve the signal-to-noise ratio, 7-15 scans of
each sample were collected. Pd foil, PAO and Au foil were used as re-
ference compounds for data fitting. The metallic foils, scanned con-
currently with the samples, were used as energy-calibration standards.

The raw data were processed using the FEFFIT code and the Athena
and Artemis interfaces of the Demeter software package (Ravel and
Newville, 2005). The spectra were energy-calibrated, merged and
normalized. The EXAFS spectra were extracted in k-space, Fourier-
transformed on the range k = 2.4-12.0 A" and fitted in R-space be-
tween 1.2 and 3.0 A for samples 1-8 at the Pd K-edge. Corresponding
ranges were k = 3.0-12.0A"!, R = 1.2-3.5A (samples 1-8, Au Lj-
edge) and k = 3.0-11.5 10\_1, R =1.3-3.3A (samples 9-16, Pd K-edge).
At the Pd K-edge, Pd-O, Pd-Pd and Pd-Au shells were refined and at the
Au Ls-edge, the Au-Pd and Au-Au shells. Phase shifts and amplitudes for
relevant back-scattering paths were calculated using FEFF8 (samples
1-8) and FEFF6 (sample 9-16) (Ankudinov et al., 1998) from crystal-
lographic information files of PdO, AusPd fcc-alloy and Au metal.
EXAFS modeling was carried out taking into account k' and k>
weighting for samples 1-8 and k!, k* and k3-weighting for samples
9-16. Fitting of all spectra for samples 1-8, as well as for samples 9-16,
was performed simultaneously. Electronic amplitude reduction factors
So> was determined as 0.65 + 0.05 for the Pd K-edge from fitting Pd
foil and 0.90 + 0.04 for the Au Lz-edge from fitting Au foil at APS and
0.78 + 0.04 (Pd K-edge) at SSRL.
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3. Results and conclusions

XANES and EXAFS spectra are shown in Fig. 1 for samples 1 (as
prepared) and 13 (post-catalysis) with similar size and Pd content from
both groups, while complete data sets are presented in Fig. S2-S9 and
Tables S1 and S2 in Supporting Information. XANES spectra at both the
Pd K-edge and Au Ls-edge show a metallic state of both elements, Fig. 1
(a). EXAFS spectra of all samples are high quality, and analyzable up to
ak-value of 12 A~ 1 Fig. 1 (b). The Fourier-transform EXAFS spectra are
dominated by detectable scattering contributions in the 1-2A and
2-3A ranges in R-space, Fig. 1 (c).

Table 2 shows that Pd in sample 13 (post-catalysis) was mainly
surrounded by Au and to a smaller degree by Pd and O. The latter two
contributions were not observed in as-prepared sample 1. Au-Au con-
tribution in sample 1 was high as expected, with a small amount of Au-
Pd present. To determine the distribution of Pd among Au, structural
models predicting coordination numbers (CNs) are required, to com-
pare with experimentally determined ones.

To model the location of Pd among Au on a particle length scale
based upon the obtained CN, structural models representing bulk-al-
loying and surface-alloying of Pd with Au were derived, Egs. (1) and (2)
and Eq. (3), respectively. Similar predictive models have been devel-
oped for random-alloyed (Frenkel, 2012) and core-shell (Knecht et al.,
2008) bimetallic nanoparticles. Bulk alloying assumed a homogeneous
mixture of the two metals and CNs of Pd-Pd and Au-Pd were calculated
using the binomial distribution as a function of the Pd loading (xpq):

13 13
13

CNpa—pa = ), ), (k )x}fd(l — xpg)3*

1=2 k=1 (€8}
and

12 13 13
CNuu-ri= ), ), (k )xgd(l — Xpg)3F

1=1 k=1 (2

In an fcc-lattice, based on a cluster of 13 atoms with a Pd central
atom and 12 nearest-neighbors, CNpgpq = 1 means that there are 2 Pd
among the 13 atoms, that is xpg = 2/13 = 15.4%. For the same xpq,
CNayu.pq Would be 2, i.e. 2 Pd neighbors next to a central Au. The na-
noparticles were assumed to be “bulk-like” based upon particle sizes
above ca. 3nm and by the sum CNpyay + CNaupq approaching 12
(Borowski, 1997). CNpy.ay and CNpg_a, Were determined by subtracting
CNpg.pq and CNp,.pgq from 12. The four coordination numbers are de-
picted as solid lines in Fig. 2 (a) and (b) with experimental data of the
as-prepared and post-catalysis samples.

The other model was surface-alloying, where Pd was assumed to be
confined to the outer monolayer. Thus the maximum number of
neighboring atoms around a Pd central atom is 9, i.e. 6 surface atoms
(either Pd or Au) and 3 sub-surface Au. CNpg.pq and CNpg.a, Were cal-
culated analogous to those for the bulk-alloy model, but as a function of
the surface concentration of Pd, xpq/D, where dispersion D is the

IS

15
(@) sample 13 (b) (c) s.13
Sample 1 3| S.13 A Pd K
1.0
S Pd K % 3z \_,/‘ | Mo
2 v
S 05 ol 0] S.1
s Pd K-edge < s1 E LV Pd K
T 00 = S |t 7 : .--:Wm_
S [24320 24340 24360 24380 24400 24420 <, RAK 2 A
= 1 S 14 1=
g0 T b S.1
5] Sample 1 =
2 o S1 2 ] i o
0.5 Aul, & L \‘: ! - o
i
Au L;-edge v
0 N —————r - i i i ‘ )
11500 11920 11940 11960 11980 3 4 5 6 g 9 10 11 12 o 1 2 3 4 5 8
Energy [eV] kA" RIA]

Fig. 1. (a) XANES, (b) EXAFS in k-space and (c) Fourier-transform EXAFS of samples 1 and 13. Black lines: experimental data, red lines: fit. Fourier-transform solid
lines: magnitude and dashes: imaginary part. Results for all samples are contained in Fig. S2-S9. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)
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Table 2
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Bond distances, coordination numbers and mean thermal displacement terms refined from EXAFS of samples 13 (Pd K-edge) and 1 (Pd K and Au Ls-edge). Results for

all samples are contained in Tables S1 and S2.

Sample Path d [A] CN @ [A%] AE, [eV] R-factor [%]
13 (SSRL) Pd-O 1.98 = 0.02 0.4 = 04 0.011 £+ 0.001 -1.1 £ 0.4 1.2
Pd K Pd-Pd 2.82 + 0.02 0.6 + 0.2 0.003 + 0.001
Pd-Au 2.83 = 0.00 10.4 * 0.8 0.009 + 0.001
1 (APS) Pd-O - 0 - —4.6 £ 0.2 2.1
Pd K Pd-Pd - -
Pd-Au 2.81 = 0.01 14 = 2 0.011 + 0.001
1 (APS) Au-Pd 2.81 + 0.01 0.5 + 0.4 0.011 + 0.001 48 * 0.2 1.3
Au L, Au-Au 2.83 = 0.00 10.3 * 0.8 0.009 = 0.001

As-prepared samples 1-8 (b) Post-catalysis samples 9-16
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Fig. 2. Experimentally determined coordination numbers for as-prepared and
post-catalysis samples matched against models for (a-b) bulk-alloying, (c—d)
surface-alloying of Pd and (e—f) dispersion-dependence of surface-oxide for-
mation, red dashed lined outline trends to guide the eye. Legend to size: large
(D), medium (X)) and small (). Cartoons (g) and (h) depict the distribution of
Pd, Au and PdO for small and large particles in samples as-prepared and post-
catalysis respectively, consistent with experimental data tested against struc-
tural models. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)

fraction of surface atoms to total atoms determined by the relation
D=096nm/<d>:
7

7
CNpy—pg =
1=2 k=1

(,Z)(xpd/mk(l — Xpa/ DY
®

and Cdi_pd + CNPd-Au =9,
Predicted CNs are shown in Fig. 2 (c¢) and (d) compared to the

experimental data.

For the as-prepared sample data in Fig. 2 (a), CNpg.a, for small
particles (red full symbols) were high and matched the bulk-alloying
model (red line), while CNpq_a, for large particles (empty red symbols)
were significantly lower and best matched the surface-alloy model in
Fig. 2 (c). A higher CNp,.a, for large than for small particles con-
sistently shows that Au is more associated with Au than Pd in the
former. CNpg.pq and CNu,pq are rather low, confirming the homo-
geneous distribution of Pd, increasing with xpq. Also, CNpg o in Fig. 2
(e) was independent of dispersion, as expected for surface-confined Pd
that would be subject to oxidation. The cartoon in Fig. 2 (g) depicts the
Pd distribution derived from the EXAFS analysis, showing a Pd-Au alloy
close to the surface of large particles but occupying most of the volume
of the small particles.

Post-catalysis samples also showed a low-concentration and par-
tially oxidized Pd, but since they were exposed to reaction conditions
prior to measurements, exhibited significant differences to the as-pre-
pared samples. CNpg.5, in Fig. 2 (b) and (d) represented structures
closer to bulk-alloying for the medium/large particles and surface-al-
loying for the small, opposite of the tendency observed in the as-pre-
pared state. Furthermore, CNpy.o Was positively correlated to the dis-
persion, showing in small particles, a large fraction of Pd is oxidized
due to the high surface area, while for large particles, some reduced Pd
is retained in the inside of the particle, Fig. 2 (f). This and the inverse
effect particle size on bulk/surface-alloying is feasible if Pd close to the
surface segregates into islands on the particle surface and oxidizes, as
depicted in the cartoon in Fig. 2 (h).

In conclusion, we have shown that the distribution of Pd in Au
depends on the chemical history of the samples: as-prepared samples
contain highly-dispersed Pd close to the nanoparticle surface, whereas
Pd is segregated as larger moieties in the post-catalysis samples. These
findings were obtained by comparison of sample libraries with varied
particle size and Pd loading, which is important because both these
parameters are part of the structural model. The combined effort of two
groups analyzing two sample libraries has verified this consistency and
gained a broad structural insight into alloying as a function of particle
size, composition and chemical environment history.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.radphyschem.2019.04.054.
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