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Catalytic oxidation of propane over palladium
alloyed with gold: an assessment of the chemical
and intermediate speciest

Haval Kareem,? Shiyao Shan,® Zhi-Peng Wu,? Leslie Velasco,? Kelli Moseman,?
Casey P. O'Brien,® Dat T. Tran,© lvan C. Lee,® Yazan Maswadeh,” Lefu Yang,®
Derrick Mott,® Jin Luo,? Valeri Petkov @® and Chuan-Jian Zhong @ *2

Understanding the catalytic oxidation of propane is important for developing catalysts not only for catalytic
oxidation of hydrocarbons in emission systems but also for selective oxidation in the chemical processing
industry. For palladium-based catalysts, little is known about the identification of the chemical or interme-
diate species involved in propane oxidation. We describe herein findings of an investigation of the catalytic
oxidation of propane over supported palladium nanoalloys with different compositions of gold
(Pd,Aui0o-n), focusing on probing the chemical or intermediate species on the catalysts in correlation with
the bimetallic composition and the alloying phase structure. In addition to an enhanced catalytic activity, a
strong dependence of the catalytic activity on the bimetallic composition was revealed, displaying an activ-
ity maximum at a Pd: Au ratio of 50:50 in terms of reaction temperature. This dependence is also reflected
by its dependence on the thermochemical treatment conditions. While the activity for nanoalloys with n ~
50 showed little change after the thermochemical treatment under oxygen, the activities for nanoalloys
with n < 50 and n > 50 showed opposite trends. Importantly, this catalytic synergy is linked to the subtle
differences of chemical and intermediate species which have been identified for the catalysts with different
bimetallic compositions by in situ measurements using diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS). For the catalytic oxidation of propane over the highly-active catalyst with a Pd: Au
ratio of 50:50, the major species identified include acetate and bicarbonate, showing subtle differences in
comparison with the identification of bicarbonate and formate for the catalyst with <50% Au (with a lower
activity) and the absence of apparent species for the catalyst with >50% Au (activity is largely absent). The
alloying of 50% Au in Pd is believed to increase the oxophilicity of Pd, which facilitates the first carbon-car-
bon bond cleavage and oxygenation of propane. The implications of the findings on the catalytic synergy
of Pd alloyed with Au and the design of active Pd alloy catalysts are also discussed.
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creasingly important.** In comparison with Pt, Pd is known
for its activity for many reactions including propane oxidation
due to its resistance to poisoning by traces of CO® and its tol-
erance to moisture.® However, deactivation still constitutes a
major challenge. In a recent study’ of the catalytic activity of
Pd and Rh for CO and propane oxidation, the activity is
shown to decrease at high temperature due to agglomeration
of the nanoparticles as a result of metal oxidation. In another
study,® the low activity of propane oxidation over pure Pd/
Al,O; was ascribed to sintering and reducibility of the active
site PdO, and generation of metallic Pd’. Bimetallic catalysts
are considered a promising alternative in terms of stability
and high activity in comparison with monometallic Pd.° In a
study by Lang et al.,"° nanoporous AuPd showed higher cata-
Iytic activity and improved electrochemical stability toward
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methanol oxidation. Similarly, Co;0,-supported AuPd showed
higher catalytic activity and better stability than supported Au
and Pd for toluene oxidation due to a strong interaction be-
tween AuPd and the support."’ Promotion of the catalytic
activity of noble metals such as Pt and Pd with low-cost tran-
sition metals such as Ni, Cu, Co, etc. was observed. However,
long-term durability is an issue due to the degradation of
the catalyst."> On the other hand, supports have been shown
to exhibit significant effects on the catalytic activity of nano-
particles, including providing oxygen during propane oxida-
tion (e.g., TiO, or Ce0,)"? or assisting the generation of ac-
tive species.'® Also, the acid/base strength of the support is
shown to influence the catalytic performance in terms of dis-
persion and the oxidation state of the supported Pd or Pt. In
a study by Yoshida et al.,'® the effects of the support (MgO,
AL, 03, SiO,-Al,03) and additives on the catalytic activity of
propane oxidation were investigated, showing that the cata-
lyst performance is enhanced with a more acidic support
and with higher electronegativity of the additives. To in-
crease the activity and stability, the alloying of Pd with Au
has been considered an important approach since Au has a
higher oxidation potential than Pd. While PdAu has been
studied for many catalytic reactions,'® to the best of our
knowledge, this study of AuPd nanoalloys for propane oxida-
tion under different reaction conditions is the first example
of its kind.

The understanding of surface catalytic sites is important
for the design of bimetallic nanoalloy catalysts, for which the
in situ diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS) technique has proven to be powerful in prob-
ing the surface catalytic sites, as shown in our recent study of
AuPd on different supports for CO oxidation.'”” While the as-
synthesized AuPd nanoparticles were under very extensive
tensile stress, the thermochemical treatment of the nano-
particles and the type of the support were shown to relieve a
significant part of the tensile stress, leading to the random
distribution of Au and Pd atoms in the nanoparticles. The
formation of intermediate species during propane oxidation
and their role in the reaction mechanism are a focal point in
studies of Pt or Pd catalysts."® In a recent DRIFTS study of
propane oxidation over Pt/Al,0;,"° oxy-carbon species, such
as acetate, enolate, aliphatic ester, and acetone, were
detected. It was found that an increasing concentration of
oxy-carbon species had no effect on CO, production, indicat-
ing that these species are inert spectators during propane oxi-
dation. The intermediate species grow on the Pt/Al,O; surface
and then spill over to the support Al,O; surface. In another
DRIFTS study by Faria et al. 20 of Pd/Al,0,/CeO, for the oxida-
tive stream reforming of propane, it was shown that the for-
mation of formate species (HCOO") is favored over Pd/CeO,/
Al,O; while bicarbonate is detected over Pd/Al,Oj;.

While synergistic effects have been shown in previous ex-
perimental and theoretical studies of differently-prepared
PdAu catalysts in other catalytic reactions, little is known in
terms of the roles of metal-support interaction, the bimetal-
lic composition and thermochemical processing in terms of
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the specific catalyst's phase structures and surface sites.
Herein we describe novel findings of an in situ DRIFTS study
of PdAu nanoalloys with different bimetallic compositions
and on different supports in propane oxidation, aiming at
understanding the propane oxidation pathways and the cata-
Iytic activity in relation to the nanocatalyst's atomic-scale
structure and surface-active sites. This understanding is
aided by synchrotron X-ray diffraction (XRD) coupled to
atomic pair distribution function (PDF) analysis for assessing
the nanoalloy’s detailed atomic-scale structures.

2. Experimental section
Chemicals

Palladium(u) acetylacetonate (Pd(acac),, 97%), oleylamine
(CH;(CH,),;CH=CH(CH,)sNH,, 70%), and borane-morpholine
(95%) were purchased from  Aldrich. Hydrogen
tetrachloroaurate(m) hydrate (HAuCl,-xH,O, 99.9%) was pur-
chased from Strem Chemicals. Other chemicals such as etha-
nol, hexane, and isopropanol were purchased from Fisher
Scientific. Gases of propane (1 vol% balanced with Ar), H,
(99.99 vol%), N, (99.99 vol%) and O, (20 vol% balanced with
N,) were obtained from Airgas. All chemicals were used as re-
ceived. TiO, was purchased from Acros Organics. Al,O; was
purchased from Alfa Aesar.

Synthesis of PdAu nanoparticles

The synthesis of PdAu NPs involved the reduction reaction of
two metal precursors.”’ Briefly, palladium(n) acetylacetonate
and HAuCl,-xH,O were dissolved in a desired molar ratio in
15.0 ml oleylamine in a glass vial by heating up to 40 °C and
then 1.9 mmol borane morpholine at 75 °C was added under a
N, atmosphere. The resulting solution was then heated up to
220 °C and kept at this temperature 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 a 15 ml hexane and 35 ml ethanol
mixture cleaning solvent for centrifugation at 3000 rpm for 30
min. The NPs were redispersed in hexane for further use.

Catalyst preparation

The catalysts were prepared from the as-synthesized nano-
particles, including assembling and thermal activation. TiO,
and Al,O; powder were used as support materials which were
mixed with a controlled amount of the as-synthesized nano-
particles followed by sonication and overnight stirring. The
product powder was collected and dried under N,.

TiO,, and Al,Oz-supported nanoparticles were activated by
thermochemical processing, the details of which were
reported previously.>” Typically, the supported nanoparticles
were first treated at 120 °C under N, to remove the organic
solvent. This was followed by heating at 260 °C under 20%
O, (balanced with N,) for 1 h to remove the organic capping
molecules, and then to 400 °C under 15% H, (balanced with
N,) for 2 hours to calcine the catalysts. The weight loadings
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of the TiO, and Al,O; supported PdAu catalysts were around
5% for most of the catalysts studied in this work, which were
confirmed by ICP-OES analysis. For example, the metal load-
ing of Pd3;Auge/Al,03 was 4.5 wt% whereas that of Pdj;Auge/
TiO, was 5.3 wt%.

Catalytic activity measurement

To measure the catalytic activity of supported PdAu catalysts
for propane (1 vol% balanced with Ar) + O, (20 vol% bal-
anced with N,) reaction, a custom-built system was
employed, including a temperature-controlled reactor, gas
flow/mixing/injection controllers, and an on-line gas chro-
matograph (Shimadzu GC 8A) equipped with a 5A molecular
sieve, Porapak Q packed columns, and a thermal conductivity
detector. The catalysts were loaded into 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 (0.8 vol% propane +10 vol% O,) through
the mounted catalyst in the quartz micro reactor. The resi-
dence time was about 0.2 seconds. The gas hourly space ve-
locity (GHSV) in the system was around 16 000 h™'. Tempera-
ture control was achieved using a furnace coupled with a
temperature controller. The performances of the catalysts of
propane oxidation were determined by analysis of the compo-
sition of the tail gas effusing from the quartz micro reactor
packed with the catalyst fixed bed using the on-line gas
chromatograph.

Morphology and composition characterization

A transmission electron microscope (TEM) was used to deter-
mine the size of the nanoparticles. The nanoparticle samples
were suspended in hexane solution and were drop cast onto
a carbon-coated copper grid followed by solvent evaporation
in an ambient atmosphere.

High-angle annular dark-field scanning (HAADF-STEM)-en-
ergy dispersive spectroscopy (EDS)

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

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

ICP-OES was employed to examine the nanoparticle compo-
sition. It was conducted on a PerkinElmer 2000 DV ICP-
OES instrument using a cross flow nebulizer with the fol-
lowing parameters: plasma 18.0 L Arg) per min; auxiliary
0.3 L Ar() per min; nebulizer 0.73 L Ary) per min; power
1500 W; peristaltic pump rate 1.40 mL min'. Elements
<1.0 mg L™ were analyzed using a Meinhardt nebulizer at-
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tached to a cyclonic spray chamber to increase the analyti-
cal sensitivity with the following parameters: 18.0 L Ar,
per min; auxiliary 0.3 L Ar) per min; nebulizer 0.63 L Ar,
per min; power 1500 W; peristaltic pump rate 1.00 mL
min~".

Ex situ HE-XRD measurements were carried out both on
in house equipment and using synchrotron radiation X-rays
(E = 80.725 keV) at beamline 1-ID of the Advanced Photon
Source at Argonne National Laboratory.

The XRD diffraction data were reduced to the so-called
structure factors, S(q), and then Fourier transformed to
atomic PDFs G(r), using the relationship

G(r):%Lq::q[S(q)—l]sin(qr)dq, where max = 25 A" in the

present experiments. The wave vector g is defined as g = 4=n
sin(0)/4, where @ is half of the scattering angle and 1 is the
wavelength of the X-rays used. Note, as derived, atomic PDFs
G(r) are experimental quantities that oscillate around zero
and show positive peaks at real space distances r, where the
local atomic density p(r) exceeds the average one, p,. This be-
havior can be expressed by the equation G(r) = 4nrp,[p(r)/po —
1], which is the formal definition of the PDF G(r). High-
energy XRD and atomic PDFs have already proven to be very
efficient in studying the atomic-scale structure of nanosized
materials.>***

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS)

DRIFTS measurements were performed under propane oxida-
tion reaction conditions on a Bruker Vertex 70 FTIR spectro-
meter with a MCT detector and a Praying Mantis™ Diffuse
Reflectance Accessory (Harrick Scientific Products, Inc.)
Briefly, the sample cup in Praying MantisTM Diffuse Reflec-
tance Accessory was filled up with 30 mg of PdAu/Al,O; cata-
lysts for the propane oxidation reaction at 350 °C. The DRIFT
measurements were taken at 64 scans with a resolution of
2 em ™.

Computational modeling

AD initio calculations were conducted by density functional
theory (DFT) utilizing the DMol® program coming as a part
of the Materials Studio program. In the computation, the
generalized gradient approximation (GGA) was used. Mini-
mization of energy of all model atomic configurations for
unsupported PdAu was carried out. To investigate the inter-
action between propane, oxygen, intermediate species and
the model atomic configurations, the energy of adsorption
of propane on the model atomic configurations was mea-
sured. It was calculated by E.qs = —(Epropane-metal ~ Emetal —
Epropane)) Wherey Epropanefmetaly Emetal and Epropane are the to-
tal energy for the propane-metal complex, the isolated
metal configuration, and the isolated propane molecule,
respectively.

This journal is © The Royal Society of Chemistry 2018
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3. Results and discussion

In this section, results from the morphological and structural
characterization studies of PdAu nanoparticles are first de-
scribed to demonstrate the composition controllability and
phase structures of the bimetallic nanoparticles. Secondly,
the catalytic activities of the catalysts for propane oxidation
are discussed in terms of their dependencies on the bimetal-
lic composition and the thermochemical treatment parame-
ters. Finally, the catalytic synergy in correlation with the bi-
metallic composition and alloying structure is discussed.

3.1 Morphology, composition and phase structures

The composition of the PdAu nanoparticles was analyzed
using ICP-OES, which revealed a linear relationship between
the Au% in the nanoparticles and the Au% in the feeding
composition in the synthesis solution (Fig. S1A, ESIT), dem-
onstrating the excellent controllability of the bimetallic com-
position in the synthesis. There is a slightly lower Au% in the
NPs than in the synthesis feeding ratio, indicating that Pd is
slightly more favorable in the bimetallic nanoparticles than
Au. A set of samples, Pdy;Aug, PdssAuys and PdzAuge NPs,"”
were examined in this study, which features an average size
of 6.5 = 0.6 nm, 5.5 + 0.8 nm and 5.3 = 0.9 nm, respectively
(Fig. S1B, ESIt). The NPs were supported on TiO, and Al,O3,
and were thermochemically treated to activate the catalysts,
yielding an average size of 6.5 nm for all NPs on the support.>®
The morphology and elemental distribution were determined
using HAADF-STEM coupled with EDS mapping analysis.
Based on the EDS mapping data for the PdssAu,s/TiO, sample
(Fig. S1C, ESIf), the distribution of the two metals in the bime-
tallic NPs is characteristic of a random alloy.

A representative set of X-ray powder diffraction (XRD) pat-
terns for the PdAu/Al,O; NPs is shown in Fig. 1, featuring a
face-centered cubic structure. The diffraction peaks are lo-
cated between the corresponding Au and Pd peaks, indicating
the formation of an alloy structure. The diffraction peak at
38.2° corresponding to Au (111) shifts to a higher diffraction
position as Au% decreases, an indication of interatomic dis-
tance shortening. For PdssAu,s nanoparticles, the Bragg
peaks are very broad, indicating low crystallinity. The diffrac-
tion peaks at 44.3° and 64.5° were assigned to Au (200) and
Au (220), respectively. The spectra did not display the signa-
ture of oxygen species assigned to PdO at 26 of 33.5°.° This
was further confirmed by XPS analysis of the nanoalloys (see
Fig. S2, ESIT). The detected peak positions for Pd 3ds, and
3ds;, (~340.2 eV and ~335 eV) were characteristic of the
Pd(0) state, and no oxygen species (at 343 eV) were detected.>®
Note that the XRD and XPS data were collected after the cata-
lysts were treated at 260 °C under O, followed by 400 °C by H,
treatment, in which PdO could be reduced to Pd°.

The technique of HE-XRD coupled with PDF was used to ex-
amine the atomic-scale alloying phase structure. Fig. 2A dis-
plays a set of PDFs for PdAu NPs supported on AlL,O; after
thermochemical treatment. The arrangement of sharp peaks
in the atomic PDFs represents the presence of well-defined

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

atomic coordination spheres in PdAu/Al,O; NPs. The experi-
mental PDFs fit well with the face-centered cubic (fcc) struc-
ture model, from which the interatomic distances could be ap-
proximated based on lattice parameters. The lattice
parameters of PdAu NPs supported on Al,O; and TiO, were
extracted from the experimental PDF data, which are shown in
Fig. 3B. For PdAu/TiO,, the lattice parameter increases with in-
creasing Au% in an approximately linear fashion with a slope
approaching that predicted by Vegard's law. However, the situ-
ation is different for PdAu/Al,O;, which showed a slope
smaller than that according to Vegard's law. This finding sug-
gests that the Al,O; supported PdAu nanoparticles were under
very compressive stress.”” This phenomenon in nanoparticles
is due to modification of the electronic properties of the alloy.
However, the type of the support appears to relieve a signifi-
cant part of the compressive stress due to the nature of inter-
action between the nanoparticle and the support.'” In compar-
ison with bulk Au (4.079 A) and bulk Pd (3.891 A), lattice
shrinking has been reported for nanoparticle counterparts on
different supports, including Au on TiO, (3.786 A), Pd on TiO,
(3.785 A),*® Au on Al,O; (4.068 A), and Pd on Al,O; (3.88 A).>°
Note that for a carbon support, lattice expansions were ob-
served, e.g, AugPds,/C (3.941 A), Au,sPdss/C (3.982 A),
AugePd;,/C (4.015 A),"” and Pd/C (3.89 A) and Au/C (3.93 A).*°
These subtle differences indicate that the lattice strain charac-
teristics of the nanoparticles are highly dependent on the
nanoparticle-support interactions.

The overall lattice shrinking for PdAu/Al,O; in comparison
with PdAu/TiO, is believed to reflect the difference in metal
adhesion on the two different supports. Theoretical studies*
and experimental data®' showed that the metal-support inter-
action strongly depends on the chemical nature of the metal
and the support, especially the oxophilicity.>” The adhesion en-
ergies of Pd/Al,O; (4.38 ] m™?) and Au/ALO; (2.31 J m™) have
been shown to be higher than those for Pd/TiO, (1.092 ] m )
and Au/TiO, (0.292 J m™?),***" which suggests a stronger
metal-support interaction for PdAu/Al,O; than for PdAu/TiO,.
The stronger interaction could lead to a smaller contact angle

AuPd alloy region
(111) (200)
I

Intensity (a.u.)

20 (degree)

Fig. 1 XRD patterns of NPs: (a) Pdg1Aug/Al,O3, (b) PdssAuss/Al,O5, and
(c) Pd31Auee/Al,O3 (note that the size of Al,Osz is too fine to display
diffraction peaks).
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Fig. 2 Experimental (symbols in black) and model (line in red) total atomic PDFs for PdAu/Al,O3 (A) and plots of the fcc lattice parameter of PdAu/
Al,Oz NPs (symbols in blue) and PdAu/TiO, (symbols in red) (B), as a function of the relative Au content of the NPs. The broken (dash dot) line

represents a 1:1 relationship.

of NPs on the support, under which lattice shrinking could oc-
cur. For PdAu/Al,O; with Au% > 40%, the lattice parameter
approaches that for Pd. In comparison, the lattice parameter
of PdAu/TiO, approaches Vegard's law, indicating a better de-
gree of alloying. The strong interaction between PdAu NPs and
AL, O; lead to a partial segregation of PdssAuys and Pd;;Aug
(Fig. 2B). Another factor affecting the metal segregation is the
difference in surface energy,*” e.g., Pd's surface energy is 2.04 J
m~> whereas Au's surface energy is 1.62 J m >, which could
lead to surface enrichment of Au whereas the nanoparticle
core is enriched with Pd. Indeed, EDS mapping data showed
that Au atoms in Pdg;Au, tend to segregate toward the NP sur-
face.'” Moreover, the strong metal-oxide support interaction
could also be lowering the sintering rate of NPs, which is im-
portant for maintaining the high catalytic activity.*®

3.2 Catalytic oxidation of propane

3.2.1 Catalytic activity. In contrast to the CO oxidation re-
action, which is generally believed to follow a Langmuir-Hin-
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shelwood mechanism, i.e., both CO and O, are activated by
co-adsorption, the propane oxidation involves the
chemisorbed and activated O species reacting with poor ad-
sorption of propane. Since oxygen activation is essential in
the catalytic oxidation, the determination of propane oxida-
tion intermediate species provides information for assessing
the surface sites on the nanoalloy catalysts.

The measurement of the catalytic activity for propane oxida-
tion focused on PdAu NPs of different compositions supported
on TiO, and Al,O; supports. Fig. 3 shows a representative set of
catalytic data for the as-prepared catalysts (260 °C/O, treatment
followed by 400 °C/H, treatment) and the re-oxidized catalysts
(260 °C/O, treatment of the as-prepared catalysts). First, the cat-
alytic activity depends on the bimetallic composition and the
chemical nature of the support, exhibiting the order of PdssAuys
> Pdy;Auy > Pd3;Aug, for both TiO, and Al,O; supported cata-
lysts (Fig. 3A and B). Secondly, the overall catalytic activity was
found to be almost independent of the O, treatment (260 °C/
0,) for most of the catalysts, except for Pdy;Aug/Al,O; which
showed a subtle increase after the O, treatment. This finding is

100
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40+
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100 200 300 400 500
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(B)

Fig. 3 Comparisons of propane conversion activities over PdAu NPs supported on two different supports: (A) TiO, and (B) Al,Os. Pdy;Aug (a,
circle); PdssAugs (b, triangle); PdsjAueg (c, square). Catalyst treatments: (1) as-prepared catalysts (260 °C/O, treatment followed by 400 °C/H,

treatment, black); 2) 260 °C/O, re-treated catalysts (red).
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in contrast to data for Pd alloyed with base transition metals
where oxophilicity has a strong impact on catalytic activity.””
Note that the catalytic data of commercial Au/TiO, show very
low activity in comparison with the binary PdAu catalyst (see
Fig. S5A, ESIf). The PdAu/TiO, catalysts clearly show an en-
hanced catalytic activity, e.g., PdssAu,s/TiO, which has values of
Ty0 = 190 °C and Ts, = 220 °C (see Fig. 4A and B) in comparison
with values of T;, = 290 °C and 75, = 350 °C previously reported
for 2 wt% Pd/TiO,.*>® For PdssAu,s/Al,0;, an enhanced activity
was also observed, but the catalytic activities in comparison
with Pd/Al,O; depend on the preparation methods of the cata-
lysts. Examples of the activities reported for Pd/Al,O; include
Ty = 320 °C and Ts, = 390 °C,*° and T, = 240 °C and Ts, = 320
°C.*® For commercial 5 wt% Pd/Al,O;, Ty = 225 °C and Ts, =
290 °C (see Fig. S5B, ESIT). Again, the comparison was limited
at this point because it was affected by the differences in parti-
cle sizes and catalyst preparation methods.

By comparison of the catalytic activities in terms of the ox-
idation temperatures (Fig. 3), a maximum catalytic activity is
revealed for the catalysts with a Pd:Au ratio of 1:1. Interest-
ingly, a close examination of the data in Fig. 3 indicates sub-
tle differences in terms of the relative T,,, Ts, and T55 values
for the catalysts before and after the oxidative thermo-
chemical treatment for Pd,Au;,-,/TiO5(1) and over
Pd,0-,AU,/Al,O5(1) (Fig. 4). Note that for Pdz;Auge/Al,O5(u)
both Ts, and 755 fall above the temperature range because of
its low activity. For Pd,,-,Au,/TiO,(1), while there were small
changes in most cases for <50% Au or >50% Au, little
change was observed for ~50% Au before and after the oxida-
tive thermochemical treatment. Similar results were also
obtained for Pd,go-,Au,/Al,O5(11) with <50% Au and ~50%
Au. These observations are remarkable, suggesting not only
the operation of a composition-dependent catalytic synergy,
especially for the PdAu NPs with ~50% Au. Note that the
present focused on studying the bimetallic
composition-activity dependence of the supported PdAu
nanoparticles in the propane reaction in terms of intermedi-
ates in relation to catalytic activity. There is a need to under-
stand the stability and it would involve testing the catalysts
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in different gas mixtures and temperatures or different age-
ing conditions. There is also a need to compare the stabilities
of AuPd and Pd catalysts. Our preliminary work under very
limited conditions showed an indication of higher activity
and stability for a certain AuPd catalyst, but the confirma-
tion, especially in comparison with Pd catalysts under the
same or comparable particle sizes and by similar preparation
methods, will be provided by future work.

In order to understand the mechanistic details, the kinetic
data were examined, revealing two different E, values for low
and high reaction temperature ranges (see Fig. S3, ESIT). The
overall E, value is higher in the low temperature range (100
to 270 °C) than in the high temperature range (300 to 500
°C). Secondly, E, exhibits a minimum at a Pd:Au ratio of
~50:50, consistent with the reaction temperature data. The
overall E, values in the low temperature range for the cata-
lysts are slightly lower than those reported for the catalytic
oxidation of propane (60-90 kJ mol™)." In addition to the de-
pendence of E, on the bimetallic composition, a clear depen-
dence on the thermal treatment condition was also revealed.
In the low temperature range (Fig. S4A, ESIT), the activation
energy was increased after O, treatment for Pd,Au,oo-,/TiO,
with n < 50. This is consistent with the measured T;, values.
(see Fig. 4A). However, the activation energy for n < 50
dropped in the case of Al,O; supported Pd,Au,q,-, (see Fig.
S4C, ESIY). For n smaller than 50 (e.g., Pd;1Aue/TiO,), the ac-
tivation energy showed a decrease after O, treatment. This is
also consistent with the T, values (see Fig. 4A). Note that the
activation energy remained unchanged after O, treatment for
n ~ 50 which is consistent with the measured Ts, values (see
Fig. 4B). In the high temperature range (Fig. S4B and S4D,
ESIt), the activation energy showed an increase for n < 50
and an increase for n > 50 after O, treatment, which is con-
sistent with the trend of 7,5 values (see Fig. 4C).

Taken together, the kinetic results suggest switching-type
catalytic activities in terms of lower and higher 7;, and 755
values in the low and high reaction temperature ranges, as
shown in Fig. 4A and C, in terms of the oxidative treatment.
The fact that the increase in E, for the oxidized Pd,Au;gg_,/
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Fig. 4 Plots of Ty (A), Tso (B), and T5 (C) values vs. bimetallic composition for propane oxidation over Pdjgo-,Au,/TiO, (I, triangles) and over
Pd100-nAu,/Al,Os3 (ll, circles) catalysts for the fresh catalysts (black) and the one treated under O, at 260 °C for 30 min (red).
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TiO, catalysts for n < 50 did not change the conversion activity
is indicative of the immunity of both Au and Pd from oxida-
tion in the nanoalloy under the reaction conditions. The find-
ing that PdAu/TiO, exhibits an activity higher than that for
PdAu/AlO; is believed to reflect a combination of the higher
degree of alloying in the NPs and the higher oxygen capability
for TiO,. For PdAu/Al,O3, in which the compressive stress is at
a maximum (Fig. 2B), a down shift of the d-band level with re-
spect to the Fermi level*' could reduce the binding energy of
propane or intermediate species and enhance the oxidation.

3.2.2. In situ DRIFTS characterization. TiO, is known for
its active lattice oxygen,*” leading to a high oxygen capacity.
PdAu/Al,O;, while showing an activity lower than PdAu/TiO,,
exhibited a composition dependence of activity similar to
PdAu/TiO,. There is also a significant lattice shrinking for
Au% > 40% in comparison with the fully-alloyed character of
PdAu/TiO,. In this work, the Al,O; support was used as an ex-
ample for studying the catalytic synergy of AuPd NPs in pro-
pane oxidation. In comparison with TiO,, Al,O; is known for
its strong interaction with noble metals and exhibition of
high resistance for nanoparticle aggregation especially at
high reaction temperature which is required for oxidation of
hydrocarbons such as propane.*> Based on these observa-
tions, an in situ DRIFTs study was performed for propane oxi-
dation over PdAu/Al,O; catalysts in an attempt to determine
the correlation among the nanostructure, the activity, and
the surface species. Surface species over PdAu /Al,O; catalysts
were monitored by DRIFTS during propane oxidation at 350
oC under a flow rate of 80 mL min * with an 0,/C;H;g ratio of
5:1. Fig. 5 represents a typical set of DRIFTS spectra moni-
toring the surface species during propane oxidation over dif-
ferent compositions of PdAu/Al,O;. The observed peaks de-
pend on the bimetallic composition in terms of the peak
position and intensity. As the reaction progresses, the inten-
sities of the bands become stronger in the case of Pdg,Aug
(Fig. 5A) and in PdssAuys (Fig. 5B). However, the peak inten-
sity is much weaker for Pd;;Aug, (Fig. 5C). The peak at ~2970
em™ is assigned to alkane C-H vibration bonds of gaseous
propane, while bands at around 2902 cm™" are attributed to
CH,(ads) and CHj(ads) species.>® The bands observed in the
range ~2340-2360 cm ' are characteristic of gaseous CO,.**
Note that the spectra did not display the signature of
adsorbed CO species in the range of around 2200 to 2400
ecm " Major peaks in the range of ~1730-1330 cm™" were
clearly detected over PdssAuys and Pdg;Aug, part of which
were weak but observable over Pd;;Auge. Note that the cata-
lytic activity measurement was conducted in a packed quartz
reactor, whereas the DRIFTs cell was an open reactor. The
difference in the experimental set-ups could result in differ-
ent gas compositions, flow rates and GHSVs between these
two measurements, but our analysis of the DRIFTS data in
this work mainly focused on the identification of the surface
species, rather than a detailed correlation with their reaction
kinetics.

The evolution of oxy-carbon bands is examined in detail
in the range of 1730-1330 cm ™" (Fig. 5 right panel). Detailed
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peak assignments are shown in Table S1, ESL} The peaks
detected at 1560 and 1455 cm " (Fig. 5A right) and at 1580
and 1460 cm™" (Fig. 5B right) are assigned to adsorbed ace-
tate species.*®*” The bands at 1683 cm™ (Fig. 5A right) and
1681 cm ' (Fig. 5B right) are assigned to adsorbed acetone
species.”® The shoulder bands at 1730-1733 cm™"
(Fig. 5A and B) are assigned to adsorbed carbonyl groups
with an aliphatic ester group.*>”® The band at 1645 cm™ is
assigned to adsorbed bicarbonate species (Fig. 5A and B).>"**
The band at 1593 cm™ is consistent with the absorption of
formate species (Fig. 5A).>>>* The peak at 1470 cm ™" (Fig. 5A)
is attributed to adsorbed methoxy groups.>*™’

Propane oxidation over a commercial Pd/Al,O; catalyst
was also examined by in situ DIRFTS to probe the surface spe-
cies during propane oxidation. The reaction temperature was
slightly different. Fig. S6 in the ESI{ shows a representative
set of DRIFTS spectra. As shown in (Fig. S6, ESIT), there are
four major peaks observed for Pd/Al,O;. The peaks at 1585
and 1470 cm™ ' are characteristic of adsorbed acetate species.
The band at 1675 cm ™" is assigned to adsorption of acetone.
The shoulder band at 1730 cm™ is assigned to carbonyl
groups with an aliphatic ester group. In comparison with
PdAu, the peaks of acetate over Pd/Al,O; were detected at
higher wavenumbers and they were observable over PdssAuys/
Al,O; and Pdg;Aug/Al,O; only. The peaks of acetone species
were found for Pdo;Aug/Al,O3 and PdssAuys/Al,O; only. Simi-
larly, the peaks for the aliphatic ester were only observable
for Pd5sAu,s/Al,O; and Pdy;Auy/Al,O;.

It is evident that oxy-carbon species (COO, OCO, CCO, etc.)
were observed on these catalysts during the propane oxidation
reaction. The subtle differences in terms of the changes in
peak intensities for the catalysts with different bimetallic com-
positions were further analyzed to assess the formation of dif-
ferent intermediate species during the oxidation reaction.
Fig. 6A and B show the transient plots of peak intensities for
several diagnostic bands, including aliphatic ester
V(CH3C(=0)-0) ~1730 cm™, acetone ((CH;),C=0) ~1681
ecm™, bicarbonate v,(HOCO,) ~1644 cm', formate
vas(HCOO™) ~1593 cm™', and acetate v,((CH3CO, ) ~1560
cm™, displaying subtle differences. There is a clear increase in
the oxy-carbon species as the reaction progresses for Pdg;Auo/
Al,O; and PdssAu,s/Al,O; while the change is insignificant in
the case of Pd3;Auee/Al,O; (see Fig. S7, ESIT). Interestingly, for
Pd;sAu,s/Al, O3 the growth rate of the peak intensity for the
adsorbed acetate species (v,s(CH;CO, ) ~1560 cm ') is much
greater than that for the adsorbed aliphatic ester, acetone and
bicarbonate species. For Pdg;Auy/Al,O3, the growth rate for bi-
carbonate and formate species is slightly greater than that for
the acetate, acetone, and ester species.

If first-order reactions are considered for the adsorption
and desorption of the intermediate species, ie.,

R—As51, —2 P (1)

we would have the following type of equation for the surface
coverage (6: coverage of intermediate species, A;4s) vs. time:

This journal is © The Royal Society of Chemistry 2018
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Fig. 5

Wavenumber (cm'1)

In situ DRIFTS spectra recorded during propane oxidation over PdgiAug/Al,O5 (A), PdssAuss/Al,O5 (B), and Pds;Augs/Al,O (C) at 350 °C; the

spectra on the right are zoomed-in views of the spectra in the 1300-2000 cm™ region.

0= (kl ’jkz ](exp(—kzt) —exp(—ky)) @)

By applying the above equation to the data in Fig. 6 in
terms of peak intensity, we obtain the values of the apparent
rate constants (k; and k,) (see Table S2t). In general, the ap-
parent rate constant is higher for the species showing a
higher intensity (e.g., acetate 2.71 x 10 *, PdssAuys) than for
those with a lower intensity (e.g., ester 1.38 x 10, Pds;Auys).
Interestingly, k, (e.g., bicarbonate 9.61 x 107, PdgAuy) is
higher than k, (e.g., bicarbonate 2.22 x 10 *, Pdy;Au,) for all
the intermediate species detected. The subtle differences in
the apparent rate constants among the catalysts with differ-

This journal is © The Royal Society of Chemistry 2018

ent compositions are believed to reflect that the formation,
desorption or further oxidation of intermediate species de-
pends strongly on the surface active sites.

Fig. 7 compares the peak intensities for the oxy-carbon
species identified in the range of 1730-1330 cm™ for
Pdg;Auy/AlL O3, PdssAu,s/Al,O5, and Pd;;Aug/AlLO;. It is clear
that the acetate species is maximized over PdssAuys/Al,O3
whereas the bicarbonate species is maximized over Pdg;Aue/
Al O;. Between Pdg;Aug/Al,O3 and PdssAuys/Al,O3, a key differ-
ence is that while the growth rate for acetate species is
greater for PdssAuys/Al,O;, the growth rate for bicarbonate
and formate species is greater for Pdy;Aue/Al, 03, the latter of
which also showed the extra ester species. This finding dem-
onstrates that the chemical or intermediate species are

Catal. Sci. Technol., 2018, 8, 6228-6240 | 6235
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Fig. 6 (A and B) plots of peak intensity (peak height) vs. time for propane oxidation adsorption at 350 °C for several major bands detected,

including acetate v,(CHzCO,") ~1560 cm™ (a, pink), acetone v(CHs),C=0) ~1681 cm™ (b, cyan), aliphatic ester v(CH3C(=0)-0) ~1730 cm™ (c,
black), bicarbonate v,s(HOCO,") ~1644 cm™ (d, blue), and formate v,s(HCOO") ~1593 cm™ (e, green), for Pdg;Aus/Al,O3 (A) and PdssAu,s/Al,O5
(B); the data were extracted from Fig. 6. The fitting curve was based on eqn (1). See Table S47 for the calculated k; and k.

strongly dependent on the bimetallic composition. For
Pd;;Augo/Al, O3, the peak intensities are much smaller than
those for the Pdg;Aus/Al,O5; and PdssAu,s/Al,O;5.

In Fig. 7, the DRIFTS peak intensities of the major inter-
mediate species detected in propane oxidation at 350 °C
over the PdAu catalysts of three different compositions
intermediate species are arranged from non or 1st C-C
bond cleaved oxidation species (acetone, ester, and acetate,
i.e., group-I) to 1st and 2nd C-C bond cleaved oxidation
species (formate, bicarbonate, ie., group-II). In comparison
with the experimentally observed maximum activity for the
catalyst with Pd:Au ~50 (see Fig. 4A and B) for propane ox-
idation, the catalyst composition dependence of the
detected intensities for group-I species seems to correlate
well in terms of the relative amount of surface species. For
group-II species, in comparison with the relatively high
levels of surface species for Pdy;Au,, the absence of formate
species and the reduced level of bicarbonate species for pro-
pane oxidation using PdssAuys are evident, suggesting the
effective conversion of group-II species to CO,. There exist
different possibilities for the absence of formate species. By
comparing the results for PdAu catalysts with different com-
positions, we were able to assess the possibilities of differ-
ent reaction pathways, but our assessments were largely
linked to the dependences of group I or II species on the
bimetallic composition. In other words, this result correlates
to a certain degree with the higher catalytic activity
PdssAuys. Since there is essentially no or very low activity
for the Au-rich catalyst (Pdz;Augg), the detected group-I and
-II species are essentially zero or very small.

3.3 Catalytic synergy in terms of composition-structure-
activity correlation

The results shown in Fig. 7 provided the relative abundances
of the peaks associated with the chemical and intermediate
species being detected for us to assess the relative amounts

6236 | Catal Sci. Technol., 2018, 8, 6228-6240

of the none or 1st C-C bond cleaved oxidation species (ace-
tone, ester, and acetate, ie., group-I) to 1st and 2nd C-C
bond cleaved oxidation species (formate, bicarbonate, ie.,
group-II). For pure Pd and Pd-rich Pdg;Auy, while the activity
for C-H and first C-C bond cleavages is comparable to that
for PdssAuys, the cleavage of the second C-C bonds appears
to be less effective (see Scheme 1). Therefore, there is a syn-
ergy for the catalytic activity of propane oxidation over
Pd;sAuys, showing activity enhancement by the introduction
of an appropriate level of Au into the Pd alloy.

In contrast to the absence of or almost no intermediate
species detected on Au-rich alloys (i.e., Pds;Auge/Al,0;), for-
mate and bicarbonate were detected on Pd-rich and Pd
~50% alloys (i.e., Pdg;Aug/Al,O; and PdssAu,s/Al,03), which is
consistent with the high catalytic activities of both catalysts.
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Fig. 7 Comparison of the DRIFTS peak intensities for some of the
major intermediate species detected in propane oxidation at 350 °C
over Pdg;Aug/Al;Oz (black bars), PdssAuss/Al,Oz (red bars), and
Pd3;Aueo/Al;O3 (blue bars) catalysts. The intermediate species are
arranged from none surface species, to 1st C-C bond cleaved oxida-
tion species (acetone, ester, and acetate), and to complete C-C bond
cleaved oxidation species (formate, and bicarbonate).
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However, in comparison with Pdy;Aue/Al,O3, formate was not
detected and the intensity of bicarbonate species was reduced
for propane oxidation over PdssAu,s/Al,O;, indicating that the
complete C-C cleaved products were likely released as CO,.
This finding is consistent with the higher activity of
Pdss5Au,5/AlL,0; than Pdg;Aug/AlO; (see activity data in Fig. 4).
Since the propensity of oxidation of Au is much lower, the
surface oxophilicity of Pdy;Aue/Al,O; is likely to be higher
than PdssAuys/Al,O;, which explains the difference in terms
of retaining the adsorbed intermediate formate and bicarbon-
ate species between the two catalysts. This difference in oxo-
philicity is also manifested by the lattice difference between
these two catalysts, i.e., the less oxophilic PdAu/Al,O; showed
more significant lattice shrinking (see Fig. 2). The general
correlation of oxophilicity to the lattice shrinking has been
established in our previous studies®®*° for different noble-
transition metal nanoparticles, indicating that the lattice ex-
pands and contracts upon being treated in oxidizing (O,) and
reducing (H,) atmospheres, respectively. We believe that a
different support could also influence the overall oxophilicity
of the AuPd catalysts.

For catalytic propane oxidation, oxygen activation is be-
lieved to play a major role in achieving the synergistic en-
hancement of the activity at n ~ 50. Since Au exhibits im-
munity from oxidation in the nanoalloy under the reaction
conditions, it is possible that Au plays an important role in
tuning surface sites but also the surface oxophilicity of Pd
under the reaction temperature. In a study of CO oxidation
over PdAu (synthesized using an ~1:1 feeding ratio)/Al,O;
at 205 °C using combined XAFS/DRIFT measurements,*® it
was revealed that the stronger binding of CO on Pd atoms
than Au lead to the formation of a Pd shell and a Au core.
In another study of AuggPd;,/TiO, in the presence of CO/O,
under reaction conditions,®’ a similar core-shell evolution
was also observed, leading to rapid deactivation of the cata-
lyst. For propane oxidation, no apparent deactivation for our
AuPd catalysts at ~Ts, was observed even after extensive
thermochemical treatment under oxygen, especially for Au%
< 50. Based on our previous report,'” we believe that core-
shell evolution was insignificant. This assessment is
supported by the data for the high- and medium-Pd catalysts

Formate Bicarbonate Acetone Bicarbonate
1593 cmt (s) 1645 cm'* (vs) 1675 cm™* (m) 1644 cm™ (s)
“A x

Ester

Ester Acetate 1733 cm (m) "

1730 cm}(w) 1560 cm* (m)
iifw

A)
Scheme 1 Illustrations of the major intermediate species detected for propane oxidation over Pdg;Aug/Al,Oz (A), PdssAuys/Al,Oz (B), and
Pd3z;Auee/Al,O3 (C). Atomic color codes: Pd (green), Au (yellow), C (gray), H (white), O (red), and Al (pink). (vs: very strong; s: strong; m: medium; w:
weak; and vw: very weak).
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(Au < 50) in the reaction temperature range (Fig. 4A and B
and S3A, ESIf). For Au% > 50 and under reaction tempera-
tures above Ts,, there may be a slight enrichment of Pd as a
result of the diffusion from the Pd-rich core, which is con-
sistent with the data for the low-Pd catalyst (Au% > 50) in
the high temperature range (Fig. 4C and S4B, ESI}). In a
study®> of the reaction pathway of propane oxidation over
Pt/AL,O;, the existence of SO,  was found to facilitate the
breaking of carbon-carbon bonds causing alteration of the
reaction pathway. In the DRIFTS study of the catalytic oxida-
tive stream of propane Pd/Al,O0; and Pt/Ce0,/Al,03,>° two
main species were identified, formate species (1390 and
1590 em™') and monodentated carbonate species (1502
cm"l); the formate is active on Pd/Al,O; while the carbonate
is active on Pd/CeO,/Al,0;. In comparison, our detection of
higher amounts of carbonate and formate species for the
Pd-rich alloy (PdyAuy;/Al,05) seems to reflect a combination
of the activities of Pd/Al,O; and Pd/CeO,/Al,03. The propane
oxidation reaction mechanism depends strongly on the
chemical nature of the metal and support, as well as
additives.>>%

By analysis of the distribution of intermediate species
among Pdg;Auy/Al,O03, Pds5Au,s/Al,O3, and Pdz;Aues/Al,O; cat-
alysts during propane reaction, there are clearly subtle differ-
ences in terms of the number of chemical or intermediate
species and their diagnostic peak positions. For example, bi-
carbonate and acetate species were detected over Pdg;Auo/
Al,O; and Pd;;Au,s/Al,O; but not over Pd;;Auge/Al,O5. Ester
species were detected over Pdg;Auy/Al,O; but not over
Pd;sAu,s/Al,O3. Based on the reaction steps proposed earlier
for propane oxidation over Pd/Al,0;,>° some of the hypothe-
sized reaction steps are considered for assessing the detec-
tion of the intermediate species:

(1) Initial C-H bond cleavage by reacting with adsorbed O
species followed by adsorption of C;Hs ) (=1, 2, ...)

e.g., C3Hg + O,qs. (on Pd site) — C3H(g_p) (ads.) + H,O (ads)

(2) Reaction of activated C;Hs ) species with activated O
species leading to cleavages of the first C-C bond and addi-
tional C-H bonds to form intermediate species.

e.g., CHs ) (ads.) + O (ads) — intermediate species (e.g.,
ester, acetate, acetone, etc.)

Acetone
1681 cm™ (m)

(Not detected/Weak signals)

Acetate
1580 cm* (vs)
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Fig. 8 DFT calculated adsorption energy for molecularly adsorbed propane (A), molecularly adsorbed oxygen (B), and adsorbed acetate (C) on
Pdi3_,Au, clusters of different n values. Inserts: Snapshots of the surface adsorption and cluster models.

(3) Reaction of the first-C-C bond cleaved intermediate
species with activated O species leading to cleavages of the
second C-C bond and additional C-H bonds to form interme-
diate species

e.g., first-C-C bond cleaved intermediate species (e.g., es-
ter, acetate, acetone, etc.) + O (ads) — both C-C bond cleaved
intermediate species (e.g., bicarbonate, formate, etc.).

(4) Decomposition and release of the adsorbed intermedi-
ate species as CO, and H,O0.

Intermediate species — CO, + H,O.

Based on previous reports,'®'®° C-H cleavage occurs with
activated oxygen on a catalyst surface from the oxygen feed or
provided by the support (steps in (1)), which was considered
to be the rate determining step for propane oxidation.®* Fol-
lowing the hydrocarbon cracking, the hydrocarbon fragments
react with activated oxygen species, forming first-C-C bond
cleaved intermediate species (ester, acetate, acetone, etc.) and
both C-C bond cleaved intermediate species (bicarbonate,
formate, etc.) (steps in (2) and (3)), which were detected over
PdoAu, and PdssAuys/Al,0; with the relative abundances
depending on the bimetallic composition. Further decompo-
sition of oxy-carbon species in an oxidative environment
leads to their release, forming CO, and H,O (steps in (4)).

To aid the understanding of the surface interactions and
reactivities, DFT calculations using a small AuPd cluster
model with 13 atoms were performed to assess the relative
stability of the clusters and the adsorption energy of propane,
0,, and some intermediate species. Fig. 8 show the calculated
adsorption energy for molecularly-adsorbed oxygen and pro-
pane, and intermediate acetate species on Pd;;_,Au, clusters.
Details are summarized in Table S3, ESL} along with addi-
tional calculation results for CH3;COO, CH3;CH,CH,, and
CH;CHCH; species on the cluster surfaces. The binding en-
ergy of the Au,Pd,;_, cluster follows the order Au,; < Pd,;Au,
< Pd;Aug < Pdj,Au; = Pd,3, showing a decrease in binding
energy as Au% increases (Table S4, ESIT).

As shown in Fig. 8A, the adsorption energy for propane on
the AuPd cluster model is very small, indicating very weak
physical adsorption of propane on these clusters. In correla-
tion with the experimentally observed maximum activity for
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the catalyst with Pd:Au ~50, the adsorption energy for pro-
pane over Pd,Aug and Pd-Aug is at a maximum. Similarly, the
molecular adsorption of O, was evaluated based on the
Yeager model (Fig. 8B), revealing an intermediate adsorption
energy for O, on Pd;Aus. The weak interaction between O,
and the Auy; cluster was previously reported to result in a
very low adsorption energy.®® Interestingly, Fig. 8C reveals a
minimum adsorption energy of acetate species on the Pd;Au,
cluster. In comparison with the weak but maximized adsorp-
tion energy for propane over Pd,Aug, there is a strong but
minimized adsorption energy for intermediate acetate species
over Pd;Aug. The calculated adsorption energy for acetate
over Pd;Aug is indeed very small, which suggests weak ad-
sorption of this species on the catalyst. However, the ob-
served high DRIFTs intensity of acetate could suggest that ac-
etate was relatively stable and underwent slow conversion
into CO,.This correlation in combination with the intermedi-
ate adsorption energy for O, over Pd;Au, is thus believed to
be responsible for the experimentally observed catalytic syn-
ergy in terms of the bimetallic composition. Note that the ad-
sorption site features a 2-fold Pd site for Pd,;, Pd;>Au,; and
Pd-,Aug clusters, and a 2-fold Pd-Au site for the Pd,Auy clus-
ter, suggesting the importance of the Pd-Pd surface adsorp-
tion site near Au atoms for the catalytic synergy. It is impor-
tant to note that the DFT result was based on a 13-atom
cluster model due to the limitation of our DFT calculation
which, however, provides substantial information on the ad-
sorption site and adsorption energy.

4. Conclusion

In conclusion, we have demonstrated for the first time that
alloying Pd with Au in a catalyst with an optimal composition
can enhance its catalytic activity for propane oxidation. The
PdAu/TiO, catalysts were shown to exhibit not only an en-
hanced catalytic oxidation activity but also a strong composi-
tion dependence of the catalytic activity. The results have re-
vealed not only an activity maximum at an ~50:50 Pd:Au
ratio in terms of reaction temperature but also a
composition-dependent sensitivity to the thermochemical

This journal is © The Royal Society of Chemistry 2018
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treatment depending on the Au% in the NPs. The relative
amounts of the none or 1st C-C bond cleaved oxidation spe-
cies (acetone, ester, and acetate) to complete (1st and 2nd)
C-C bond cleaved oxidation species (formate, bicarbonate)
depend strongly on the bimetallic composition. The activity
maximum at an ~50:50 Pd: Au ratio is believed to be linked
to the weak but maximum adsorption energy for propane
and strong but minimum adsorption energy for intermediate
species, as well as the intermediate adsorption energy for O,.
While the activity for nanoalloys with n ~50 showed little
change after the thermochemical treatment under oxygen,
the activities for nanoalloys with n < 50 and n > 50 showed
opposite trends. In comparison with Pd-rich PdAu alloys on
Al,O;, the absence of adsorbed formate species and the re-
duced amount of adsorbed bicarbonate species over PdAu/
Al,O; with ~50:50 Pd : Au ratio are linked to the higher activ-
ity in terms of achieving a complete C-C cleavage of propane
towards CO, release. The combination of the lower surface
oxophilicity in retaining the adsorbed intermediate formate
and bicarbonate species and the increased lattice shrinking
is believed to play an important role in the enhanced catalytic
activity. It is also believed that the strong nanoalloy-support
interaction for low- and medium-Au containing PdAu/TiO,
constitutes the basis for the catalytic synergy, which, upon
further probing of the surface sites, will provide new insights
into the design of nanoalloy catalysts for low-temperature hy-
drocarbon oxidation.
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