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1. Introduction

Evolution of surface catalytic sites on
thermochemically-tuned gold—palladium
nanoalloys+

Haval Kareem,? Shiyao Shan,? Fang Lin,? Jing Li,> Zhipeng Wu,? Binay Prasai,”
Casey P. O'Brien, Ivan C. Lee,*® Dat T. Tran,® Lefu Yang,® Derrick Mott,® Jin Luo,?
Valeri Petkov & *® and Chuan-Jian Zhong @ *?

Nanoscale alloying constitutes an increasingly-important pathway for design of catalysts for a wide range
of technologically important reactions. A key challenge is the ability to control the surface catalytic sites in
terms of the alloying composition, thermochemical treatment and phase in correlation with the catalytic
properties. Herein we show novel findings of the nanoscale evolution of surface catalytic sites on thermo-
chemically-tuned gold—palladium nanoalloys by probing CO adsorption and oxidation using in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) technique. In addition to the bi-
metallic composition and the support, the surface sites are shown to depend strongly on the thermo-
chemical treatment condition, demonstrating that the ratio of three-fold vs. bridge or atop Pd sites is
greatly reduced by thermochemical treatment under hydrogen in comparison with that under oxygen.
This type of surface reconstruction is further supported by synchrotron high-energy X-ray diffraction
coupled to atomic pair distribution function (HE-XRD/PDF) analysis of the nanoalloy structure, revealing
an enhanced degree of random alloying for the catalysts thermochemically treated under hydrogen. The
nanoscale alloying and surface site evolution characteristics were found to correlate strongly with the
catalytic activity of CO oxidation. These findings have significant implications for the nanoalloy-based
design of catalytic synergy.

species.” The need for finding effective ways to remove chemi-
cal pollutants and harmful gases such as CO and other toxic

Carbon monoxide (CO), a highly toxic gas produced from com-
bustion of fossil fuels, has negative effects on human health
and leads to symptoms of various diseases depending on the
exposure concentration and duration.”* Hydrogen, produced
from natural gases for use in fuel cells, often contains traces of
CO which could poison the catalysts. Catalytic oxidation is
essential in converting CO into non-toxic or non-poisonous
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gases is an important driving force for the research and devel-
opment of highly effective catalysts. Catalysts derived from
noble metals such as palladium and platinum have sparked
attentions of many researchers due to their high catalytic
activities for CO oxidation.*> However, the high cost of noble
metals is a major concern to practical application. Alloying pal-
ladium with non-noble metal is an important pathway to
reduce the cost. Importantly, it could enhance the catalyst’s
activity in many reactions. Addition of second or third metals
(e.g., Au, Ni, Co, etc.) can have magnificent promotional effect
on the catalytic activity as compared to the constituent mono-
metallic palladium catalyst.® While alloying Pd with different
base transition metals has been considered in many reactions
including CO oxidation,” the stability constitutes a major chal-
lenge due to their different oxidation potentials. AuPd, as a
stable catalyst, has been largely used in direct synthesis of
hydrogen peroxide from H, and O,,° and the oxidation of
primary alcohols to aldehydes.’

The choice of support is also an important consideration in
the development of nanocatalysts because the interaction of
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nanoparticles with support has a profound effect on the cata-
lytic activity. The interaction influences the specific atomic
configuration and atomic strain.'® Reducible supports such as
CeO, or TiO, also provide an excellent source of oxygen. In a
recent study'' of AuPd on ceria-zirconia prepared by precipi-
tation of Au and incipient wetness impregnation of Pd, CO
conversion was found to depend on type of metal support and
dispersion. The catalyst with 10: 1 Au to Pd ratio was found to
be optimal. In an earlier study of titania (TiO,)-supported
AuPd catalysts from dendrimer-encapsulated nanoparticle pre-
cursors, the activity of bimetallic AuPd was found to be higher
than that for monometallic Au and Pd, indicating synergistic
effect of the bimetallic components and the support.> In
another study on the enhanced activity of bimetallic AuPd sup-
ported on carbon for oxidation of ethylene glycol and 1,2-
propanediol in the aqueous phase, AuPd catalysts synthesized
by electroless deposition of Au into Pd/C were shown to exhibit
higher activity than those of Au and Pd catalysts. The
enhanced activity was attributed to weakening of adsorbate
binding energy and reduction of the barrier for the rate deter-
mining step due to electronic modification and ensemble
effect."® Such AuPd supported on SiO, was also found to be
highly active for propylene hydrogenation via the prevention of
multiple bonding of propylidyne on discontinuous Pd surface
sites as a result of Au presence.'® The catalytic performance of
alloyed AuPd for hydrodechlorination of chlorofluorocarbons
was also found to show higher activity compared to monome-
tallic Au and Pd." Theoretical studies have also made signifi-
cant progress recently. For example, in a study of CO oxidation
over 55-atom Au-Pd clusters, the adsorption energy on Au
atoms was found to be the lowest at 50:50 Au: Pd ratio while
Au enriched cluster was predicted to be highly active catalyti-
cally because of cooperation of structural and electronic
effects.'® The catalytic enhancement of AuPd alloy catalysts as
a result of decrease of bonding energy of strongly bonded
adsorbates was also supported by computational studies.'®
The understanding of the catalytic synergy of the AuPd
nanoalloy catalysts requires the abilities to determine the
surface catalytic sites and the detailed alloying phase struc-
tures. To determine the active catalytic sites, DRIFTS (diffuse
reflectance infrared Fourier transform spectroscopy) technique
is powerful in probing the surface intermediate species
through which information on the surface catalytic sites can
be extracted,"” especially during catalytic reactions.'® For CO
adsorption on a metal (M), the so called “c donation-n back
donation” interaction weakens the CO triple bond, leading to
downshift of the vibrational stretching band’s wavenumber.
The detection of the shift and the relative absorbance intensity
provides information for assessing the detailed adsorption
mode and the surface sites. The addition of Au to Pd increases
activity and stability through ligand and ensemble effects. For
Pd, ensemble effect involves dilution of Pd atoms on the
surface by gold atoms, in which a high percentage of gold on
the nanoparticle surface was reported to lead to the formation
of isolated monomer, dimer, or trimer palladium sites."® Such
an isolation of Pd was ascribed for the high activity of AuPd in
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vinyl acetate synthesis.*® Surface segregation of Au and Pd was
also reported to occur under reaction condition in the pres-
ence of CO and O,. The surface reconstruction on AuPd,
leading to decrease in surface active Au sites, was believed to
correlate with the strong deactivation for CO oxidation
reaction.”"?

In these earlier studies, phase segregation of AuPd nano-
particles in the presence of CO was the main characterisitcs.
However, little is known about how the bimetallic compo-
sition, thermal treatment and support property are operational
for AuPd nanoparticles’s phase properties in correlation with
the catalytic properties. Herein we show new findings demon-
strating that AuPd nanocatalysts remain alloyed during CO oxi-
dation reaction which correlates with the bimetallic compo-
sition, reaction atmosphere, and support properties. The study
stems from the composition tunability of the phase structures
of AuPd nanoparticles, and focuses on investigation of the
catalytic oxidation of CO in correlation with the nanoscale
phase structures provided by synchrotron high-energy X-ray
diffraction (HE-XRD) coupled to atomic pair distribution func-
tion (PDF) analysis and the surface species during the catalytic
reaction provided by in situ real-time DRIFTS characterization.
HE-XRD/PDF analysis has recently proven powerful in deter-
mining the nanoscale phase structures at atomic scale for a
number of bimetallic/trimetallic nanoalloy catalysts.** >

2. Experimental section
2.1. Chemicals

Palladium(u) acetylacetonate (Pd(acac),, 97%), oleylamine
(CH3(CH,);CH=CH(CH,)3sNH,, 70%), and borane-morpholine
(95%) were purchased from Aldrich. Hydrogen tetrachloro-
aurate(m) hydrate (HAuCl,-xH,0, 99.9%) was purchased from
Strem Chemicals. Other chemicals such as ethanol, hexane,
and isopropanol were purchased from Fisher Scientific. Vulcan
carbon XC-72 was obtained from Cabot. Gases of CO (1 vol%
balanced by N,), H, (99.99 vol%), N, (99.99 vol%) and O, (20
vol% balanced by N,) were obtained from Airgas. All chemicals
were used as received. TiO, was purchased from Acros organ-
ics. Au/TiO, was purchased from World Gold Council.

2.2. Synthesis of AuPd nanoparticles

The synthesis of AuPd nanoparticles of different compositions
involved the reduction reaction of two metal precursors.”®
Briefly, HAuCl,-xH,O and palladium(u) acetylacetonate were
dissolved in a desired molar ratio into 15.0 ml oleylamine in a
glass vial by heated up to 40 °C with 1.9 mmol borane morpho-
line at 75 °C under N, atmosphere. The resulted solution was
then heated up to 220 °C and kept for 30 minutes before
cooling down to 70 °C. The NPs were first precipitated out by
adding 40 mL isopropanol for centrifugation at 3000 rpm for
20 min and then re-dissolved in 15 mL hexane and 35 ml
ethanol mixture cleaning solvent for centrifugation at 3000
rpm for 30 min. The NPs were redispersed in hexane solvent
for further use. Note that the particle sizes varied due to subtle
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differences in the actual reaction temperature, which led to
subtle differences in the bimetallic composition for nano-
particles synthesized under the same feeding ratio.

2.3. Catalysts preparation

The catalysts were prepared from these as-synthesized nano-
particles, including assembling, and thermal activation.
Carbon black XC-72, and TiO, powder were used as support
materials which were mixed with controlled amount of as syn-
thesized nanoparticles followed by sonication and overnight
stirring. The product powder was collected and dried under
N,. Carbon- and TiO,-supported nanoparticles were activated
by thermochemical processing, details of which were reported
previously.”” Typically, the supported nanoparticles were first
treated at 120 °C under N, to remove the organic solvent. It
was followed by heating at 260 °C under 20% O, (balanced by
80% N, for 1 h for removing the organic capping molecules,
and then to 400 °C under 15% H,/85% N, for 2 hours for cal-
cining the catalysts. The weight loadings of the carbon sup-
ported AuPd/C and for AuPd/TiO, were around 15% for most
of the catalysts studied in this work.

2.4. Catalytic activity measurement

To measure the catalytic activity of supported AuPd catalysts
for CO (1 vol% balanced by N,) + O, (20 vol% balanced by N,)
reaction, a custom-built system was employed, including a
temperature-controlled reactor, gas flow/mixing/injection con-
trollers, and an on-line gas chromatograph (Shimadzu GC 8A)
equipped with 5A molecular sieve and Porapak Q packed
columns and a thermal conductivity detector. The catalysts
were loaded in a quartz micro-reactor tube (inner diameter:
4 mm) and wrapped by quartz wool in the middle of the tube
(length of the catalyst bed: 6 mm). At a flow rate of 20
ml min~', the system was injected with the feeding gas
(0.5 vol% CO + 10 vol% O, balanced by N,) through the
mounted catalyst bed in the quartz micro reactor The resi-
dence time was about 0.2 seconds. Gas hourly space velocity
(GHSV) in our system is around 16000 h™'. Temperature
control was achieved by a furnace and ice sheath coupled with
a temperature controller. The performance of the catalysts of
CO oxidation were determined by analysis of composition of
the tail gas effusing from the quartz micro reactor packed with
the catalyst fixed bed by the on-line gas chromatograph.

2.5. Morphology and composition characterization

Transmission Electron Microscope (TEM) was used to deter-
mine the size of nanoparticle. The nanoparticle samples were
suspended in hexane solution and were drop cast onto a
carbon-coated copper grid followed by solvent evaporation in
ambient atmosphere at room temperature.

2.6. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM)-energy dispersive spectroscopy (EDS)

HAADF-STEM-EDS was utilized to determine the morphology
and map of elemental distribution of the nanoparticles.
Following suspension of the sample in hexane solution, then
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the nanoparticles were drop cast onto carbon-coated copper
grid. The measurements were performed on JEOL-ARM200F
instrument with an acceleration voltage of 200 kV.

2.7. Inductively coupled plasma - optical emission
spectroscopy (ICP-OES)

ICP-OES was employed to examine the composition. It was
done on a PerkinElmer 2000 DV ICP-OES instrument using a
cross flow nebulizer with the following parameters: plasma
18.0 L Ary min~; auxiliary 0.3 L Ar(g min~%; nebulizer 0.73 L
Ar) min™'; power 1500 W; peristaltic pump rate 1.40
mL min~". Elements < 1.0 mg L™ were analyzed using a
Meinhardt nebulizer attached to a cyclonic spray chamber to
rise analyte sensitivity with the following parameters: 18.0 L
Ar(g) min~"; auxiliary 0.3 L Ar(g) min~"; nebulizer 0.63 L Ar(g)

min~"; power 1500 W; peristaltic pump rate 1.00 mL min~".

2.8. Diffuse reflectance infrared fourier transform
spectroscopy (DRIFTS)

DRIFTS measurement was performed to characterize the
surface CO adsorption sites on a Bruker Vertex 70 FTIR
spectrometer with a MCT detector and a Praying Mantis™
Diffuse Reflectance Accessory (Harrick Scientific Products,
Inc.). Briefly, the sample cup in Praying Mantis™ Diffuse
Reflectance Accessory was filled up with 30 mg AuPd/TiO,
catalysts for the CO adsorption and CO oxidation reaction ana-
lysis. The catalysts were pre-treated following the protocol: (1)
first at 260 °C for 30 min under O, atmosphere; and (2) then at
400 °C for 30 min under H, atmosphere.

2.9. Synchrotron high-energy XRD (HE-XRD)

Ex situ HE-XRD measurements were carried out both on in-
house equipment and using synchrotron radiation X-rays (E =
80.725 keV) at the beamline 1-ID at the Advanced Photon
Source at the Argonne National Laboratory. The XRD diffrac-
tion data were reduced to the so-called structure factors, S(q),
and then Fourier transformed to atomic PDFs G(r). High-
energy XRD and atomic PDFs have already proven to be very
efficient in studying the atomic-scale structure of nanosized
materials,*** including AuPd NPs.**

2.10. Computational modeling

Ab initio calculations were conducted by DFT with DMol®
program (a part of Materials Studio). In the computation, the
generalized gradient approximation (GGA) were used.
Minimization of energy of all model atomic configuration for
unsupported AuPd clusters were carried out. To interrogate the
interaction between CO molecule and the model atomic con-
figurations, the energy of adsorption of CO on the model
atomic configurations was calculated by E.qs = —(Eco-metal —
Emetal — Eco), where, Eco_metal; Emetal and Eco are total energy
for the CO-metal complex, the isolated metal cluster, and the
isolated CO molecule, respectively.
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3. Results and discussion

Fig. 1A and B show a representative set of HAADF-STEM
imaging and EDS mapping data for a sample of Au,;Pd5s/TiO,.
It is evident that the nanoparticles feature bimetallic compo-
sition. The lattice fringe determined from the AuPd (111) is
0.230 nm, which falls in between Pd and Au NPs, 0.225 and
0.236 nm, respectively,’®*! indicative of alloy characteristic.
The bulk compositions of the AuPd nanoparticles of several
different bimetallic compositions were analyzed using
ICP-OES method. Fig. 1C shows a representative plot of Au%
in these nanoparticles and the feeding composition in their
synthesis solution. In comparison with a 1:1 linear relation-
ship between the feeding and nanoparticle compositions,
Pd is shown to be slightly more favorable in the bimetallic
nanoparticles than Au under the synthesis condition. Because
of the metal selectivity in the NPs, the feeding ratios in

(A)

c———————20 nm BF(framel)
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Au,sPd;s, AusgPdsg, and Au,sPd,s were found to form NPs
with subtle differences in composition, AugPdg;, Au,sPdss,
and AugoPd3;. Bimetallic composition is often influenced by
the size of the resulting nanoparticles,® and the synthesis
reaction temperature. Indeed, the NPs featured an average
particle size of 6.5 + 0.6 nm, 3.7 + 0.4 nm 5.5 + 0.8 nm and
5.3 + 0.9 nm for AugPdg;, Au,;Pd5g, AuysPdss, and AugoPds;,
respectively. Note that the particle sizes for AugPdo; and
Au,,Pd,y were quite different (Fig. S1t) due to subtle differ-
ence in the reaction temperature, as indicated in the
Experimental section. Larger sized particles were also found to
be richer in Pd than that of the smaller-sized particles in a pre-
vious study.’® For the chemical pattern for AuPd NPs sup-
ported on carbon, we have recently shown®* that the compo-
sition map for AuysPdss and AueoPd;; indicates a near homo-
geneous nanoalloy. However, the map of AugPdo; shows that
Au atoms tend to segregate toward nanoparticle surface,

——=3.0nm BF(frame1)
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Fig. 1 HAADF-STEM images for AussPdss/TiO, nanoparticles (A), EDS mapping of AussPdss/TiO; (Au (blue) and Pd (red)) (B), and plot of Au compo-
sition in the as-synthesized AuPd nanoparticles (n in Au,Pdigo_, NPs, determined by ICP) vs. Au-precursor composition in the synthetic feeding

composition (m in Au,,,Pd;00_n, feeding). (C).
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reflecting some differences in surface energy between Au
atoms and Pd atoms.

In the following subsections, the in situ DRIFTS data for the
nanoalloys under CO adsorption and oxidation conditions are
first discussed to probe the surface catalytic sites of the
nanoalloys with different compositions and upon different
thermochemical treatments. Secondly, HE-XRD/PDF analysis
was performed to assess the atomic-scale alloying and phase
structures. In the last subsection, the surface structural data
are discussed in correlation with the catalytic activities of CO
oxidation in terms of the bimetallic composition and the
thermochemical treatment parameters.

3.1. In situ DRIFTS characterization

DRIFTS was employed to probe the surface and catalytic sites
over AuPd/TiO,. The high sensitivity of CO stretching fre-
quency to the binding sites on the nanoparticle surface
allowed DRIFTS probing of the surface active sites of the thermo-

3+1

DRIFTS
probing

\"—{;

Thermochemical tuning

Scheme 1 |llustrations of in situ DRIFTs study of CO adsorption under
CO only (I), and CO oxidation under CO + O, reaction condition (Il) for
different thermochemically-treated (under O, or H,) AuPd/TiO, cata-
lysts. Pd (cyan), Au (white), O (red), C (gray), and Ti (light gray).

(A) 1959 —100s
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Fig. 2
purge following the CO exposure.
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chemically-treated AuPd/TiO, under two in situ conditions: (I)
CO adsorption, and (II) CO + O, reaction, as schematically
illustrated in Scheme 1.

The DRIFTs data of CO adsorption under CO only (I) are
first examined. Fig. 2 shows a representative set of DRIFTs
spectra to compare CO adsorption over AuysPdss/TiO,. Clearly,
the spectral evolution and the peak position of CO adsorption
peaks are highly dependent on the bimetallic composition
under CO exposure (A) and under N, purge following the CO
exposure (B). Upon CO exposure, there are two significant differ-
ences in terms of the CO peak evolution with time. First, the
peak position depends strongly on the bimetallic composition.
Major peaks in the range of ~2070-1800 cm™' were clearly
detected over Au,sPdss. According to earlier work,®® the stron-
gest CO peak at ~1955 cm™" is assigned to CO on Pd bridge-site
of the catalyst. There is a shoulder peak at ~1900 cm™", which
is assigned to CO on Pd 3-fold site of the catalyst.

In the range of 2070-1800 cm ™', weak peaks were observ-
able over AuysPdss/TiO, (Fig. 2A). These peaks were almost not
detectable over AugoPds,/TiO, (Fig. 3B). These results demon-
strated that the surface adsorption sites were highly dependent
on the bimetallic composition of the nanoalloys. For CO
adsorption over AuusPdss/TiO,, the peak at ~2065 cm™' is
assigned to CO on Pd atop site. This peak does not seem to be
associated with CO on Au atop site for two facts: (1) the control
experiment with Au/TiO, shows the atop peak at a higher wave-
number (2090 cm™', see Fig. S61); and (2) this peak did not
show up with Au-rich AugePd;,/TiO, (see Fig. 3B).

The wavenumbers of the observed three major peaks are all
somewhat lower than those observed in previous studies, e.g.,
peaks for linearly-adsorbed CO on Pd, bridge-bonded CO on
Pd, and CO on Pd 3-fold sites at 2090, 1990, and 1930 cm™".*¢
Overall, it appears that the bridge-site is dominant, indicating
a relatively well-alloyed surface for Au,sPdss/TiO,. The fact that
on the Au-rich AugoPd;,/TiO, these peaks are essentially
absent is suggestive of the lack of Pd-Pd bridge sites on the
surface, and the adsorption on Au sites is apparently weakened
by the presence of Pd likely underneath the surface Au layer.

B ——100s

B) 1|960 Soos
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A
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£ 0.04-
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In situ real-time DRIFTs spectral evolution of CO adsorption at room temperature over AussPdss/TiO,. (A) Under CO exposure; (B) under N,

Nanoscale, 2018, 10, 3849-3862 | 3853


http://dx.doi.org/10.1039/c7nr08748a

Published on 08 February 2018. Downloaded by Central Michigan University on 17/04/2018 12:40:47.

Paper
——100S * =
—200s |
0.124 —300s
—400 s
——500 s
0.08
2
[72]
2 x5
o
2
£ .04 1956
. 1670
]
000 ¥ ! VY
L | T T T
2200 2000 1800 1600 1400 1200
Wavenumber (cm™)
——100s
——200s
0.124——300s
——400 s
——500s
o 0084
= o e s
7] x5
c
9
£ 0.04-
1957 /4951
]
1
0.00- '
L ! L L L L]
2200 2000 1800 1600 1400 1200
Wavenumber (cm™)
(A)
Fig. 3

View Article Online

Nanoscale

——100s
——200s
0.124|—300s
——400s
——500s
0.08 4
2
x 10
£
—  0.044
1907
1666
|
0.00 4 [
|

—————r———r——r—r—r—
2200 2000 1800 1600 1400 1200

Wavenumber (cm'1)

—100s 01a
——200s 1902

0.124|—300s MM/H

——400s
2000 1500 1800

——500s

0.08 4

x 10

Intensity

0.04

0.00 ;

I ) L L L
2200 2000 1800 1600 1400 1200

Wavenumber (cm'1)

(B)

In situ real-time DRIFTs spectral evolution of CO adsorption at room temperature over AuPd catalysts of different compositions: (A) AugPdg;/

TiO,, and (B) AuegPd31/TiO,. Top panel: under CO exposure; Bottom panel: under N, purge following the CO exposure. Both spectra were corrected

against the spectrum of gaseous CO exposed to pure support TiO,.

However, for Pd-rich Auo¢Pde;/TiO,, these peaks appeared
weaker than AuysPdss/TiO,, which is not fully understood at
this time. Note that there are some small negative peaks in the
1600-1700 cm™ " region, which were likely due to IR bands of
uncorrected water residue in KBr used as background for the
spectral correction. The catalyst in the compartment was
purged with N, to remove the adsorbed water, but residue
remained as evidenced by the broad negative band at about
3400 cm™" (see Fig. S97). The spectrum of TiO, was also used
for the spectral correction, but the subtle difference between
blank TiO, and catalyst-loaded TiO, did not enable an effective
removal of the water bands (see Fig. S97).

A close examination of the peaks at ~1956 and ~2065 cm™
for AugPdo;, and Au,sPdss/TiO,, i.e., CO adsorbed on Pd atop
and bridge sites, shows that the peak intensity was gradually
increased with time (see Fig. 4A), along with a small shift
toward a higher wavenumber. The intensity increase is indica-
tive of an increased adsorption of CO, whereas the wavenum-
ber shift reflects the dipole-dipole coupling effect as CO
packing density is increased on the surface.’” Upon N, purge
following the CO exposure, the intensities of these CO peaks

1
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showed a gradual decrease and the peaks shift back to the
lower wavenumbers (Fig. 4B). For Au,sPdss/TiO,, in compari-
son with the increase of CO peak intensity at ~1959 cm™*
under CO exposure which appears faster than the peak at
~2065 cm™ ", the decrease of the CO peak at ~1959 em™" under
N, purge appears slower. This kinetic difference is consistent
with the difference in binding strength between the Pd atop
and the Pd bridge sites.

Having analyzed the DRIFTs data of CO adsorption under
CO only (I), we examined next the DRIFTs data under CO + O,
reaction over AuysPdss/TiO, subjected to two different thermo-
chemical treatments. Under the reaction condition (CO + O,)
at different temperatures, the spectral feature of CO over the
catalysts were shown to be highly dependent on the thermo-
chemical treatment conditions. Fig. 5A shows a representative
set of DRIFTs spectra under exposure to CO/O, at RT and
100 °C over Au,sPdss/TiO, after O, treatment at 260 °C for
30 minutes. Note that the spectra did not display the signature
of oxygen species around (2035 to 2060 cm ™) assigned to atop
adsorption on Pd"* and Pd**,*® indicative of the absence of Pd
oxidation under CO + O, reactive environment. At RT (Fig. 5A-

This journal is © The Royal Society of Chemistry 2018
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a), the peak at ~1971 cm™" (CO on Pd bridge-site) showed an
increase with reaction time, along with a subtle shift to a
higher wavenumber. The peak at ~2068 cm™" (CO on Pd atop
site) showed a similar change. The shoulder peak at
~1900 ecm™" (CO three-fold hollow bonded)** appeared to
remain unchanged. At higher temperatures, e.g., 100 °C
(Fig. 5A-b), the reaction time dependence of the spectra feature
is clearly diminished, showing main peaks at ~2094, ~1988,
and ~1950 ecm™' (shoulder), assigned to CO on atop and
bridge sites. The peak intensities are higher than those at RT.
The shoulder (~1900 cm™") virtually disappeared. After ther-
mochemical treatment of the catalysts under H,, the spectra at
RT mainly feature the CO on Pd atop and bridge sites at ~2080
and ~1980 cm™" (Fig. 5B-a). The shoulder peak at ~1900 cm™"
for CO on 3-fold site is much smaller. At 100 °C, the overall
peak intensities are smaller than that at RT.

In contrast to the significant intensity increase for the O,-
treated catalyst by comparing the data between the 100 °C and
room temperature (Fig. 6A-a), the peak intensities for the H,-

This journal is © The Royal Society of Chemistry 2018

treated catalyst remain essentially unchanged over time
(Fig. 6B-a). These peaks remain practically unchanged at
higher temperature, e.g., 100 °C, with a subtle shift to lower
(~2071 and ~1973 cm™') (Fig. 5B-b).
Interestingly, the broad peaks at ~1650 cm™" showed an indi-
cation of increase in intensity over time (see Fig. 5B-b), likely
reflecting the adsorbed intermediate (e.g., carbonate species).
There are three major observations from the above DRIFTS
data. First, the spectra for AuysPdss/TiO, catalyst displayed
stronger CO atop and bridge site peaks than those on the
other two catalysts. Second, the spectra for H, treated
Au,5Pd;s5/TiO, showed time independence of the CO atop and
bridge site peaks while revealing an increase of the product
species, in contrast to the O, treated AuysPdss/TiO,. Third, in
comparison with the strong peak intensities for the atop and
bridge site peaks for the O, treated Au,sPdss/TiO,, the peak
intensities for the H, treated Au,sPds5/TiO, are much weaker.
Moreover, the weaker peak intensities for the atop and bridge
site peaks for the H, treated AuysPdss/TiO, appear to be

wavenumbers
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Fig. 6 Plots of peak intensity (absorbance peak height) vs. time under CO + O, reaction condition at different temperatures over AusPdss/TiO;
catalyst after treatment under O, at 260 °C for 30 min (A) and treatment under H, at 400 °C for 30 min (B): at RT (a1-1971 cm™, a2-2061 cm™), and

at 100 °C (b1-1980 cm™, b2-2080 cm™).

accompanied by a stronger peak intensity at ~1650 cm™'.

Importantly, a close comparison of the relative peak intensities
for the main peak (~1970 cm™), corresponding to bridge
sites, and the shoulder peaks at ~1900 cm™", corresponding to
the 3-fold sites, was performed by spectral deconvolution
(Table 1).

It is evident that the ratio of CO peak intensities of 3-fold
vs. bridge site is greatly reduced by a factor of 2-3 after H,
treatment comparing to that after O, treatment. The finding
that the H, treated Au,s;Pdss/TiO, has much less 3-fold sites
than that of the O, treated Au,sPdss/TiO, reflects a higher
degree of alloying in the catalyst, which is consistent with
HE-XRD/PDF data discussed next in this work and other
different nanoalloys reported previously.’’ The thermochemi-
cal treatment promoted a reconstruction of the nanoalloy
surface sites. For the treatment under oxygen, Pd is partially
oxidized since it is more oxophilic than Au, which likely
induces surface segregation and surface enrichment with Pd.
Thus, the presence of electron-withdrawing species shifts the
vibration frequency of the CO to a higher wavenumber. As will
be discussed later, these observations are associated with the
maximum activity of AuysPdss/TiO, over the other compo-
sitions and the fact that H, treated Au,s;Pdss/TiO, is more
active than the O, treated Au,sPds5/TiO,. To further assess the
surface active sites, the atomic-scale alloying and phase struc-
tures of the nanoalloys were further examined by HE-XRD
coupled with PDF, as discussed next.

Table 1 Ratios of peak intensities of CO on 3-fold sites (1(COz_o14)) Vs.
on bridge sites (1(COyyiage)) for AussPdss/TiO, based on spectral decon-
volution (see Fig. S7 and S8 for details)

Treatment Measurement I(1(CO;.£51a)/1(1(COpriage)
O,-Treated Under CO + O, at RT 3.5
O,-Treated Under CO + O, at 100 °C 2.6
H,-Treated Under CO + O, at RT 1.2
H,-Treated Under CO + O, at 100 °C 1.1

3856 | Nanoscale, 2018, 10, 3849-3862

3.2. Phase structures

Traditionally, synchrotron X-ray absorption spectroscopic tech-
niques such as EXAFS (Extended X-ray Absorption Fine
Structure) and XANES (X-ray Absorption Near Edge Structure)
have been extensively used to study the atomic scale structures.
As shown in our previous study,>® XANES/EXAFS was used to
determine the local atomic coordination structure and metal
surface oxygenated species of nanoalloys of binary and ternary
compositions. However, these techniques are limited in terms
of providing information about chemical ordering, structural
deformation/strain and phase properties, which can, however,
be assessed by HE-XRD coupled with PDF analysis,** a power-
ful technique for determining the atomic-scale phase structure
of nanoparticles.*’ In this work, we used HE-XRD/PDF to
analyze the atomic-scale phase structures of the nanoalloys.
Fig. 7A shows a representative set of PDFs for thermochemi-
cally-treated AuPd/TiO, with three different compositions,
which were derived from the HE-XRD data. The PDFs show a
sequence of sharp peaks, indicating the existence of well-
defined atomic coordination spheres in the NPs. The results
show that the nanoparticles possess atomic arrangement
similar to the face-centered cubic (fcc) structure. The fec-
model fitted lattice parameter (@) provides an approximation
of the interatomic distances in the nanoalloys. The PDFs are
well fitted with fcc structure with the lattice constant showing
an increase with increasing Au% in the NPs (a = 3.969 A to
3.832 A for n = 45 to 69). In comparison, the PDFs for both as-
synthesized and thermochemically-treated AuPd NPs sup-
ported on carbon with different compositions also show an
increase with increasing Au% in the NPs, but lattice parameter
being greater than those for the AuPd/TiO, samples (e.g., a =
4.003 A to 4.009 A for n = 45 to 69 in the NPs, and a = 3.997 A
to 4.012 A for n = 45 to 69 in the NPs/C) (Fig. S21). It is evident
that the experimental PDFs for the AuPd nanoparticles exhibit
physical oscillations vs. real space distances close to the size of
the respective nanoparticle (~6.3 nm). This is indicative of
structural distortion, which is common in nanoparticles due

This journal is © The Royal Society of Chemistry 2018
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to finite size and surface relaxation effect. This structural dis-
order varies based on the synthesis process and the thermo-
chemical treatment. It also affects physicochemical property of
NPs.'® Thermochemical treatment in reactive gas environment
has significant effect on atomic structure, causing reduction
and expansion of lattice parameters.*”

The so-called lattice parameters of AuPd nanoalloy
extracted from the experimental PDF data are summarized in
Fig. 7B. For the as-synthesized NPs, the lattice parameter
increases with increasing Au% in an approximately linear
fashion. However, the slope (1.8 x 10~ is much smaller than
that according to Vegard’s law (1.8 x 10 >-dotted line). The
situation is different for the supported nanoparticles after the
thermochemical treatment, where the slope for AuPd/C
(1.0 x 107%) and that for AuPd/TiO, (1.67 x 107°) are clearly
increased, approaching that predicted by Vegard’s law. This
finding suggests that the as-synthesized AuPd nanoparticles
were under very extensive tensile stress.”® This is common in
nanoparticle due to change in electronic structure of alloy as
result of charge transfer between the two components. Note
that pure Au NPs exhibit a compressive stress,”® which is con-
sistent with lattice shrinking for Au-rich AuPd NPs. However,
the thermochemical treatment of the nanoparticles and the
type of the support appears to relief a significant part of the
tensile stress or result in redistribution of Au and Pd atoms in
the particle.

An important finding is that the degree of alloying and the
interatomic distance depend strongly on the nanoalloy-
support interaction. As stated, the fcc-type lattice parameter
provides an approximation of overall interatomic bonding dis-
tances. The decreased bonding distances for AuPd/TiO, in
comparison with AuPd/C is attributed to redistribution of
charge between Au and Pd atoms as a result of different
nanoalloy-support interactions, including minimization of
local strain. That is, larger Au atom “shrinks” whereas smaller
Pd atom “expands” so that the ratio of their atomic size

This journal is © The Royal Society of Chemistry 2018

becomes as close to one as possible for minimization of local
tensile strain. Based on the results in this work, we believe
that it is the strong nanoalloy-TiO, interaction that led to a
further relief of the tensile stress in the NPs, at which the
phase structure can be characterized as a random alloy. The
comparison of the atomic structures between as-synthesized
and thermochemically-treated catalysts supported on carbon
were studied in this work and in our previous work,** in which
the interference of inert carbon support to diffraction pattern
was insignificant. However, in the case of TiO, support, the
thermochemical treatment could reduce TiO,, leading to a sig-
nificant relief of lattice strain. Based on the comparison of the
carbon-supported AuPd NPs between as-synthesized and
thermochemically-treated states (see Fig. 7B), we believe
inhomogeneity was insignificant for the as-synthesized AuPd/
C. The HE-XRD/PDF analysis revealed an enhanced degree of
random alloying. This type of structural characteristics
reflected the intrinsic properties of fresh catalysts in corre-
lation with their catalytic activities, which was used a struc-
tural descriptor of the nanoscale alloying in assessing the cata-
Iytic activity of CO oxidation in correlation with surface
binding sites, as discussed next.

3.3. Structural correlation with catalytic activity

The temperature dependence of the catalytic oxidation of CO
over C and TiO, supported AuPd nanoalloys and those after
thermochemical treatment was examined (Fig. S3t). The
thermochemical treatment was performed at 260 °C under O,
followed by H, at 400 °C. The catalyst was exposed to air
before being loaded into the catalyst test bed, and were further
treated under H, or O, before the catalytic activity measure-
ments. For CO conversion over carbon-supported AugPdoq,
Au,sPdss, and AugoPd;4/C catalysts, the catalyst with Au:Pd ~
50:50 (i.e., AuysPds5) is shown to display a higher activity than
that with Au:Pd > 50:50 (i.e., AugoPd3,), as evidenced by the
composition dependence of the catalytic activity in terms of
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the reaction temperature (Fig. S31). The catalytic activity of
AuPd/C catalysts showed little difference after thermochemical
treatments in the oxidative and reductive reaction atmos-
pheres, reflecting the inert properties of gold and palladium.
In sharp contrast, the activity of AuPd NPs supported on TiO,
measured under the same condition exhibit significant differ-
ences (Fig. S47) shows a clear dependence on the thermo-
chemical treatment atmosphere, displaying an increase in the
order of H,-treated (blue) > O,-treated (red) > freshly-prepared
catalysts (black) in terms of the reaction temperature.

By a comparison of the reaction temperatures at which 50%
CO conversion was achieved, i.e., Ts, values, for CO oxidation
over AuPd/C and AuPd/TiO, catalysts (Fig. 8A and B), the Ts,
value was observed to increase with Au% in the AuPd/C cata-
lysts, exhibiting an observable minimum at a composition of
~50% Au. This trend is practically independent on the thermo-
chemical treatment atmosphere. In contrast, the T, value for
AuPd/TiO, catalysts was found to exhibit a clear minimum at a
composition of 50% Au (Fig. 8B). This activity-composition
relationship showed a strong dependence on the thermo-
chemical treatment atmosphere. The O,-treated catalyst
showed the most significant change in terms of composition
dependence which was followed by the H,-treated catalyst, in
comparison with the as-prepared catalysts. The sharp contrast
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between AuPd/C and AuPd/TiO, catalysts is believed to reflect
the differences in active sites for oxygen activation as a result
of the nanoalloy-support interaction,** in addition to the per-
imeter zone effect between nanoalloys and TiO,.

The catalytic data were further analyzed to assess the reac-
tion kinetics in terms of the apparent activation energy (E,)
over the AuPd catalysts on two different supports (Table 2).
Values of E, were obtained from Arrhenius plot (Fig. S51). For
CO oxidation over AuPd/C catalysts (Table S17), the apparent
activation energy is shown to decrease with increasing gold in
the bimetallic nanoparticles. For the catalyst with Au: Pd < 50,
E, is increased after H, treatment in comparison with
that after O, treatment. For example, E, for AugPdy; was
207 k] mol™" after H, treatment and 204 k] mol™" after O,
treatment. E, for Au,sPdss was 195 k] mol™" after H, treatment
and 94 kJ mol™" after O, treatment. In comparison with data
obtained in our previous studies for CO oxidation over PdCu
catalysts,*® the E, values are slightly larger. In comparison, the
activation energy for CO oxidation over AuPd/TiO, catalysts
(Table S17) showed a significant reduction and less-significant
dependence on the composition. For example, the observed
apparent activation energies for Au,sPdss/TiO, and AugoPd;4/
TiO, were 34 k] mol™, and 58 k] mol ™" after O, treatment, and
6 k] mol™, and 32 kJ mol ™", respectively, after H, treatment.
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Fig. 8 Plots of Tso values for CO oxidation over AuPd/C (A) and AuPd/TiO, (B) for fresh catalysts (black), catalysts treated under O, at 260 °C for
30 min (red), and catalysts treated under H, at 400 °C for 30 min (blue). (Standard deviation of the reaction temperature: +1.8 °C.)

Table 2 DFT-calculated adsorption energy (eV) for molecularly adsorbed CO on Au,Pd;s_, clusters (n = 0, 1, 6, 9, and 13). Pd (cyan), Au (white),

carbon (gray), and oxygen (red)

Pdy; Au,Pd,, AugPd,

AugPd,

2.13 1.92
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These values are quite close to those for CO oxidation over
PdNi catalysts.>*

The T, for AuPd/TiO, catalysts of different compositions
(Fig. 8A and B) appeared to be highly dependent on the
thermochemical treatment conditions whereas Ts, for AuPd/C
catalysts was not. Based on the estimated activation energy (E,,
Table S1t), the values of E, for AuPd/TiO, catalysts were also
found to be relatively insensitive to the thermochemical treat-
ment conditions. As suggested by HE-XRD/PDF results dis-
cussed earlier, the formation of random alloy in NPs/TiO, as a
result of the strong nanoalloy-support interaction is likely a
key factor contributing to the surface sites responsible for the
higher catalytic activity for CO oxidation over AuPd/TiO, cata-
lysts than over AuPd/C. Note that the reaction rate was pre-
viously shown to be largely independent of the metal loading
on the catalyst when being tested with various dilutions of
metal loading for different nanoalloy catalysts (<5%).>> The
finding could rule out temperature and concentration gradient
induced diffusional mass transport effect on the kinetic
assessment. However, for the catalysts studied in this work
which had a metal loading of 15% in order for enhancing the
signals in HE-XRD measurement, the apparent activation
energy may partially reflect some contribution from mass
transport, which is yet to be confirmed in future work. While
the HE-XRD/PDF data were collected under ex situ condition, it
reveals differences in the alloy structures of different compo-
sitions, which provides important information to aid the
assessment of the structural correlation of the catalytic activity,
as supported by our previous studies of different nanoalloy cat-
alysts under both ex situ and in situ conditions.>*?*

In our recent 3D modeling studies of the composition-struc-
ture correlation in terms of the coordination numbers and the
distribution of surface Au-Au, Pd-Pd, and Pd-Au bonding dis-
tances on the nanoparticle surface for AuPd/C,** in relation to
the PDFs shown in Fig. S2,1 it was shown that the degree of
alloying is maximized on the nanoparticle surface, as reflected
by the maximized Au—Pd and Pd—Au atomic pairs. As a result,
Au atoms shrink whereas Pd atoms expand, indicating that Pd
and Au atoms are under tensile and compressive stresses due
to the mismatch between the size Au and Pd atoms which in
bulk state is 2.872 and 2.75 A respectively. Since a tensile

View Article Online
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stress is considered for the surface atoms on the NP, which
shifts d-band energy (eq) up toward Fermi level, a stronger
metal-adsorbate is expected, and vice versa. By analyzing the
total surface coordination number (CN) derived from the 3D
modeling®* which reflects the degree of alloying in terms of
surface sites, as shown in Fig. 9, the total surface CNs in terms
of all surface partial CNs of the first-neighboring Au-Au
(Fig. 9A), Pd-Pd (Fig. 9B) and Pd-Au (Fig. 9C) pairs are shown
to depend on the bimetallic composition differently for the
different pairs. While the total surface CNs for Pd-Pd show a
minimum at ~50 Au%, the total surface CNs for both Au-Au
and Pd-Au exhibit maxima at ~50 Au% (Fig. 9). It is thus the
alloyed site, along with domains of Au atoms, on the surface
for the catalyst with Au:Pd ~ 50 that is responsible for the
maximized catalytic activity of CO oxidation. On such surface,
the activation of CO or O, adsorbed on the site of Pd
surrounded by Au atoms is more favored than other surface
sites, in which the Au atoms may also aid the maneuvering of
reaction intermediates.

The different nanoalloy-support interactions in different
nanoalloy catalysts*>* could also influence the tensile stress.
For AuPd/TiO,, fcc-type lattice structure seems to show an
enhanced relief of the tensile stress towards random alloy
character in comparison with AuPd/C. It is interesting that at
Au% ~ 50 the decrease of Pd-Pd CNs is accompanied by maxi-
mization of Au-Au CNs, during which the average surface Pd-
Au first coordination number is maximized. For AuPd/C, the
formation of a random alloy at a composition of n ~ 50 would
favor the maximization of Pd-Au first CN. For CO oxidation,
the composition-dependent catalytic synergy (Fig. 8) is
believed to be linked to the overall surface CNs. For TiO,-sup-
ported AuPd NPs, a similar trend in the surface coordination
number vs. bimetallic composition is possible, but the inter-
action between the nanoalloy and the high-oxygen capacity
TiO, support could lead to a subtle difference in comparison
with the nanoalloy-carbon support interaction. TiO, has
strong interaction with AuPd nanoparticle,® which contributes
to a more significant reduction of interatomic distances. As a
result of the consequent random alloy character, the activity
for AuPd/TiO, is higher than AuPd/C. In addition, TiO,
support provides oxygen-activation sites through oxygen
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Fig. 9 Plots of average total surface CNs in terms of all surface partial CNs of the first-neighboring Au—Au (A), Pd—Pd (B) and Pd—Au (C) pairs for
AuPd/C catalysts with different bimetallic compositions. Data were extracted from the data in Fig. 5 (left graph) presented in ref. 32.
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Illustration of the difference of surface binding sites for CO adsorption on the surface of alloyed AusoPdsq surface between O, (A) and

H, (B) treated AuPd nanoalloys supported on TiO,. Pd (green), Au (light blue).

deficiency sites located at the nanoalloy-support perimeter
zone,* different from active sites on the nanoparticle surface.
The catalytic oxidation of CO at low temperatures proceeds
through Langmuir-Hinshelwood mechanism including
adsorbed CO and O atoms.*” The adsorption of CO and disso-
ciative chemisorption of oxygen are the main two factors that
influence the catalytic performance."® The increase of Au% on
nanoparticle surface would lead to isolation of Pd by Au
(ensemble effect)*® resulting in prevention of active sites from
poisoning. Since Au has higher electronegativity (2.5) than Pd
(2.2), charge transfer occurs from Pd to Au (ligand effect), facil-
itating the adsorption of reactants® by shifting the d-band
center away from Fermi level and in turn it leads to a weaker
interaction between adsorbates and Pd surface.”"

The significance of these factors substantiates the assess-
ment of the fact that the maximization of CO atop and bridge
sites for the catalyst at Au:Pd atomic ratio of ~50:50
coincides with the maximization of the alloying degree when
Au% ~ 50. Scheme 2 depicts CO adsorption on the surfaces
of O, and H, treated Au,sPd;;/TiO,. Note that the surface
metal atoms remain in the reduced state in both cases. In
comparison with the presence of atop, bridge and 3-fold sites
on the surface for the O,-treated Au,;Pd55/TiO,, the H,-treated
Au,sPdss/TiO, feature largely atop and bridge sites as a result
of a higher degree of alloying on the surface.

The catalytic synergy is also supported by consideration of
the CO adsorption energy based on preliminary DFT calcu-
lation results using small AuPd clusters. For adsorption of CO
on the surfaces of a 13-atom cluster model of AuPd, the
adsorption energy of CO was obtained by DFT calculation on
the basis of Yeager model. The results are shown in Table 2,
showing a decrease of adsorption energy with the Au% increase.

There appears to be a maximum of adsorption energy at
Au,Pd;,. It is interesting that the adsorption energy of CO on
AugPd; falls in between Au,Pd;, and Auo,Pd, The adsorption
site features 3-fold Pd site for Au,;Pd;, and 3-fold Pd-Pd-Au
site for AucPd,, and atop Pd site for AugPd,. In correlation
with the experimentally-observed maximum activity for the cat-
alysts with Au:Pd ~ 50, the intermediate adsorption energy
and the participation of Au atom in the adsorption site for CO

3860 | Nanoscale, 2018, 10, 3849-3862

seem to be important factors for further probing the catalytic
synergy. It is important to note that the DFT result was based
on a small cluster model. Further work is needed for an in-
depth assessment. As a preliminary assessment, DFT calcu-
lations of the adsorption energy of CO on a AuPd surface (111)
model (modeling larger-sized particles) were also performed
(Table S27). The result revealed a similar trend for the adsorp-
tion energy with a subtle shift of the maximum to AuePd,
(Table S271), which coincided with the maximum activity
observed for Au,sPdss. In addition, the adsorption energy for
CO adsorption on a 3-fold hollow Pd site was found to be
greater than that on a bridge or atop Pd site (see Table S21),
which also qualitatively agreed with the experimental data. A
detailed understanding the calculation results is part of our
on-going investigations.

4. Conclusions

In conclusion, the thermochemically-induced reconstruction
of the surface active sites on Ti,O-supported AuPd nanoalloys
was probed by in situ DRIFTS, revealing enrichment of bridge
and atop Pd sites under hydrogen, in contrast to enrichment
of three-fold hollow sites under oxygen. This surface evolution
is shown to be highly dependent on the bimetallic compo-
sition and the support-nanoalloys interaction. The relief of a
significant part of the tensile stress in the nanoalloys, as sup-
ported by HE-XRD/PDF analysis of nanoalloys phase and
interatomic bonding structures in the nanoalloys, was believed
to play an important role in the nanoscale reconstruction,
leading to a random distribution of Au and Pd atoms in the
nanoparticles. The nanoscale alloying and surface site evolu-
tion characteristics were found to correlate strongly with the
catalytic activity of CO oxidation in terms of the bimetallic
composition and thermochemical treatment condition, reveal-
ing a composition-dependent catalytic synergy. These findings
have demonstrated an important pathway for fine-tuning the
surface catalytic sites of nanoalloys catalysts, which have sig-
nificant implications for advancing the design of nanoalloys-
based catalysts with the desired catalytic synergy.
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