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ABSTRACT: The ability to harness the catalytic oxidation of
hydrocarbons is critical for both clean energy production and air
pollutant elimination, which requires a detailed understanding of )

[l Metrics & More | e Supporting Information

Surface Species Monitored by DRIFTS

the dynamic role of the nanophase structure and surface reactivity Py ~ /’(q y

under the reaction conditions. We report here findings of an in © = : Ol
situ/operando study of such details of a ternary nanoalloy under \ o o o \‘t

the propane oxidation condition using high-energy synchrotron X- S

ray diffraction coupled to atomic pair distribution function (HE- N~ . L‘\,

XRD/PDF) analysis and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). The catalysts are derived by
alloying Pt with different combinations of second (Pd) and third
(Ni) transition metals, showing a strong dependence of the
catalytic activity on the Ni content. The evolution of the phase
structure of the nanoalloy is characterized by HE-XRD/PDF probing of the lattice strain, whereas the surface activity is monitored
by DRIFTS detection of the surface intermediate formation during the oxidation of propane by oxygen. The results reveal the
dominance of the surface intermediate species featuring a lower degree of oxygenation upon the first C—C bond cleavage on the
lower-Ni-content nanoalloy and a higher degree of oxygenation upon the second C—C bond cleavage on the higher-Ni-content
nanoalloy. The face-centered-cubic-type phase structures of the nanoalloys under the oxidation condition are shown to exhibit Ni-
content-dependent changes of lattice strains, featuring the strongest strain with little variation for the higher-Ni-content nanoalloy, in
contrast to the weaker strains with oscillatory variation for the lower-Ni-content nanoalloys. This process is also accompanied by
oxygenation of the metal components in the nanoalloy, showing a higher degree of oxygenation for the higher-Ni-content nanoalloy.
These subtle differences in phase structure and surface activity changes correlate with the Ni-composition-dependent catalytic
activity of the nanoalloys, which sheds a fresh light on the correlation between the dynamic change of atomic strains and the surface
reactivity and has significant implications for the design of oxidation catalysts with enhanced activities.
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1. INTRODUCTION

The development of effective routes for clean energy production
and air pollutant elimination involving different hydrocarbons is
crucial for energy and environmental sustainability." Among
different hydrocarbons, propane is an environmentally friendly
fuel” since its use exceeds the requirement for clean fuel
vehicles,®™° and, as the dominant constituent in the
commercially available liquefied propane gas (LPG), it has the
lowest carbon content of any fossil fuel, minimizing carbon
monoxide and greenhouse gas emissions.”’ Propane is also
nontoxic, noncaustic as the hquld or vapor, cost-effective, and
convenient to store and transport 9 Also, it has a high specific
energy density (49.6 MJ/kg)."” The catalytic combustion of
light hydrocarbons (C; to C;) is challenging because of the inert
nature of their strong C—H bonds and the consequent high-
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temperature requirement for activation and bond cleavage.
It is vital to design active, low-cost, and stable oxidation catalysts
for overcoming these activation energy barriers. Noble metals
and metal oxides have been extensively exploited for oxidation
catalysts,">~"” despite longstanding challenges of catalyst
degradation or undesired product formation. For example, the
initial high catalytic activity of cobalt oxide was shown to drop
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significantly due to the strong interaction between cobalt oxide
and support through the Co—O—Al linkage.”” Another study
involves catalytic combustion of C; hydrocarbons over Mn;0,
where partial oxidation at lower temperature or in a non-oxygen-
rich environment results in the emission of toxic hydrocarbons
(e.g, aldehydes).”’ Consequently, the development of stable
and effective oxidation catalysts is critical for efficient abatement
of volatile organic compounds (VOCs). Pt catalysts are widely
used in emission control systems but suffer from a propensity to
poisoning by CO.'>** Rather than simply using more Pt, the
combination of noble metals Pt and Pd increases poisoning
resistance,” showing enhanced catalytic activity for both CO
and propane oxidation.”*~° To further address the high cost of
the two noble metals, catalysts that are binary or ternary alloys
with Pt, Pd, and non-noble metals have been developed. Some
have demonstrated activity and stability superior to Pt and/or
Pd and at a low Pt and/or Pd content. In our recent studies,27_29
alloying Pt or PtPd with a second or third 3d-transition base
metal such as Cu, Ni, and Co was shown to create intriguing
catalytic synergies for CO oxidation by surface oxyphilicity via
the Mars—van Krevelen mechanism™ and durable oxygen
reduction reaction by dealloying—realloying processes.*’ Other
examples include a ternary Pt-based catalyst, which showed an
enhanced specific activity for alkaline hydrogen evolution
reactions by a factor of 10 in comparison with the Pt/C
catalyst,”" and different ternary alloy Pt catalysts for methanol
oxidation and oxygen reduction reactions.”

Despite such significant progress in developing ternary-based
catalysts, understanding of the nanophase and surface structures
of the catalysts under the reaction conditions, especially their
dynamic details, remains challenging. We report here the
employment of a combination of in situ/operando high-energy
synchrotron X-ray diffraction coupled to atomic pair distribu-
tion function (HE-XRD/PDF)*>*7*° and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS)**™* to
probe the detailed alloying phase structure and surface
intermediate species of ternary PtPdNi nanoalloy catalysts
under propane oxidation conditions. The combination of these
two techniques for in situ studies of other ternary nanoalloy
catalysts in CO and propane oxidation reactions recently
revealed intriguing changes in the atomic structure (ordering/
disordering) and the reaction mechanism as a result of surface
oxygenation under the reaction conditions.” > The HE-XRD/
PDF technique examines the nanophase structures of the
catalysts, whereas the DRIFTS technique probes the chemical
and intermediate species for propane oxidation over the catalysts
in correlation with the composition. The dynamic formation of
intermediate species over PdAu/ALO; strongly depends on
bimetallic composition, which is linked to the catalytic activity in
terms of reaction mechanism, selectivity, and achieving a
complete C—C cleavage of propane toward CO, release.””**
In the present work, the nanoalloy catalysts are derived by
alloying noble metals (Pt/Pd) with a highly oxyphilic metal (Ni)
of various compositions (atomic ratios) which enable the Mars—
van Krevelen mechanism for propane oxidation in which the
lattice oxygen plays a key role in the oxidation process. A key
novelty of this work is the ability to monitor the catalysts’
structural evolution and the surface intermediate formation
under the reaction conditions by the combined in situ/operando
HE-XRD/PDF and DRIFTS techniques, which provides a fresh
insight into the role of the catalyst phase structures in the
oxidation reaction.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Platinum (II) acetylacetonate (Pt(acac),, 97%),
palladium (II) acetylacetonate (Pd(acac), 99%), and nickel (II)
acetylacetonate (Ni(acac),, anhydrous, >95%) were purchased from
Alfa Aesar. 1,2-Hexadecanediol (90%), benzyl ether (99%), oleylamine
(70%), and oleic acid (99 + %) were purchased from Aldrich. Alumina
was purchased from Alfa Aesar. Gases of propane (1 vol % balanced by
Ar), 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.

2.2. Catalyst Synthesis and Preparation. The general catalyst
synthesis and preparation methods have been described in our previous
reports.””**3%3% Specifically, in this work, the synthesis of PtPdNi
nanoparticles (NPs) involved the reaction of three metal precursors,
Pt"(acac),, Pd"(acac),, and Ni(acac),, in controlled molar ratios in a
benzyl ether solvent using oleylamine and oleic acid as capping agents
and 1,2-hexadecanediol as a reducing agent. Briefly for the synthesis of
PtPdNi, 125 mL of benzyl ether was used to dissolve 1 mmol with a
specific feeding ratio of Pt(acac),, Pd(acac),, and Ni(acac),, S mmol
equally divided between 2.5 mmol oleylamine (OAm) and 2.5 mmol
oleic acid (OA) as capping agents, and 2 mmol of 1,2-hexadecanediol as
a reducing agent were added into a three-neck flask under vigorous
stirring. The solution was heated to between 230 and 260 °C and
refluxed for 60 min. PtPdNi NPs with fixed Pt composition (at. 20%)
but different Pd and Ni compositions (in atomic ratios, totaling 80%)
were produced by controlling feeding molecular ratios of the metal
precursors. The NPs were precipitated out and washed by adding
ethanol and centrifugation at 3000 rpm for 10 min. The NPs were
redispersed in hexane for further use.

For the preparation of Al,Oz-supported NPs, a typical procedure
involved suspending Al,Oj; in hexane containing a controlled amount of
NPs followed by stirring for ~15 h. The resulting powder was collected
and dried under N,. The supported catalysts were further treated in a
quartz tube furnace. The catalyst was first heated at 120 °C in N,
(nonreactive atmosphere) for 10 min for removing the organic solvent
followed by heating at 260 °C in 15 vol % O, (oxidative atmosphere) for
30 min for removing organic agents and then at 400 °C under 15% H,/
85% N, for 2 h for the catalyst treatment. The effective removal of the
capping agents from the NP surfaces by the above calcination and
treatment protocol was evidenced by spectroscopic characterizations in
our previous studies.”’”

2.3. Catalytic Activity Measurement. To measure the catalytic
activity of supported PtPdNi catalysts for the propane (1 vol % balanced
by Ar) + O, (20 vol % balanced by N,) reaction, a custom-built system
was employed, including a temperature-controlled reactor, gas flow/
mixing/injection controllers, and an on-line gas chromatograph
(Shimadzu GC 8A) equipped with a § A molecular sieve, Porapak Q
packed columns, and a thermal conductivity detector. The catalysts
were loaded in a quartz microreactor tube (inner diameter: 4 mm)
using quartz wool to fix the catalyst bed 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, balanced by N,) through the mounted catalyst in the quartz
microreactor. The residence time was about 0.2 s. Gas hourly space
velocity (GHSV) in the system is around 16,000 h™'. Temperature
control was achieved by a furnace coupled with a temperature
controller. The reaction temperature of the catalyst bed was detected by
placing a thermocouple probe inside the catalyst bed section. The
performance of the catalysts for propane oxidation was determined by
the analysis of the composition of the tail gas effusing from the quartz
microreactor packed with the catalyst fixed bed using an on-line gas
chromatograph.

2.4. Ex Situ Characterizations. Transmission electron microscopy
(TEM) was performed using a Hitachi H-7000 electron microscope
(100kV) to determine the particle size and size distribution. High-angle
annular dark-field scanning TEM (HAADF-STEM) was employed to
determine the morphology of the PtPdNi NPs. HAADF-STEM was
performed in JEOL 2100F at 200 kV equipped with an energy-
dispersive X-ray spectrometer for elemental mapping distributions. The
samples were prepared by dropping a cast of hexane suspension of NPs
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Figure 1. (A) Comparisons of propane conversion activities over the catalysts: PtPd;Ni (PPN-1) (a, black), PtPd,Ni, (PPN-2) (b, red), and PtPdNi,
(PPN-3) (c, blue). Catalyst treatments: as-prepared catalysts (260 °C/O, treatment, followed by 400 °C/H, treatment). Inset: plots of the reaction
temperatures at 10 and 50% conversion, T, and Ty, vs the catalyst composition for propane oxidation. (B) Activation energy vs the trimetallic

composition.

onto a carbon-coated copper grid, followed by solvent evaporation at
room temperature. Inductively coupled plasma-optical emission
spectroscopy (ICP-OES) was used to analyze the composition, which
was performed using a Perkin—Elmer 2000 DV ICP-OES utilizing a
cross-flow nebulizer with the following parameters: plasma 18.0 L
Ar(g) /min; auxiliary 0.3 L Ar(g) /min; nebulizer 0.73 L Ar(g) /min; power
1500 W; peristaltic pump rate 1.40 mL/min. Elements <1.0 mg/L were
analyzed using a Meinhardt nebulizer coupled to a cyclonic spray
chamber to increase analyte sensitivity with the following parameters:
18.0L Ar(g)/ min; auxiliary 0.3 L Arg /min; nebulizer 0.63 L Arg /min;
power 1500 W; peristaltic pump rate 1.00 mL/min. Laboratory
standards were analyzed every 6 or 12 samples, with instrument re-
calibration if the standards were not within +5%. Thermogravimetric
analysis (TGA) was performed on a Perkin—Elmer Pyris 1-TGA for
determining the metal loadings.

2.5. In Situ/Operando Characterizations. Combined in situ/
operando DRIFTS and total X-ray scattering experiments were carried
out using the DRIAD-X reaction cell at the beamline 11-ID-B at the
Advanced Photon Source, Argonne.40 The design of the cell ensures
that the infrared and X-ray beams probed coinciding sample volumes.
In particular, diffuse DRIFTS data were acquired on a Bruker Vertex 80
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 of the catalyst over which the propane oxidation reaction
was carried out at a controlled temperature (e.g., 270 °C). The spectra
were collected by averaging 64 scans with a resolution of 2 cm™.
Concurrently, XRD data were taken using X-rays with an energy of
86.70 keV (1 =0.1429 A) and a large-area detector. Experimental XRD
data were corrected for experimental artifacts, reduced to the so-called
structure factors, S(g), and then Fourier-transformed to atomic PDFs
G(r) using a wave vector defined as q = 4xsin(6)/A, where 6 is half of
the scattering (Bragg) angle and A is the wavelength of X-rays used. In
the present experiments, XRD data were collected up to wave vectors
Gmax Of 30 A. Note that 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
atomic density p,. This behavior can be expressed by the eq G(r) =
4zrp,[p(r)/p, — 1], which is the formal definition of the PDF G(r).

2.6. Computational Modeling. Ab initio calculations were
conducted by density functional theory (DFT) with the DMol®
program coming as a part of Materials Studio program. In the
computation, the generalized gradient approximation (GGA) and the
Perdew—Burke—Ernzerhof (PBE) functional were used. A double-
numerical basis set with polarization functions was used in all
theoretical calculations. A three-layer periodical surface slab model
with a 3 X 3 unit cell was built in consideration of the ternary alloy
composition. The bottom two layers were fixed, while the top layer was
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allowed for relaxation. Various elements were exposed on the surface to
study the binding strength of each metallic element with O species. The
binding energies of O species at different surface sites on the model
were evaluated after full geometry optimizations. The transition states
on the model were located and optimized for the oxygen atom diffusion
elementary steps, with only one imaginary frequency. The diffusion
barrier (AE,) of the oxygen atom on the alloy model was calculated by
AE, = Eqg — Eg, where Erg and Ejg denote the energies of the transition
state and the reactant, respectively.

3. RESULTS AND DISCUSSION

3.1. Morphology and Composition. The composition of
metals in the ternary NPs was controlled by keeping the feeding
ratio of Pt constant at 20 at % while changing the Pd and Ni
feeding ratios in the synthesis solution (Pd + Ni total 80 at %).
ICP-OES was used to determine the actual composition in the
resulting ternary NPs. The linear relationship between Pd % in
the NPs and Pd % in the synthesis feeding (Figure S1) indicates
a good controllability over the composition of the trimetallic
catalyst. Among different compositions, NPs with three different
atomic ratios, PtPd;Ni (PPN-NP1), PtPd,Ni, (PPN-NP2), and
PtPdNi; (PPN-NP3), with an average size of 5.8 + 1.7, 5.6 +
2.2,and 7.7 + 2.9 nm (= standard deviation), respectively, were
synthesized in this study. The actual compositions determined
by the ICP-MS method are 18% Pt, 63% Pd, and 19% Ni for
PPN-NP1; 17% Pt, 42% Pd, and 41% Ni for PPN-NP2; and 16%
Pt, 16% Pd, and 68% Ni for PPN-NP3. The wet-chemical
synthesis of the NPs enabled a better control over the size in
comparison with the traditional synthesis methods such as
impregnation, co-precipitation, or deposition—precipitation.
The NPs were supported on alpha-Al,O; powders by a standard
dispersion procedure.”’ Alpha-Al,O; is a support with a high
surface area®' and high thermal stability. This support also
features strong interaction with noble metals.*” The supported
NPs were then thermochemically treated by the standard
thermochemical parameters as described in the Experimental
Section, which allowed effective removal of the capping agent as
shown in our previous study.*> The NPs, after loading on the
support and undergoing thermochemical treatment, are mostly
well dispersed (Figure S2A—C). The average size of the NPs is
9.5 + 32,62 + 1.9, and 10.5 + 4.6 nm for PtPd;Ni (PPN-
NP1)/AL,0;, PtPd,Ni, (PPN-NP2)/Al, 0, and PtPdNi,
(PPN-NP3)/Al,04 (Figures S1 and S2), which are named as
PPN-1, PPN-2, and PPN-3, respectively, in this report. The
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Figure 2. Photo of the in situ/operando HE-XRD and DRIFTS measurement setup in the synchrotron X-ray facility. The reaction conditions in terms

of the temperature and gas flow are also illustrated in the inset.

ternary composition distributions were also determined by
HAADF-STEM images and the corresponding energy-dis-
persive X-ray spectroscopy (EDX) elemental mapping for the
supported PtPdNi NPs (Figure S2 bottom panel). The mapping
data show largely uniform distributions of the three metals
across the NPs. This feature is characteristic of a random alloy
with little indication of phase segregation for most of the NPs
observed in the mapping images. As shown by EDX line profiles
(Figure S3), the element distributions are relatively uniform
across the NPs, though subtle local variations were observed,
which reflected a certain degree of heterogeneity due to
segregation of small phase domains in the NPs. The
heterogeneity could arise from the subsequent thermochemical
treatment to remove the capping agents since the as-synthesized
ternary NPs were relatively homogeneous.”® The uniform
ternary composition is also supported by examination of the
crystalline features of the NPs. An example is shown by the
analysis of the lattice fringes in the HRTEM image of PPN-2,
yielding 0.2335 nm (see Figure S4), which is consistent with the
alloy’s characteristic d(111) spacing.**

3.2. Catalytic Activity. The measurement of the catalytic
activity for propane oxidation was focused on PtPdNi/Al,O; of
three different compositions. Figure 1A shows a representative
set of catalytic conversion data for the as-prepared catalysts (260
°C/0, treatment, followed by 400 °C/H, treatment). Based on
the reaction temperature, the catalytic activity over the PtPdNi/
Al,Oj catalyst is shown to increase in the following trend: PPN-3
> PPN-2 > PPN-1. Clearly, the relative composition of Ni played
an important role in the catalytic activity, showing the highest
activity for the catalyst with the highest Ni composition
(PtPdNi,), that is, PPN-3. This activity is also found to be
higher than that for propane oxidation over the Pt,,Pd;s/Al,O;
catalyst (see Figure SS). This finding is remarkable because it
suggests an important role of oxophilicity of the alloyed metal
component on catalytic activity for hydrocarbon oxidation. As
shown by the plots of the reaction temperatures for T, and Ty,
vs the trimetallic composition for propane oxidation (Figure 1A
inset), the reaction temperature shows a maximum value at a
composition of ~50% Ni. Both Ty, and T, values were the
lowest for the catalyst with the highest Ni composition. For
example, for PtPdNi; (PPN-3), Ts, = 278 °C, which is lower in
comparison with those reported for monometallic Pd/Al,O,
(Tso = 390 °C),* Pt/ALO; (Ts, = 350 °C),* and PtPd,/Al, O,
(Tso = 321 °C) (see Figure SS).

The overall activation energies (E,) of propane oxidation
(Figure S6) are smaller than those reported for the catalytic
oxidation of propane (60—90 kJ/mol).”" The E, for PPN-3

exhibited the smallest value (39 kJ/mol), whereas the E, for
PPN-2 (52 kJ/mol) is the highest (Figure 1B). This finding is
consistent with the trends of Ts, and Ty, values (Figure 1A
inset). The catalytic activity over PPN-2 is lower than that of
PPN-1 in terms of Ty, and Ty, which is consistent with the
higher activation energy for PPN-2. Note that these catalysts
feature the different compositions in atomic ratios and the same
metal loading (5% wt) on Al,O; and similar size of particles
(8~11 nm). It is evident that the composition of the NPs is the
main factor contributing to the difference in the catalytic
performance under the reaction condition. This is consistent
with a previous study, where the addition of nickel to ruthenium
increased the propane reforming rate by the reduction of
activation energies.

3.3. In Situ/Operando HE-XRD/PDF and DRIFTS
Characterizations. To gain an in-depth understanding of the
reaction mechanism and surface intermediate species during the
reaction condition, we carried out detailed in situ studies of
these ternary catalysts with different compositions using HE-
XRD coupled to element-specific atomic PDF and DRIFTS
techniques to probe the NP phase structure evolution and
surface species formation under real-time reaction conditions of
propane oxidation (Figure 2). The data are analyzed in terms of
the atomic phase structure, the lattice parameter, the
intermediate species, and the surface-active sites.

3.3.1. In Situ HE-XRD/PDF. The synchrotron X-ray HE-XRD
coupled with PDF was used to examine the atomic-scale alloying
phase structure. Figure 3 shows a set of in situ PDFs of the three
Al,O;-supported PtPdNi catalysts at three different stages of the
in situ experiments. It starts from room temperature for the fresh
catalyst, being treated first in He at 100 °C for 30 min, then
propane oxidation under the reaction condition (propane + O,)
at 270 °C, and then cooling under He. The presence of the sharp
peaks in the atomic PDF is a characteristic of well-defined
atomic coordination spheres in terms of the atomic-scale
structures. The sharp peaks are reflections of pairs of atoms,
nearest, immediate, and farther neighbors within the NPs at each
radial distance. In the right column (A’, B/, and C’), 3D PDF
color maps are derived from the in situ data set reflecting the
intensity changes as a function of time, along with a projection
over the XY plane (bottom map) to guide the eye through the
atomic fluctuations.

In order to extract the structural information from the PDF
data, PDF fit was carried out using a calculated PDF derived
from a theoretical crystallographic model. The atomic arrange-
ment fits well with the face-centered-cubic (FCC) alloy
structure. For the changes in the atomic distances and
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Figure 3. In situ PDFs for (A) PtPd;Ni (PPN-1), (B) PtPd,Ni, (PPN-2), and (C) PtPdNi; (PPN-3) catalysts. In the left column: selected atomic
PDFs at four stages, starting from the fresh catalyst under room temperature (RT), heating under He at 100 °C, propane/O, reaction at 270 °C, and
then cooling under He. Experimental PDF data (symbols in black), PDF fit based on the theoretical model (line in red), and difference line between the
experimental and calculated PDFs (line in blue). The PDF is well approximated with a model (red line) based on an FCC-type structure for the alloy
NPs. In the right column: (A’, B/, and C’) 3D PDF color map derived from the in situ data set with a projection over the XY plane (bottom map) to
guide the eye through the atomic fluctuations.

arrangement of data for catalysts with different treatment or about the goodness of the fit. As shown by the first PDF data for
reaction conditions, the difference line (the line in blue the beginning of the treatment or reaction condition, the NPs
underneath the PDF curve in Figure 3A—C) is a good indicator match with the random FCC alloy structure (the blue line with
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region (Figure S7) for PtPd;Ni (PPN-1), PtPd,Ni, (PPN-2), and PtPdNi; (PPN-3) during the propane oxidation reaction. The snapshot PDF (black
line) is deconvoluted into three to four PDF peaks (dashed lines from left to right: 1, 2, 3, and 4), revealing M—O species (mainly Ni—O) and M—M
bond distances associated with the M—O species, and their intensity ratios to the 2.72 A peak.

less fluctuations). Although the presence of some small degree of
heterogeneity in the NPs could affect the PDF peak width, it may
not have a significant impact on the lattice parameter since it was
extracted from fitting the PDF curves as an average. We have also
included EDX line profiles in the Supporting Information
(Figure S3), showing that the element distributions are relatively
uniform across the NPs. We believe that the overall trend of the
average lattice parameters obtained in this work should remain
unchanged. The NP structure shows deviation from the FCC
crystallographic model during the reaction (as shown by the
increased fluctuations in the blue line). Under the reaction
condition, the oxygen activation, oxygenation, and carbon
reaction occur on the surface of the NPs that changes the surface
structure and induces stress/strain to the atomic structure.
Nevertheless, the majority of the atoms preserve their position at
the random FCC structure, showing less symmetry compared to
the theoretical FCC model. The atomic arrangement largely
maintains the FCC alloy structure throughout the sequences of
treatment and reaction. The PDF is well approximated with a
nanoalloy model (red line) based on an FCC-type structure
(Figure 3A—C). Upon increasing the temperature and the
exposure to the oxidation reaction condition, the NPs are shown
to display atomic disordering that broke the crystal periodic
symmetry at the high radial distance, leading to a noticeable
noise signal in the radial region after 30 A (Figure 3A—C).
The nanoalloy phase structures and the lattice parameters of
PtPdNi/Al,O; catalysts can be extracted from the analysis of the
experimental PDF data. For the fresh catalysts, the lattice
constants are 3.8565, 3.8507, and 3.8509 A for PtPd,;Ni,
PtPd,Ni,, and PtPdNi; catalysts, respectively. In comparison
with the lattice parameters for Ni (3.499 A), Pt (3.912 A), and
Pd (3.859 A)," the subtle differences reflect the nanoalloy
characteristics. As shown in Figure 4A, the FCC-lattice
parameters for both PPN-1 and PPN-2 showed an increase
upon elevating the temperature from room temperature (i) to
100 °C under He (ii) and a slight decrease upon exposure to
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propane/Q, at 270 °C (iii). PPN-1 showed a further decrease
upon cooling down to room temperature in He (iv), whereas
PPN-2 showed almost no more change. Interestingly, the FCC-
lattice parameter for the PPN-3 catalyst showed a decrease in He
at 100 °C (ii) and then a slight increase under propane/O, at
270 °C. Overall, the lattice parameter remained the lowest for
the PPN-3 catalyst among the three catalysts.

In view of the important role of surface oxygenation in the
catalytic oxidation reaction, we further examined the in situ PDF
patterns in the low-r (~2.7 A) region (Figure S7) in detail. As
shown in Figure 4B by atomic PDF peaks and peak
deconvolution around a radial distance of ~2.72 A upon
exposing the catalyst to the oxidation reaction condition, there
are two small peaks, one at 2.3~2.4 A and the other at 3.2~3.4 A.
This indicates the presence of well-structured metallic oxide
layers on the nanoalloy, likely reflecting cubic NiO or tetragonal
PtO/PdO phases.”” The peak at ~2.3 A reflects the presence of
cubic NiO, whereas the peak at ~3.2 A indicates the presence of
metal—metal (Pt/Pd) bonding as a result of the formation of the
NiO species in the lattice. There is a subtle increase for the
relative peak ratio of ~3.1 A to the 2.7 A peak as Ni% is increased
in the ternary NPs, as indicated in Figure 4B. Interestingly, the
peak at ~3.1 A is apparently split into two peaks for PPN-3,
which likely reflects a higher degree of NiO formation. Note that
the intensity for the peak characteristic of the metal—oxygen
bond in the experimental PDFs during the propane oxidation
reaction is small, likely because the amount of Pt/Pd on the
surface of the catalyst is relatively small. A similar signal was
obtained during the CO oxidation reaction over different
catalysts in our previous study.”’ For PtPd;Ni (PPN-1),
PtPd,Ni, (PPN-2), and PtPdNi; (PPN-3), the average surface
bonding distance is 2.72 A under the oxidation conditions,
showing disordering at the atomic level. The oxidation condition
involves both surface and lattice oxygenation and leads to the
appearance of metal-to-metal atom distances, attributed to the
presence of the metal—oxygen species in the structure.’® In the
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region.

case of PtPdNj, the low-r PDF pattern is characteristic of the
cubic-like NiO and/or tetragonal-like Pt/Pd—O species in the
disordered structure, as reflected by a mixture of FCC-type
packed metal atoms and the oxidized metal species (e.g.,, Ni—O/
Pt—O0). The degree of surface/lattice oxygenation shows an
increase in the order of PPN-1 < PPN-2 < PPN-3, which
apparently correlates well with the order of the catalytic activity
for the three catalysts (PPN-1 ~ PPN-2 < PPN-3). The presence
of Ni in the alloy is thus believed to have played an important
role in providing an active site for the oxygenation reaction in the
propane oxidation process. As shown in Figure S7, the peaks,
which are already present in the fresh catalysts with different
intensities, show highly dynamic M—M features associated with
the metal oxygenation species or oxides. At this point, we are not
able to pin down the specific Pt—Pt or Pd—Pd features because
the peak intensities are weak. However, there are subtle
differences among the fresh PPN-1, PPN-2, and PPN-3 catalysts
(Figure S7A—C). Further studies are needed to correlate these
peaks quantitatively with the presence of the surface oxygenated
metal species.

An analysis of the atomic bonding distances from the in situ
data indicated that the nanophase structures experienced
different degrees of reconstruction depending on the bimetallic
composition. As shown in Figure S, fluctuations or irregular
oscillations of small atomic stress/strain occur upon increasing
the temperature under He, exposing to propane and oxygen at
270 °C, and cooling down under He (Figure SA—C).
Remarkably, the overall fluctuations or irregular oscillations in
the bonding distances characteristic of the ternary nanoalloys
depend not only on the catalyst composition but also on the
reaction atmosphere and temperature. Under propane and
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oxygen at 270 °C, the average atomic bond distance (near-
atomic neighbor) fluctuates between 2.732 and 2.740 A for
PPN-1 (Figure SA) and 2.730 and 2.742 A for PPN-2 (Figure
5B). PPN-3 showed a drastic decrease from 2.737 to 2.720 A in
the first 10 min, which was followed by a small and steady
increase into 2.725 A in the remaining reaction period (Figure
SC). Figure SD shows these subtle differences of the atomic
bond fluctuations in the entire propane oxidation reaction
period. The fluctuations in the local atomic arrangement are
clearly shown by the color-coded PDF patterns where the
intensity of the atomic PDF peak (z-axis) is represented by
different colors’ spreading over most of the peak width. Note
that not only the peak intensity but also the center of the peak
varies with time, reflecting the oscillatory characteristic for the
metal—metal bonds in the NPs under the surface reaction
condition. We also note that there is a possibility for the
existence of amorphous metal oxides which could mainly impact
the peak widths and intensities. The HE-XRD and PDF patterns
did not reveal any obvious phase segregation, and they can be fit
well with the FCC model. The HR-TEM data also support the
FCC characteristic for the NPs. Note that the current results do
not rule out the presence of some amorphous oxide species on
the surface, which will be studied in future imaging and
modeling studies.

Among the three catalysts, the more active catalyst involves
more surface activities in terms of binding/breaking atomic
bonds under the reaction condition. The difference between the
local atomic structure and the average atomic structure of the
NPs is reflected by the subtle fluctuation in local order (Figure
S). The change of the first interatomic distance (bonding
distance) on the NP surface is dynamic. The surface/subsurface
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Figure 6. 3D map plots of the in situ DRIFTS spectra recorded during propane oxidation over PtPd;Ni (PPN-1) (A), PtPd,Ni, (PPN-2) (B), and
PtPdNi; (PPN-3) (C) catalysts at 275 °C in the 1800—1200 cm ™ region. Under each 3D map, the corresponding 2D map plot is included along with
the IR band assignments (see also the DRIFTS spectra in Figure S8). (D) Comparison of the changes in the reaction region of the DRIFTS peak
intensities for some of the major intermediate species detected in propane oxidation at 270 °C over PPN-1 (red bars), PPN-2 (green bars), and PPN-3
(blue bars) catalysts. The intermediate species are arranged from the noncleaved or first C—C bond cleaved oxidation species (acetone, ester, and
acetate) to complete the C—C bond cleaved oxidation species (formate and bicarbonate).

oxygenation and deoxygenation is also partially reflected by the
asymmetric character of the peak intensity distribution. Indeed,
a certain degree of irregular interatomic bonding distance
oscillations is observable in the three-surface treatment/reaction
stages in terms of the peak center position (the curves in the
right panels in Figure SA—C). The changes in the peak position
for the three catalysts partially reflect the differences in the
variation of the nearest-neighbor interatomic distances under
the reaction condition.

The surface of the ternary nanoalloy catalysts may undergo
stress/strain during the reaction, which could lead to the atomic
bond fluctuation. It is likely that the surface/subsurface
oxygenation and deoxygenation of the Ni species in the
nanoalloy contribute to the strain fluctuation from the beginning
of the reaction. The temperature also influences the changes in
the interatomic lattice strain. It is interesting to observe that the
PPN-3 catalyst shows a large change in the interatomic bond
distances ranging between 2.71 and 2.74 A (0.03 A, ~1.1%)
during the reaction. The atomic strain occurs upon increasing
the temperature to 100 °C (the first 20 min). This is followed by
a sudden drop of the average atomic bond distance upon
introducing propane and oxygen, that is, the propane oxidation
reaction condition, which is apparently linked to the formation
and breaking of the metal—oxygen bonds on the catalyst surface.
Moreover, the atomic bond fluctuations appear very small for
PPN-3 (Figure SD). For the other two catalysts (Figure SA,B),
greater oscillatory changes are observed in terms of the average
atomic bond distance, showing 2.725—2.743 A (0.02 A, ~0.6%)

for PPN-2 and 2.73—2.74 A (0.01 A, ~0.4%) for PPN-1. It is
important to note that PPN-3 NPs feature a higher percentage of
Ni atoms in the nanoalloy than the other two NP catalysts. This
catalyst showed the highest activity and stability (see Figure 1).
The high activity of PPN-3 NPs may be attributed to the fact
that the bonding distance went under significant stress and the
stress led to optimization of the Fermi level in comparison to the
d-bond, thus reducing the adsorption energy and facilitating the
oxidation of the carbonaceous species into CO,. In our previous
study of ternary PtAuNi catalysts, the catalyst with a higher
percentage of Ni was shown to be more stable than NPs with less
Ni.”” While the detailed mechanism for the oscillatory changes is
not clear at this point, these findings suggest a possible
connection between the interatomic distances in the NPs and
the surface activity, for which we further examined the data from
the DRIFTS as described next.

3.3.2. In Situ DRIFTS. Given the observation of the changes of
the interatomic distances during the catalytic propane oxidation
over PtPdNi/AlL,O; catalysts in the in situ PDF data, we further
probed the surface species during propane oxidation by in situ
DRIFTS. This study is directed to gain an insight into the
correlation among the nanostructure, the surface sites, and the
catalytic activity. Figure 6A—C (and Figure S8) presents a
typical set of DRIFTS spectra monitoring the surface
intermediate species during propane oxidation over PtPdNi
/AL Oj catalysts of different compositions. Under each of the 3D
maps in Figure 6A—C, the corresponding 2D map plot is
included, showing the assignments of the IR bands. There are
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clearly subtle differences in terms of the surface intermediate
species, which are highly dependent on the composition of the
ternary catalysts.

The position and intensity of the observed peaks (Figure S8)
depend on the composition of the catalyst. In the range (2850—
3000 cm™"), the observed bands correspond to C—H vibration
bonds of gaseous propane, CH, (ads), and CH; (ads) species.*®
The observed bands in 2340—2360 cm™" are characteristic of
gaseous CO,.”” Major peaks in the range of 1730—1330 cm™
are characteristic of intermediate species evolved during
propane oxidation. The evolution of oxy-carbon bands is
examined in detail in the range of 1800—1200 cm' (Figure 6 and
Figure S9). As the reaction progresses, the intensities of the
bands become stronger for PPN-1 (Figure 6A), PPN-2 (Figure
6B) and PPN-3 (Figure 6C). The peaks at 1590—1607 (Figure
6B) and 1578 cm™" (Figure 6C) are assigned to the adsorbed
acetate v, (COO) species.*>*”* The peaks from 1681 to 1714
cm™! (Flgure 6C) and 1672 cm™" (Figure 6B) can be assigned to
the acetone v (C=0) stretching mode.”" The bands at 1737
cm ™' (Figure 6B) and 1720—1730 cm™"' (Figure 6A) are likely
due to the absorption of the carbonyl group with the aliphatic
ester function v (C=0).”>>* The band at 1650 cm™" (Figure
6A) is in agreement with the bicarbonate v,, (OCO™) species
stretching bond.”**® The enolate spec1es (CH,=CH-0)
exhibit bands at 1636, 1653, and 1400 cm™* (Figure 6C).°*°’
The band at 1591 cm™" is consistent with the absorption of the
formate v,, (COO) species (Figure 6A). The peaks at 1464
(Figure 6A) and 1470 cm ~' (Figure 6B) are attributed to the
adsorbed methoxy &,, (CH;) groups.’ *? The bands at 1500,
1532, and 1256 cm ™" (Figure 6C), 1544 (Figure 6B), and 1549
cm™! (Figure 6A) are most likely attributed to v,, (COO) and v,
(OCO) monodentate carbonate species.”® A close examination
of the peaks for PPN-1 and PPN-2 (Figure 6A,B) shows
aliphatic ester at 1720—1737 cm™! and methoxy at 1470 cm™,
which are absent for PPN-3. The data shows the emergence of
bicarbonate 1653 cm™" and formate at 1591 cm ™" only for PPN-
1. Moreover, the species of acetate at 1580 and 1578 cm™/,
acetone at 1681 to 1714 cm™! and 1672 cm™, and enolate at
1636, 1653, and 1400 cm™" were detected over PPN-3 and PPN-
2 but were not detected over PPN-1. This result shows that the
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growth of oxy-carbon species (COO, OCO, CCO, etc.) during
the oxidation reaction is correlated with the bimetallic
composition, suggesting different reaction pathways of propane
oxidation.

In Figure 6D, the peak intensities of oxy-carbo species in the
range of 1200—1800 cm™' are further compared. Peaks for
acetate, acetone, enolate, and monodentate carbonate species
are maximized over PPN-3, whereas the aliphatic ester and
methoxy species are maximized over PPN-2. Bicarbonate and
formate species are maximized over PPN-1. These detections of
the different surface species indicate that the formation of the
surface intermediate species strongly depend on the trimetallic
composition of the catalysts. Note that our on-line GC system
was configured to determine the CO, product in this study. The
product was confirmed by the carbon balance calculation based
on the CO, peak. While the in situ DRIFT data (Figures 6 and
S8 and Table S1) did detect different intermediate species, the
analysis of the gas product selectivity in correlation with the
surface intermediate species will be part of our future studies.

3.3.3. Correlation between the Lattice Changes and the
Surface Activities. Taken together, the results from the in situ
HE-XRD/PDF and DRIFTS characterizations have provided
some intriguing insights into the correlation between the growth
of surface carbonaceous species and the changes in atomic
structures during the catalytic oxidation of propane. To assess
the relative changes of the surface species and the interatomic
lattice of the oxygenated ternary NPs (Figure 71), we further
compared the in situ PDF peak positions in terms of the average
bond distances (Figure 71I) and the DRIFTS peak positions
(Figure 711I) in terms of the surface species for PtPd;Ni (PPN-
1), PtPd,Ni, (PPN-2), and PtPdNi; (PPN-3). During propane
oxidation, the dynamic change of interatomic distances is
evidenced by the PDF data, whereas the formation of
carbonaceous species is indicated by the DRIFTS data. Upon
exposing to propane/O,, the average atomic bond distance for
PPN-3 shows an abrupt decrease, reflecting the absorption of
oxygen or carbonaceous species. The amplitude of this change is
much smaller for PPN-1 and PPN-2. However, in comparison
with the relatively constant value for PPN-3 after the decrease
(Figure 71IC), PPN-1 and PPN-2 show subtle oscillatory
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changes (Figure 7 (II) A,B). The reactivity of the surface/lattice
oxygen and the consequent change in lattice strain in the NPs
may have played a role in the above differences. This is further
assessed by analyzing the surface intermediate species during
propane oxidation (Figure 71II). The assignments of the peak
positions to the intermediate species are illustrated on the top
panel of Figure 7111, the details of which are given in Figure S10
and Table S1. By comparing the snapshots of the DRIFTS peaks
for the three catalysts, a sharp contrast is evident in terms of the
relative abundance of the surface species. The intermediate
species can be grouped™ in terms of the intermediate oxidation
species with non- or first C—C bond cleavage (e.g, ester,
acetone, enolate, and acetate, i.e,, Group-I) and those with the
first and second C—C bond cleavage (e.g, bicarbonate, formate,
monocarbonate, methoxy, i.e., Group II). The surface of PPN-3
is apparently enriched with acetone and enolate (Group-1) and
bicarbonate and monocarbonate (Group II) species in much
greater abundances than those on the other two catalysts. The
surfaces of PPN-1 and PPN-2 appear to be enriched with ester
and acetate (Group-I) and formate and methoxy (Group II)
species.

While the exact reaction mechanisms for the catalytic
oxidation cannot be derived from the current data, the sharp
differences in terms of the surface intermediate species
abundances likely reflect the subtle differences in surface/lattice
oxygenation of the catalysts. For PPN-3, the first atomic PDF
peak interatomic bond distance reaches a minimum 2.72 A,
suggesting that the Ni-enriched surface/subsurface layers are
responsible for the surface oxygenation. The oxygenated species
are highly active in reacting with propane to achieve the second
C—C bond cleavage and C oxygenation. Thus, the first atomic
PDF peak interatomic bond distance remains largely stable after
the initial change. In contrast, the Ni-poor surface/subsurface
layers for PPN-1 and PPN-2 show less activity in the surface
oxygenation. The consequent slow oxygen transfer processes for
the C—C bond cleavage and C oxygenation may be gradually
developed over the entire NP, leading to a slow oscillatory
behavior of the interatomic bond distance, as reflected by the
first atomic PDF peak.

Mechanistically, the complete oxidation of propane follows
two major steps, dehydrogenation of propane and oxygenation,
forming oxy-carbon intermediate species toward CO,.°" The
observation of the strong intensities of Group-I species with
single oxygenation (e.g., acetone and enolate) and Group II
species with triple oxygenation (e.g., bicarbonate and mono-
carbonate) seems to correlate well with the high catalytic activity
over the catalyst with a higher Ni composition (>50% Ni), that
is, PPN-3. The observation of the lower catalytic activities of the
surface species for the catalysts with lower-Ni composition
(<50% Ni), that is, PPN-1 and PPN-2, appear to reflect the
Group-I species with double oxygenation (e.g, ester and
acetate) and Group II species with single/double oxygenation
(e.g, formate and methoxy). This is an intriguing finding,
suggesting a correlation to the degree of C—C cleavage and
oxygenation in the intermediate reaction steps. In comparison,
the catalysts with a higher Ni composition (PPN-3) apparently
favor less oxygenation (acetone and enolate) upon the first C—C
bond cleavage followed by more oxygenation (bicarbonate and
monocarbonate) upon the second C—C bond cleavage. This
synergy, in combination with the rich Ni oxygenation sites on
the surface/subsurface (PPN-3), likely contributed to the
insignificant oscillation of the lattice strain during the reaction.
The poor Ni oxygenation sites on the surface/subsurface of

PPN-1 and PPN-2 favor more oxygenation (e.g., ester and
acetate) upon the first C—C bond cleavage followed by less
oxygenation (e.g,, formate and methoxy) upon the second C—C
bond cleavage, leading apparently to insufficient lattice oxygen
supply and thus oscillatory behavior of the lattice strain. These
subtle differences are illustrated in Figure 7IV by the proposed
changes in surface oxygenation/deoxygenation and lattice strain
of the catalysts containing lower-Ni% (PPN-1 and PPN-2) and
higher-Ni% (PPN-3) under the propane oxidation condition.
Given this understanding, we further considered the
propensity of oxygenation of Ni species in the alloy by the
DEFT calculation of the relative barriers for the surface diffusion
of the oxygen species on different surface sites of the alloy. As
shown in Figure 8, the oxygen adsorption energies and diffusion

0.04

0.54

Energy (eV)

Diffusion pathway

Figure 8. Calculated energies and energy barriers for the surface
diffusion of oxygen species in different surface sites of the PtPdNi alloy.

energies show significant differences on different surface sites
such as unary, binary, and ternary sites. The ternary Ni site
features the lowest energy for binding O species, which is
consistent with the highest oxophilicity. The results support
qualitatively the assessment that the presence of Ni species near
the Pt/Pd sites enables the propensity of O-activation, which
aids the surface oxidation of propane on the Pt/Pd sites.

4. CONCLUSIONS

In summary, the ternary PtPdNi NPs supported on AlL,O;
exhibit strong Ni-composition-dependent catalytic activity,
showing a clear increase with Ni > 50%. The role of nanophase
and surface structures of the catalysts is revealed by the
combined HE-XRD/PDF and DRIFTS operando character-
izations. The formation of different surface intermediates during
the oxidation of propane is dominated by the favorability to less
oxygenation of carbon upon the first C—C bond cleavage
followed by more oxygenation of carbon upon the second C—C
bond cleavage on the surface of ternary catalysts with Ni > 50%.
This finding contrasts with the favorability to more oxygenation
of carbon upon the first C—C bond cleavage followed by less
oxygenation of carbon upon the second C—C bond cleavage on
the surface of ternary catalysts with Ni < 50%. This catalytic
synergy is further shown to correlate with the insignificant or
slow lattice oscillations depending on the composition of the
surface/subsurface Ni in the alloy. While the detailed structures
of the active sites remain to be determined, the results suggest
that Pt/Pd works as the active site for the C—H and C—-C
cleavage, while oxygenated Ni sites provide activated oxygen
species for the oxygenation of the cleaved intermediates. This
was supported by the comparison of the surface species based on
DRIFTS data and also supported by the DFT calculation of the
energy barriers for surface oxygen diffusion on the different
surface sites. It is evident that the high oxyphilicity or high
degree of oxygenation by the introduction of Ni into PtPd has
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played a significant role in maneuvering the activity of the
oxygenated species over the catalyst’s surface sites during
propane oxidation, with both composition and structural effects
on the C—C bond cleavage, oxygen activation, and carbon
oxygenation. The surface/subsurface oxygenated metal sites
play a crucial role in activating both O—O bond and C—C bond
cleavages. Further understanding of quantitative relationship
between the dynamic change of the atomic strain and the
detailed surface reactivity, along with the XPS characterization
of the surface state of the catalyst and the effect of the d-band
center, will provide insights into the design of nanoalloy catalysts
with fine-tunable catalytic activity and stability, which is part of
our ongoing investigations.
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