
Bismuth-Modulated Surface Structural Evolution of Pd3Bi
Intermetallic Alloy Catalysts for Selective Propane Dehydrogenation
and Acetylene Semihydrogenation
Wenqing Zhang,# Xiaoben Zhang,# Jianyang Wang, Arnab Ghosh, Jie Zhu, Nicole J. LiBretto,
Guanghui Zhang,* Abhaya K. Datye, Wei Liu,* and Jeffrey T. Miller*

Cite This: ACS Catal. 2022, 12, 10531−10545 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Atomic regulation of metal catalysts, especially of the active
surface, is key to optimizing the catalytic performance. In this work, we tuned
surface Pd coordination by varying bismuth loadings in the Pd−Bi alloy
system, facilitating different catalytic performances for propane dehydrogen-
ation (PDH) and acetylene semihydrogenation model reactions. In situ X-ray
absorption spectroscopy, atom-resolved scanning transmission electron
microscopy combined with elemental distribution analysis, infrared spectros-
copy, and in situ X-ray photoelectron spectroscopy were employed to
characterize the evolution of the surface and bulk structures in Pd−Bi
catalysts with changing Bi composition. At low Bi loading, the catalyst
nanoparticle (NP) surface was partially transformed into the Pd−Bi
intermetallic compound (IMC). The partially alloyed surface has improved
catalytic performance compared with Pd NPs. At slightly higher Bi loading, a Pd core−Pd3Bi shell structure was formed, which
displayed significantly improved selectivity rate and stability. In the Pd3Bi IMC surface structure, the adjacent Pd atoms are
sufficiently far apart to give catalytically isolated active sites, which significantly enhance the selectivity (>95%) to propylene in PDH
and give a higher ethylene selectivity (80%) for acetylene semihydrogenation compared with Pd NPs. At higher Bi loading, a full
Pd3Bi is formed; however, at even higher loading, an overcoating of excess BiOx leads to a loss in activity. This work demonstrates
that in intermetallic alloy catalysts, the surface and bulk structures of the NPs are different with different promoter metal loadings.
Importantly, the catalyst performance is not only determined by the alloy structure but also can be significantly affected by the
properties of the noncatalytic oxide promoter.
KEYWORDS: EXAFS NP surface determination, Pd3Bi propane dehydrogenation, Pd3Bi acetylene semihydrogenation,
evolution of intermetallic alloy NP formation, effect of noncatalytic oxide on rate

1. INTRODUCTION
The catalytic impact of nanostructural engineering typically
originates from surface modification at the atomic scale.1

Selectivity, the ability to drive a reaction in a specific direction
in preference to others, is a crucial attribute of catalysts. More
selective catalytic processes require less reactants and produce
fewer byproducts with less subsequent separation.2−5 From the
economic and environmental perspectives, the development of
selective catalysts is vital and has sparked highly interdiscipli-
nary research efforts aimed at engineering the atomic structure
on the catalytic surfaces and understanding the associated
electronic and geometric properties of surface atoms.6

Prototypical examples include propane dehydrogenation
(PDH) and acetylene semihydrogenation reactions. Specifi-
cally, PDH is an endothermic reaction and requires high
temperature (773−973 K), where hydrogenolysis, a structure-
sensitive reaction, also occurs on Pd ensembles forming
methane, ethane, and ethylene, leading to low propylene

selectivity,7−11 while acetylene semihydrogenation proceeds
under milder reaction conditions (323−573 K), selectively
removes trace amounts of acetylene impurities in the ethylene
feed is a crucial step for the production of polymer-grade
ethylene for polyethylene production, especially in the front-
end process.12−16 Palladium (Pd) is highly active for these two
catalytic processes but exhibits low selectivity toward the
desired products.9,17−20 Therefore, developing fundamental
understandings on how to improve the selectivity will lead to
effective catalysts for these and other catalytic reactions.
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The incorporation of a second metal to form intermetallic
alloys or intermetallic compounds (IMCs) has been used to
reduce the surface ensemble size to enhance the olefin
selectivity in PDH and acetylene semihydrogenation. For
example, a variety of intermetallic Pd catalysts, Pd−Fe, Pd−
Mn, Pd−Cu, Pd−In, Pd−Ga, Pd−Ag, Pd−Au, and Pd−Zn,
have shown substantially enhanced olefin selectivity for PDH
and acetylene semihydrogenation compared with Pd nano-
particles (NPs).9,15,16,20−25 Among these different types of
bimetallic catalysts, the changes in the structure with different
compositions lead to differences in catalytic performance. For
some compositions, a random distribution of metallic atoms or
in other words solid solution is formed.26 For other bimetallic
catalysts, IMCs are formed, which have a fixed stoichiometry.20

In many cases, more than one IMC structure is possible,
depending on the ratio of elements. At low metal loadings,
IMCs often form a thin surface alloy even in the presence of
excess oxide promoter. As the amount of promoter oxide near
the metallic NP increases, a full alloy NP is formed. With
increasing amounts of promoter, the initial IMC may transform
into promoter-rich IMC structures.20,21 Although many
bimetallic compositions have more than one possible IMC
structure, often some of these are not formed under conditions
typical of catalyst synthesis. The properties of promoters, for
example, loading, reducibility, mobility, and so forth, of the
oxide precursor are directly related to the final IMC structure
and, more importantly, the surface composition. The latter,
which determines the catalytic performance, may have a
different structure from the average NP structure. However,
precise structural determination of the catalytic surface remains
a challenge due to the limitation of the traditional character-
ization methods.1,27 Encouragingly, the advancements of the in
situ structural characterization create new opportunities to
understand these nanostructural differences and how they
affect the catalytic properties.
In this study, we selected Pd−Bi bimetallic alloy NPs since

these have been reported to display high acetylene hydro-
genation selectivity. These catalysts are most selective at high
Bi loadings and retain high selectivity at temperatures
significantly higher than other catalyst compositions. The
structure of the IMC and the reason for the high temperature
performance, however, are not known. Herein, a series of Pd−
Bi NPs supported on silica with Bi/Pd molar ratios of 0, 0.12,
0.25, 0.50, and 1.0 were prepared and characterized. Which
Pd−Bi structures are formed and how these structure
differences affect the catalytic performance for PDH and
acetylene semihydrogenation model reactions were also
determined. X-ray absorption spectroscopy (XAS), high-angle
annular dark-field scanning transmission electron microscopy
(HAADF−STEM), energy-dispersive X-ray analysis (EDS),
absorption spectroscopy of adsorbed CO, in situ diffuse
reflectance infrared Fourier transform (DRIFTS), and X-ray
photoelectron spectroscopy (XPS) were employed to identify
the surface structure and NP composition of the Pd−Bi
catalysts. As the Bi loading increased, there was an evolution
on the surface and bulk NP structures, which led to changes in
the catalytic performances, for example, selectivity, rate, and
deactivation. The adjacent Pd atoms in the Pd−Bi alloy are
spatially isolated, which suppress the hydrogenolysis rate,
leading to the significantly improved selectivity for PDH and
acetylene semihydrogenation reactions. Importantly, as dem-
onstrated in this study, the catalyst performance is not only
determined by the alloy structure but can also be significantly

affected by the amount of noncatalytic oxide promoter which
can cover the active sites, leading to low rates.

2. EXPERIMENTAL SECTION
2.1. Catalyst Synthesis. A monometallic 2 wt % Pd

catalyst (supported on Davisil Grade 646 silica gel, Sigma-
Aldrich, 35−60 mesh, pore volume 1.15 cm3/g) was
synthesized using the incipient wetness impregnation (IWI)
method. Pd(NH3)4(NO3)2 solution (Sigma-Aldrich, 1.126 g,
10%) was diluted with 0.8 mL of H2O. Ammonium hydroxide
solution (Sigma-Aldrich, 0.2 mL, 30%) was then added to the
solution until the pH reached 11. The obtained Pd precursor
was added dropwise to 2 g of silica with continuous stirring.
After drying overnight at 125 °C, the sample was calcined at
400 °C for 3 h and reduced at 200 °C in 5% H2/N2 at 100 cm3

min−1 for 30 min.
A series of SiO2-supported Pd−Bi bimetallic catalysts

containing 2 wt % Pd with Bi/Pd molar ratios of 0.12:1,
0.25:1, 0.50:1, and 1:1 were synthesized by a sequential IWI
(s-IWI). The Pd−Bi/SiO2 samples were denoted based on
their target Bi/Pd molar ratios. A similar synthesis procedure
was applied to all the catalysts. For example, Pd−Bi/SiO2-0.25
was prepared by dissolving 1.126 g of Pd(NH3)4(NO3)2 (10
wt %) in 0.7 mL of deionized water. Ammonium hydroxide
solution (Sigma-Aldrich, 0.2 mL, 30%) was then added to the
solution until the pH reached 11, which was then added to 2 g
of SiO2, dried at 125 °C, and calcined at 400 °C for 4 h to give
Pd/SiO2 NPs. Bi(NO3)3·5H2O (0.0464 g) (Alfa Aesar) was
dissolved in 2 mL of 2 mol/L nitric acid and was added
dropwise to the abovementioned Pd/SiO2. Next, the catalyst
was dried overnight at 125 °C, calcined for 4 h at 400 °C,
reduced at 200 °C in 5% H2/N2 at 100 cm3 min−1 for 30 min,
and then reduced at 550 °C in 5% H2/N2 at 100 cm3 min−1 for
30 min. The Pd−Bi/SiO2-0.12, Pd−Bi/SiO2-0.50, and Pd−Bi/
SiO2-1.0 samples were prepared by the same method by adding
0.0232, 0.0928, and 0.1856 g of the Bi(NO3)3·5H2O,
respectively.

2.2. Characterization. 2.2.1. DRIFTS of CO Chemisorp-
tion. In situ DRIFT spectra were collected on a Nicolet iS50
spectrometer with a mercury cadmium telluride (MCT)
detector cooled by liquid nitrogen. Prior to the test, ∼20 mg
of the sample was reduced at 550 °C under 10 vol % H2 for 30
min, and the background spectrum was collected after purging
with N2 at room temperature for 40 min. Then the pre-
reduced samples were exposed to 10 vol % CO in N2 at 25 °C
for 20 min, and the sample IR spectra were collected after
purging with N2 for 40 min.

2.2.2. Aberration-Corrected Scanning Transmission Elec-
tron Microscopy (AC-STEM). Atomic resolution microscopy
analysis, as well as elemental mapping, was performed on the
JEM ARM200F microscope working at 200 kV with a probe
Cs-corrector at Dalian Institute of Chemical Physics, Chinese
Academy of Sciences (DICP, CAS). For HAADF imaging, a
convergence angle of ∼23 mrad and a collection angle range of
68−174 mrad were adapted for incoherent imaging, providing
characteristic high contrast between Pd- and Bi-rich atomic
columns. The PdBi sample composition, as well as element
spatial distribution, was studied using an energy-dispersive X-
ray analyzer (EX-230 100 mm2 detector) equipped on
ARM200F. For the microscopy sample preparation, the four
Pd−Bi/SiO2-n (n = 0.12, 0.25, 0.50, and 1.0) catalysts were
dispersed in ethanol and dropped onto the copper grids and
dried on a hot plate for 5 min (150 °C). Particle size
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distribution was determined by counting more than 100
particles per sample using Nano Measurer 1.2.
2.2.3. In Situ XAS. XAS measurements at the Pd K-edge

(24350 eV) were performed on the 10-BM bending magnet
beamline of the Materials Research Collaborative Access Team
(MRCAT) at the Advanced Photon Source (APS), Argonne
National Laboratory. Measurements were taken in the
transmission mode using three ion chambers which allowed
for simultaneous measurement of a Pd foil for energy
calibration. Samples were ground into fine powders and
pressed inside of a cylindrical sample holder and sealed in a
sample cell allowing for gas flow. Before the XAS spectra were
obtained, the catalysts were reduced at 550 °C in a 5% H2/He
mixture for 30 min. After reduction, the samples were purged
with He at 100 cm3 min−1 and cooled to room temperature.
Trace oxidants in He were removed by passing through a
Matheson PUR-Gas Triple Purifier Cartridge containing a Cu
trap. All spectra were obtained at room temperature in He.
WinXAS 3.1 software was used to analyze the XAS spectra.

The edge energy was determined using the maximum of the
first peak in the first derivative of the X-ray absorption near-
edge structure (XANES) spectra. Least-squares fitting was
performed in the R space of the k2-weighted Fourier transform
(FT) data on isolated first shell scattering for each sample.
Each sample was fit using two scattering paths (Pd−Pd and
Pd−Bi). Feff6 calculations were used to fit Pd−Pd and Pd−Bi
scattering pairs.28,29 The S02 was fixed at 0.836 in the standard
fitting procedures to find the coordination number (CN) and
bond distances between Pd and its neighbors. The Δσ2 value
was held constant for all samples, while the CN, bond distance,
and E0 correction were varied to determine the best fit.
2.2.4. In Situ XPS. For quasi in situ XPS experiments, the

samples were first compacted into a wafer with a diameter of 5
mm, and then, the wafer was reduced in a in situ reactor cell
equipped in XPS (Thermo Fisher ESCALAB Xi+ XPS,
monochromatic Al source) under 10% H2/He at 550 °C for
0.5 h. The reduced samples were transferred into the analysis

chamber, and the data were recorded under ultrahigh vacuum
(5 × 10−7 Pa). All spectra were calibrated to the graphitic
carbon peak of C 1s at 284.8 eV and further analyzed using the
software package of CasaXPS (version 2.3.19).

2.3. Catalyst Evaluation. Catalysts were tested on two
model reactions, PDH and acetylene semihydrogenation. The
catalytic performance was indicative of changes on the catalytic
surface with changing composition. PDH was conducted in a
fixed-bed quartz tube (3/8 in. OD) microreactor. The loaded
catalysts were varied from 30 to 1000 mg to vary the initial
propane conversion, and the total mass was diluted with SiO2
to 1.0 g, which is around 5 cm in the height of the catalyst bed.
A thermocouple (O.D. = 3.2 mm) was placed at the center of
the catalyst bed to measure the reaction temperature. Within 5
°C temperature variation was observed along the catalyst bed.
Before the reaction, the catalysts were reduced at 550 °C with
5% H2 (100 mL/min) for 30 min. Before starting the flow of
reactant gasses, hydrogen was purged from the bed by flowing
100 mL/min nitrogen for 5 min. PDH reactions were carried
out at 550 °C with 2.5% propane and 2.5% hydrogen. A broad
range of conversion was obtained by changing the total flow
rate and mass of the catalyst. Each conversion/selectivity data
point was collected on a fresh sample. Gas chromatograph
(Agilent 6890) with an FID detector and a Restek Alumina
BOND/Na2SO4 GC column was used to determine the
amount of propane, propylene, methane, ethane, and ethylene.
The propane conversion and propylene selectivity were
calculated using the equations below.

Conv (%)
moles of propane in inlet moles of propane in outlet

moles of propane in inlet

100%

=

×

Figure 1. TEM micrographs and histograms of metal particle size distribution for (A) Pd−Bi/SiO2-0.12, (B) Pd−Bi/SiO2-0.25, (C) Pd−Bi/SiO2-
0.50, and (D) Pd−Bi/SiO2-1.0 samples.
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Sel (%)
moles of propylene

moles of propylene 2 2
3 3

moles of C moles of CH4
=

+ +×

The apparent activation energy (Ea) was determined by
Arrhenius plots below 10% propane conversion under each
reaction temperature.
The deactivation rate constant (kd), as the equation shown

below, was determined using the first-order model.

( )( )
k

t

ln ln100 100

d

Conv
Conv

Conv
Conv

1

1

0

0=

where Conv1 and Conv0 are the final and initial propane
conversions, respectively. t is the duration of reaction (40 h),
and kd is the deactivation constant (h−1).
Acetylene semihydrogenation was carried out in a quartz

tube (6 mm OD and 4.35 mm ID) with glass wool plugs on
each side to retain the catalyst. A 1 wt % Pd/Al2O3 catalyst was
used as a reference to contrast the performance of the Pd−Bi/
SiO2. A thermocouple was placed in the catalyst bed to
measure the reaction temperature. The catalysts were reduced
for 60 min at 350 °C with 13 mL/min H2. The reactant gas
was composed of 1% C2H2, 4% H2, and the rest balanced with
N2 at a total flow rate of 50 mL/min. Acetylene conversion and
ethylene selectivity were calculated as shown below

100

acetylene conversion (%)
moles of C H in outlet moles of C H in outlet

moles of C H in inlet

%

2 4 2 6

2 2
=

+

×

100

ethylene selectivity (%)
moles of C H in outlet

moles of C H in outlet moles of C H in outlet

%

2 4

2 4 2 6
=

+

×

3. RESULTS
3.1. TEM. The morphology and size distribution of the

reduced Pd−Bi bimetallic catalysts were characterized by
TEM. Figure 1A−D shows the typical TEM images and
corresponding size distribution. The particle size distributions
were obtained by randomly selecting 100−200 NPs for each
catalyst. All the sizes of NPs are in the range of 3−5 nm. The
similar particle sizes of these catalysts enable comparison
between their catalytic performance and surface structure
without having to account for the changes in particle size. For
comparison, the monometallic Pd/SiO2 NPs have a slightly
smaller average particle size (∼1.7 nm), as shown in Figure S1.

3.2. HAADF−STEM. High-resolution HAADF−STEM
imaging (Figure 2) provides structural details of Pd−Bi
catalysts in localized real space. Figure 2A,C show the atomic
structure oriented along the [001] zone axis of Pd−Bi/SiO2-
0.25 and Pd−Bi/SiO2-0.50 in typically ∼4 nm NPs,
respectively. In Pd−Bi/SiO2-0.25, the lattice spacing at the
NP exterior, 2.11 Å, and interior, 2.04 Å, indicate a two-phase

Figure 2. High-resolution HAADF imaging and elemental composition analysis of Pd−Bi/SiO2-0.25 (A,B) and Pd−Bi/SiO2-0.50 (C,D),
respectively.
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morphology with a Pd core and Pd−Bi IMC shell. The Pd
EDS signal displays a thickness-dependent distribution over
the Pd−Bi/SiO2-0.25 catalyst (Figure 2B), whereas the EDS
signal of bismuth has uniform intensity to the projected
thickness. Such EDS results, as well as the lattice spacing
expansion (from 2.04 to 2.11 Å) on the particle surface, are
consistent with a metallic Pd core covered by a Pd−Bi alloy
shell (Figure 2A,B).
For the Pd−Bi/SiO2-0.50 catalyst (Figure 2C), the crystal

lattice is similar to the surface phase in Pd−Bi/SiO2-0.25, that
is, 2.12 Å. In this sample, the lattice expansion was found
throughout the particle, suggesting that a full alloy is formed,
that is, no Pd core. An EDS line-distribution of Pd and Bi
across the NP further supports the formation of a Pd−Bi alloy
phase (Figure 2D). In Figure 2C, there is also evidence of an
amorphous BiOx shell on the NP surface with a thickness of
about 0.5 nm, which appears to cover the NP’s surface.
3.3. XAS. To further verify the structural differences with

increasing Bi-level, XAS was carried out to evaluate the local
coordination environment. XANES spectra were obtained at
Pd K-edge (24350 eV) for Pd−Bi and Pd NP catalysts. The
XANES spectra are shown in Figure 3A, and the edge energies
are listed in Table 1. All measurements were taken at room
temperature under He atmosphere after reduction at 550 °C.
The monometallic Pd NPs have a spectral shape, white line
intensity, and edge energy (24,350.0 eV) similar to that of the
Pd foil, suggesting that the Pd atoms are fully reduced.20 For
the Pd−Bi/SiO2-0.25 catalyst, there is a slight decrease in the
white line and a small shift to lower edge energy (24,349.4 eV,
Table 1), which suggests the presence of other metallic atoms

in the Pd−Bi NPs.30 As the Bi loading increases, for example,
in Pd−Bi/SiO2-0.50, there is a further decrease in white line
intensity and a shift to lower edge energy (24,348.9 eV),
indicating a higher level of Bi within the Pd bonding
distance.31

The Pd K-edge extended X-ray absorption fine structure
(EXAFS) spectra show the same trend observed with the
XANES spectra, that is, with increasing Bi loading in the
catalysts, there is increasing amounts of Bi in the alloy NPs.
Since EXAFS spectroscopy measures all the surface and
interior atoms in the sample, it is difficult to identify the
surface structure, especially when multiple phases may be
formed, for example, core−shell, IMC, or solid solution.11,26,32

Therefore, it is also necessary to determine the surface
composition and structure, which are responsible for the
catalytic performance.
Figure 3B shows the k2-weighted magnitudes of the FT of

the EXAFS spectra. The fitting results are summarized in Table
1. The first shell magnitude of the FT of Pd/SiO2 shows two
prominent peaks with one large peak at ∼2.4 Å and a smaller
peak at ∼1.9 Å (phase-uncorrected distances), which is typical
of metallic Pd NPs.31 The Pd−Pd CN in Pd/SiO2 was fitted to
be 8.3 at 2.73 Å, while Pd−Pd CN is 12 at 2.75 Å in the Pd
foil. The smaller Pd−Pd CN and the shorter Pd−Pd bond
distance of Pd NPs are consistent with 3.2 nm Pd NPs,33

which agrees with the averaged size from STEM analysis.
Although the STEM size of Pd−Bi NPs is larger than that of

Pd NPs, the magnitude of the FT is smaller and is shifted to a
slightly longer distance, which suggests an additional Pd−Bi
scattering path and the formation of Pd−Bi IMCs. The

Figure 3. Pd K-edge (A) XANES spectra and (B) k2-weighted magnitude of the FT of the EXAFS for Pd/SiO2 (black curve), Pd−Bi/SiO2-0.25
(red curve), and Pd−Bi/SiO2-0.50 (blue curve) samples.

Table 1. XAS Pd K-Edge Fits of the Reduced Pd and Pd−Bi Catalysts

catalyst scattering pairs XANES energy (keV) CN R (Å) Δσ2 E0 (eV)

Pd/SiO2 Pd−Pd 24.3500 8.3 2.73 0.007 −1.0
Pd−Bi/SiO2-0.25 Pd−Pd 24.3494 8.3 2.77 0.007 −1.2

Pd−Bi 2.4 2.83 0.007 2.1
Pd−Bi/SiO2-0.25 (three-shell fit) Pd−Pd 24.3494 3.6 2.73 0.007 −1.0

Pd−Pd 4.7 2.80 0.007 −1.3
Pd−Bi 2.3 2.83 0.007 2.1

Pd−Bi/SiO2-0.50 Pd−Pd 24.3489 5.8 2.80 0.007 −1.6
Pd−Bi 3.3 2.83 0.007 −0.4
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scattering from the heavier atom, that is, Bi (and at a longer
distance, see fittings in Table 1), leads to destructive
interference and reduction of the EXAFS magnitude. The Pd
K-edge EXAFS spectra were fit to determine the average
coordination of Pd neighbors, and the results are shown in
Table 1. For Pd−Bi/SiO2-0.25, the Pd−Pd CN is 8.3 at a bond
distance of 2.77 Å and the Pd−Bi CN is 2.4 at 2.83 Å. The
Pd−Pd bond distance is longer than that in Pd NPs (2.73 Å)
and Pd foil (2.75 Å).
As the Bi loading in the catalyst increases, the shape in the

magnitude of the FT of the EXAFS spectrum of Pd−Bi/SiO2-
0.50 changes and shifts to a slightly longer distance consistent
with more Bi in the alloyed NP. The Pd−Pd CN decreases to
5.8 at a bond distance of 2.80 Å, and the Pd−Bi CN increases
to 3.3 at 2.83 Å, which is similar to the Pd−Bi bond distance in
Pd−Bi/SiO2-0.25. The Pd−Pd bond distance (2.80 Å) in the
Pd−Bi/SiO2-0.50 is significantly longer than that in Pd NPs
(2.73 Å). The CN ratios (Pd−Pd/Pd−Bi coordination ratio =
1.8) of this catalyst are very similar to that of the Pd3Bi IMC
(Pd−Pd/Pd−Bi coordination ratio = 2.0). In a bulk alloy, the
Pd−Pd and Pd−Bi bond distances are 2.87 and 2.86 Å,
respectively, and the Pd−Pd/Pd−Bi coordination ratio is 8/4.
In NPs, the bond distances are slightly smaller than those in
bulk alloys and the CN ratio is the same as bulk but with lower
values.
Since the Pd−Pd/Pd−Bi coordination ratio of the Pd−Bi/

SiO2-0.25 was about 3.5, that is, greater than 2, and the STEM
results showed a Pd core-Pd-Bi IMC surface, the Pd−Pd
scattering path was likely from two phases with different Pd−
Pd bond distances. Thus a three-shell fit of this catalyst was
obtained. The Pd−Pd bond distance of the core was fixed at
the same bond distance of the Pd NP, that is, 2.73 Å, while the
Pd−Pd bond distance in the surface Pd−Bi IMC was fixed at
2.80 Å, the same as that in the Pd3Bi IMC in Pd−Bi/SiO2-0.50.
The three-shell fit gave a Pd−Pd CN of 3.6 at 2.73 Å for the
metallic Pd core, with a Pd−Pd CN of 4.7 at 2.80 Å and Pd−Bi
at 2.83 Å. Within the errors of the EXAFS fits, Pd−Pd/Pd−Bi
coordination ratio of the surface alloy was close to 2, consistent
with that in the Pd3Bi IMC.
3.4. DRIFTS of CO Chemisorption. Figure 4 shows the IR

spectra of adsorbed CO at saturation coverage for all four Pd−
Bi catalysts and the monometallic Pd NPs. The 2 wt % Pd/
SiO2 catalyst shows a typical spectrum for small, monometallic

Pd NPs, where CO binds in both linear (2077 cm−1) and
bridge (1947 cm−1) fashion.34,35 The bridge-to-linear ratio for
the catalysts was determined by dividing the total peak area
between 1800 and 2000 cm−1 by the peak area between 2000
and 2100 cm−1, as shown in Table 2. Although this ratio does
not take into consideration the extinction coefficients of the
different CO adsorption bands and is not, therefore,
quantitatively related to the CO coverages of the various Pd
sites, the ratio does reflect qualitative changes in the surface of
the catalyst.31 The monometallic Pd catalyst has a bridge-to-
linear ratio of 0.73 (Table 2), which is consistent with previous
studies of small Pd NPs (∼2 nm).21,31

The Pd−Bi alloy NPs are slightly larger than those of
monometallic Pd; however, Pd NPs (4−5 nm) have increased
the bridge-to-linear-bonded CO peak ratio, for example,
smaller linear- and much larger bridge-bonded, than that of
2 nm size particles. The addition of Bi and formation of Pd−Bi
IMCs decrease the bridge-to-linear ratio to 0.28 for the Pd−
Bi/SiO2-0.12 and further to 0.14 for Pd−Bi/SiO2-0.25 (Table
2), suggesting a decrease in the surface Pd ensemble size. In
Figure 4, at the lowest Bi loading in Pd−Bi/SiO2-0.12, there
are few sites which can bridge-bound CO, while in Pd−Bi/
SiO2-0.25, the bridge-bound CO peak is nearly absent. This
likely results from the elongated Pd−Pd distance in Pd−Bi
IMCs, as evidenced in the XAS fitting (2.80 Å vs 2.73 Å in
monometallic Pd NPs), and provides further evidence for the
formation of Pd−Bi IMCs on the surface of Pd−Bi catalysts,
leading to the spatially isolated Pd sites. A similar loss of the
bridge-bound CO peak has been observed in Ni3Sn/SiO2,

36

Ni3Ge/SiO2,
37 and Pt3Sn/H-SAPO-1138 due to the greater

atomic distance between Ni or Pt atoms in these IMCs.
At high Bi loadings, only linearly adsorbed CO is observed;

however, its intensity decreases with increasing Bi loading in
Pd−Bi/SiO2-0.50 and Pd−Bi/SiO2-1.0. For the latter, little
CO is adsorbed, suggesting a high coverage of the Pd−Bi alloy
surface, likely by excess Bi species observed by STEM.
In addition to the loss of bridge-bonded CO in the IR

spectra of Pd−Bi catalysts, there is a shift to lower frequency of
the linear-bound CO peak with increasing Bi loading. For
example, the linear-bonded CO shifts from 2077 cm−1 in
monometallic Pd NPs to 2065 cm−1 for Pd−Bi/SiO2-0.50. The
frequency of the linear-bonded CO for all catalysts is given in
Table 2. This shift to lower frequency could be attributed to
the coverage-induced frequency shift. Specifically, the
frequency of adsorbed CO increases with increasing surface
coverage due to the dipole−dipole coupling. At high CO
coverage on monometallic Pd NPs, the linear CO frequency is
2077 cm−1. For the Pd3Bi, the Pd−Pd distance is much longer
than that in Pd NPs, for example, 2.80 verses 2.73 Å in Pd NPs.
The longer Pd−Pd nonbonding distance and geometrical
isolation of Pd by Bi in the Pd−Bi IMCs would be expected to
reduce the CO dipole interactions, leading to the red shift in
IR spectra. This shift to lower frequency in the linear adsorbed
CO is consistent with previous IR studies.39−44 Finally, while
there was a small bridge-bonded CO peak in Pd−Bi/SiO2-0.12,
there was also a shift in the frequency of the linear peak,
suggesting that the surface has regions of both monometallic
Pd and partial coverage by the Pd3Bi IMC.

3.5. XPS. The in situ Pd XPS spectra for Pd/SiO2, Pd−Bi/
SiO2-0.25, and Pd−Bi/SiO2-0.50 NPs are shown in Figure S2.
Two distinct peaks at around 335.8 and 341.1 eV are in
accordance with the reported literature values for Pd 3d5/2 and
Pd 3d3/2 of Pd(0) NPs, respectively.

45−47 For all catalysts, the

Figure 4. FT CO-IR spectra of reduced (A) Pd/SiO2, (B) Pd−Bi/
SiO2-0.12, (C) Pd−Bi/SiO2-0.25, (D) Pd−Bi/SiO2-0.50, and (E)
Pd−Bi/SiO2-1.0.
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3d5/2 and 3d3/2 B.E.s are the same within error. Additionally,
Pd 4f5/2 B.E. of Pd and Pd−Bi catalysts was also the same at
162.4 ± 0.1 eV. The Pd 3d5/2 and Pd 3d3/2 B.E. are slightly
higher than those of Pd bulk metal (335.1 eV), due to the
decreased extra-atomic relaxation of small metal particles.48

Although the reduced catalysts were evacuated at 400 °C, in
the in situ Pd XPS spectra for Pd/SiO2, there is, perhaps, a
small, higher energy shoulder of the Pd 3d5/2 and Pd 3d3/2
peaks, for example, 336.8 and 342.6 eV ± 0.1 eV, respectively.
These higher B.E. peaks have been associated with PdHx.

49 For
Pd−Bi/SiO2-0.25, there is a smaller 335.8 ± 0.1 eV peak,
suggesting less PdHx, while for Pd−Bi/SiO2-0.50, this peak is
absent. The fractional composition of each species is given in
Table S1. The results suggest that the formation of Pd3Bi does
not form PdHx.
3.6. Catalytic Performance for PDH. Pd−Bi catalysts

were evaluated together with the monometallic Pd catalyst for
PDH in a mixture of 2.5% C3H8 and 2.5% H2 with balanced N2
at 550 °C after pre-reduction at 550 °C. The PDH evaluation
was carried out in the presence of H2 since an increase in the
hydrogen-to-hydrocarbon ratio accelerates hydrogenolysis and
is, therefore, a more rigorous test of propylene selectivity.11

The PDH products were mainly propylene with small amounts
of methane, ethane, and ethylene. The latter three result from
hydrogenolysis.
The experimental results are shown in Figure 5. Each data

point corresponds to the conversion and selectivity from a
separate catalyst test. For each test, the conversion versus
selectivity was determined at short time on stream, ca. 1 min
after steady-state start of run, that is, low coke selectivity. The
mass of the catalyst and flow rates were varied to achieve a
range of conversions up to about 30%. For Pd/SiO2, the
propylene selectivity is around 62% at about 7% propane
conversion, which decreases rapidly to about 41% at 32%
propane conversion. The propylene selectivity declines rapidly
as a function of increasing conversion, which is consistent with
literature reports of monometallic Pd catalysts.9,20,21,31

The Pd−Bi catalysts showed a different trend in propylene
selectivity compared to that of monometallic Pd (Table 2).
Because chemical reactions occur on the catalyst surface, the
subtle differences in propylene selectivity suggest the surface
composition changes with increasing Bi-level. On adding a
small amount of Bi, for example, Pd−Bi/SiO2-0.12, the
propylene selectivity at any conversion is improved compared
with that of monometallic Pd NPs but decreases rapidly with
increasing conversion similar to that of Pd NPs (Figure 5),
suggesting that the surface has both Pd and Pd3Bi IMC
regions. This is consistent with the DRIFTS spectrum, where
small bridge-bonded CO peak as well as a shift in the

frequency of the linear peak were observed. At 35% propane
conversion, the propylene selectivity increases to 66%, about
25% higher than that of Pd NPs (41%).
With slightly higher Bi content, Pd−Bi/SiO2-0.25, the

propylene selectivity increases to about 95% (Figure 5) and
remains nearly constant from 8% to 28% propane conversion.
Pd−Bi/SiO2-0.50 exhibits similar propylene selectivity at
∼95% at all propane conversions, suggesting a similar surface
structure. At even higher Bi loadings, Pd−Bi/SiO2-1.0, the
selectivity is high; however, there is very little activity. Since
the NPs are small, this suggests that there are few surface Pd
sites consistent with the infrared spectrum. It is likely that the
excess BiOx component observed by STEM covered most
catalytic sites on the particle surface.
The fraction of surface Pd atoms was determined by STEM

calculated as 1/diameter of the NPs. Table 2 gives the rates/
surface Pd for each catalyst. For Pd NPs, the rate is 8.2 × 10−3

mol of propylene/moles of surface Pd/s. The rate of Pd−Bi/
SiO2-0.25 is slightly higher, ca. 1.7 times, than that of Pd NPs.
While the rate of Pd−Bi/SiO2-0.25 is very similar to that of Pd
NPs, the rate of Pd−Bi/SiO2-0.5 is much lower. For example,
the former has a rate of 1.1 × 10−3 mol of propylene/moles of
surface Pd/s, which is about 8% the rate of Pd−Bi/SiO2-0.25
despite the same NP surface composition (STEM in Figure
2A,C and the EXAFS analysis in Table 1). The estimation of
the number of surface Pd assumes that all surface Pd atoms are

Table 2. Catalytic Performance and Kinetics Parameters of PDH (2.5% C3H8 and 2.5% H2 Balanced in N2 at 1 atm and 550
°C)

catalyst
liner peak position

(cm−1)
bridge/linear
ratio (IR)

STEM size
(nm)

fraction of surface
Pda(%)

propylene
selectivityb(%)

PDH rate per surface
Pdc(10−3)

kd
(h−1)

Ea
(kJ/mol)

Pd/SiO2 2077 0.73 1.7 59 44 8.2 0.14 93
Pd−Bi/SiO2-0.12 2071 0.28 3.8 26 71 13.3 0.08
Pd−Bi/SiO2-0.25 2069 0.14 3.5 29 95 14.3 0.04 129
Pd−Bi/SiO2-0.50 2065 0 4.6 22 95 1.1 139
Pd−Bi/SiO2-1.0 2064 0 5.3 19 95 0.4

aAll catalysts contain 2 wt % Pd. The fraction of surface Pd was calculated from NP size, 1/diameter (nm). bThe selectivity was measured at 25%
propane conversion from the initial t = 0 value. cThe PDH rate/moles of surface Pd (moles C3H6/mole surface Pd/s) was determined at 10% C3H8
conversion.

Figure 5. Initial propylene selectivity versus propane conversion for
Pd−Bi catalysts in PDH reaction at 550 °C compared with that of the
monometallic Pd catalyst in 2.5% C3H8 and 2.5% H2 with balanced
N2.
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available for reaction; however, the low rate of Pd−Bi/SiO2-0.5
is consistent with more than 90% of the surface Pd sites
covered by the excess Bi oxide observed by STEM. For Pd−
Bi/SiO2-1.0, the rate is even lower, 0.4 × 10−3 mol of
propylene/moles of surface Pd/s, suggesting that about 95% of
the surface is covered by excess Bi oxide.
From the abovementioned PDH results, Pd−Bi/SiO2-0.25

and Pd−Bi/SiO2-0.50 had very similar selectivity, while the
rate of the latter was much lower. To further evaluate the
surface structure of these two catalysts, the apparent activation
energy of these two catalysts were measured and compared
with Pd NPs. The apparent activation energy (Ea) measured at
10% propane conversion was obtained by plotting ln(rate/g
surface Pd) versus 1/T (Figure 6). The Ea for Pd NPs is 93 kJ/

mol similar to the previously reported values for Pd NPs.20

The Ea values of Pd−Bi/SiO2-0.25 and Pd−Bi/SiO2-0.50 are
higher with similar values at 129 kJ/mol and 139 kJ/mol,
respectively. The similar Ea suggests that despite the large
changes in rates, the active sites in both catalysts are similar.
Thus, the similar PDH selectivity, Ea, STEM, XAS surface
structure, and IR spectra are all consistent with the suggestion
that these two catalysts have a similar active site structure. The

low rate of Pd−Bi/SiO2-0.50, therefore, are resulted from the
loss of active sites due to the coverage by Bi oxide.
Based on the PDH results, Pd−Bi/SiO2-0.25 shows the

highest selectivity and rate among the Pd−Bi catalysts.
Therefore, stability is further investigated on this catalyst and
compared with the more Pd-rich surface samples, for example,
Pd−Bi/SiO2-0.12 and Pd NPs. The first-order deactivation
rate constants (kd) were determined for Pd/SiO2, Pd−Bi/
SiO2-0.12, and Pd−Bi/SiO2-0.25 catalysts. Figure 7A shows
the propane conversion versus time with an initial propane
conversion of around 25%. For all catalysts, the propane
conversion decreases rapidly within the first hour and reaches a
steady-state conversion at longer times. The propylene
selectivity of each catalyst increases for the first 100 min
(Figure S3), likely because of the coking of nonselective
hydrogenolysis sites, and ∼95% propylene selectivity can be
maintained on the Pd−Bi/SiO2-0.25 during the PDH reaction.
Pd/SiO2 has the highest deactivation rate with a kd value of

0.14 h−1 at 550 °C (Table 2). As shown in Figure 7B and
Table 2, the deactivation constant decreases with increasing Bi
loading. The kd value decreases from 0.08 h−1 for Pd−Bi/SiO2-
0.12 to 0.04 h−1 for Pd−Bi/SiO2-0.25, which is approximately
28% of Pd NPs. The intermediate deactivation rate of the
former likely results from the surface composition which has a
partial surface coverage of both Pd and Pd3Bi IMCs and is
consistent with the propylene selectivity and IR spectra. These
results suggest that the Pd−Bi catalysts are more deactivation-
resistant compared to monometallic Pd NPs.

3.7. Catalytic Performance for Acetylene Semi-
hydrogenation. An additional model reaction of acetylene
semihydrogenation was further conducted to determine the
effect of NP surface composition and the role of excess Bi
oxide on catalytic performance. Hydrogenation of acetylene
yields ethylene, which can be further hydrogenated to ethane.
A selective catalyst will be able to provide high concentrations
of ethylene without forming ethane. Based on the above-
mentioned PDH results and characterizations, three Pd3Bi
catalysts with higher Bi loading were further tested for
acetylene semihydrogenation. Pd catalysts with high Bi loading
have previously been shown to have high ethylene selectivity.50

Although Pd−Bi IMCs were suggested, the specific structure
was not given.
The acetylene conversion, ethylene, and ethane products are

shown in Figure 8 for Pd NPs and Pd−Bi catalysts. In this
study, 1 wt % Pd/Al2O3 is used for the comparative reference

Figure 6. Arrhenius plots of PDH over monometallic Pd (black), Pd−
Bi/SiO2-0.25 (red), and the Pd−Bi/SiO2-0.50 (blue) catalysts.

Figure 7. (A) Propane conversion during the PDH reactions and (B) corresponding deactivation constant kd (h−1) over Pd/SiO2, Pd−Bi/SiO2-
0.12, and Pd−Bi/SiO2-0.25. [Reaction conditions: Pd/SiO2 (0.027 g), Pd−Bi/SiO2-0.12 (0.36 g), and Pd−Bi/SiO2-0.25 (0.65 g); T = 550 °C;
2.5% C3H8 and 2.5% H2 at a total flow of 200 mL/min; 1 atmospheric pressure.]
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catalyst to compare with previous literature studies.15,50−52

However, because it has a lower Pd loading than the Bi-
containing catalysts, the activity of the reference catalyst is not
included in Figure 9B but is given in Figure S4. The Pd NPs
form similar amounts of ethylene and ethane at low
temperatures, but with increasing temperature, the amount of
ethylene reaches a maximum, while ethane formation
continues to increase (Figure 8A). Thus, the ethylene

selectivity falls to ∼30% with increasing acetylene conversion
above 90% (Figure 9A). For Pd−Bi catalysts, the selectivity to
ethylene exceeds that of ethane by a significant amount at all
temperatures and acetylene conversions (Figure 8B−D).
Therefore, by adding Bi, the ethylene selectivity increases
from 30% for Pd NPs to near 80% for Pd−Bi/SiO2-0.25, Pd−
Bi/SiO2-0.50, and Pd−Bi/SiO2-1.0 at near-complete acetylene
conversions (Figure 9A).

Figure 8. Concentrations of acetylene (green), ethylene (black), and ethane (red) for (A) Pd/Al2O3 and (B) Pd−Bi/SiO2-0.25, (C) Pd−Bi/SiO2-
0.50, and (D) Pd−Bi/SiO2-1.0 as a function of catalyst bed temperature. 20 mg of each catalyst was used for the reaction.

Figure 9. (A) Ethylene selectivity as a function of acetylene conversion. 20 mg of the catalyst was used for the reaction, and (B) acetylene
conversion as a function of temperature.
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The amount of Bi also affects the catalysts’ activity. The
conversions as a function of temperature are shown in Figure
9B and the activities are also presented as the temperature
needed to achieve a 50% acetylene conversion (Table 3). The

temperature increases from 31 °C for the Pd−Bi/SiO2-0.25 to
62 °C for the Pd−Bi/SiO2-0.50 and 83 °C for the Pd−Bi/
SiO2-1.0. These results are consistent with the changes in rate
for PDH, where with increasing Bi loading, the rate/surface Pd
decreases due to coverage by excess Bi content.
Figure 9 shows that catalysts with surface Pd3Bi IMC

structures are more selective than Pd NP even at high
acetylene conversion. As the Bi addition increases, the
temperature required to obtain high conversion increases,
which corresponds to the fewer number of active sites.
Although high Bi loadings do allow for selectivity at higher
reaction temperatures, this appears to result in the availability
of fewer exposed sites.

4. DISCUSSION
4.1. NP and Surface Structural Evolution of Pd3Bi. For

many catalyst compositions and reactions, the formation of
alloy NPs often leads to improvements in selectivity, rate, and
stability compared to monometallic catalysts. As this study
shows, the addition of Bi to Pd leads to improved catalytic
performance for PDH and acetylene semihydrogenation. As
schematically illustrated in Figure 10, the NP phase, surface
composition, and accessibility to the active atoms are
dependent on the amount of the promoter.

During the synthesis, both Pd and Bi oxides are dispersed on
the support. Under the reducing pretreatment conditions, Pd is
first reduced to Pd NPs at about 200 °C. At this temperature,
Bi oxide is not reduced. Reduction at higher temperature leads
to the formation of Pd−Bi intermetallic NPs. The exact
structure depends on the composition. For Pd−Bi IMCs, there
are three major IMCs that are possible in the phase diagram,
Pd3Bi, PdBi, and PdBi2. In this study, the characterizations
were consistent with the formation of the Pd3Bi phase or a Bi/
Pd ratio of 0.33.
At low Bi loading, for example, in Pd−Bi/SiO2-0.12, there is

insufficient Bi to form a full alloy. By EXAFS spectroscopy, the
formation of an intermetallic NP is confirmed. From the
STEM, DRIFTS, and catalytic results, it is observed that the
alloy phase is present on the NP surface and the particle
interior remains mostly metallic Pd. Core−shell morphologies
are consistent with IMCs and not solid solution bimetallic
NPs.26,53 Although the PDH selectivity is improved compared
to that of Pd NPs, the DRIFTS spectra show not only linear-
bonded peak, typical of Pd3Bi surface regions, but also bridge-
bonded CO, typical of Pd ensembles, and suggests that a full
surface alloy has not been achieved at this loading.
For Pd−Bi/SiO2-0.25, there is also not sufficient Bi to form

a full Pd3Bi NP. EXAFS spectroscopy shows a higher level of Bi
in the NPs, while STEM shows a Pd@Pd3Bi IMC core−shell
structure (Figure 10B,F). The improved PDH selectivity and
stability and improved acetylene semihydrogenation selectivity
compared with Pd−Bi/SiO2-0.12 suggest the formation of the
full Pd3Bi surface alloy. The DRIFTS spectra indicate that the
surface Pd binds CO linearly, consistent with a monolayer
coverage of the Pd3Bi IMC. The linear CO frequency at
saturation coverage, however, is shifted to lower wavenumbers
than for that of Pd. Such shifts are often interpreted as changes
in electronic properties of the metal, resulting in the decreased
metal−adsorbate bond energy. However, the XPS spectra
suggest little change in the electronic properties in Pd and
Pd3Bi IMCs. IR frequency shifts to lower wavenumbers,
however, could also be interpreted as site isolation of adsorbed
CO.39−44 For example, for Pd NPs at lower coverages of CO,
there is a decrease in the dipole−dipole interactions and shift
to lower frequencies. The Pd−Pd bond distance in the Pd3Bi
NPs determined by EXAFS spectroscopy is 2.80 Å, which is

Table 3. Catalytic Performance of Acetylene
Semihydrogenation (1% C2H2 and 4% H2 Balanced with N2
at a Total Flow Rate of 50 mL/min)

catalyst T50 (°C)b ethylene selectivity (%)c

Pd/Al2O3
a 48 58

Pd−Bi/SiO2-0.25 31 75
Pd−Bi/SiO2-0.50 62 77
Pd−Bi/SiO2-1.0 83 75

aThe Pd/Al2O3 had 1 wt % Pd, while the Pd−Bi catalysts have 2 wt %
Pd. bCatalyst bed temperature needed for achieving 50% acetylene
conversion. cEthylene selectivity at 50% acetylene conversion.

Figure 10. Structure evolution of Pd−Bi NPs along with the increase in Bi content. (A−D) HAADF images of Pd−Bi/SiO2-0.12 to Pd−Bi/SiO2-
1.0 in fake color, and the corresponding thicknesses (t) of BiOx were marked along with Bi increasing; (E−H) schematics of the most possible
atom structures under working conditions corresponding to HAADF images. Pd atoms are shown in white, and Bi atoms are shown in purple.
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much longer than that in Pd NPs, that is, 2.73 Å. Thus, the
lower frequency of the linear CO peaks for surfaces with Pd3Bi
likely results from the weakened CO dipole−dipole
interactions due to the increased Pd bond distance. These
isolated Pd active sites efficiently suppress the hydrogenolysis
rate in PDH and lead to the greatly enhanced propylene
selectivity in PDH (95% at 25% propane conversion)
compared to that of Pd NPs (44% at 25% propane
conversion). In acetylene semihydrogenation, it has been
reported that ethylene adsorbs much weaker on the isolated Pd
active sites through the π-bonded adsorption mode,25,54−57

which prevents the ethylene from over hydrogenation to
ethane and, therefore, promotes the desorption of ethylene as
the desired product compared to Pd NPs. The improved
selectivity for PDH and acetylene semihydrogenation is
attributed to the isolated Pd sites in Pd−Bi alloy.
For Pd−Bi/SiO2-0.50, there is sufficient Bi to give a full

Pd3Bi with some excess Bi in the catalyst. The EXAFS bond
distances of Pd−Pd at 2.80 Å and Pd−Bi at 2.83 Å and Pd−
Pd/Pd−Bi coordination ratios are consistent with small Pd3Bi
NPs. The structure of Pd3Bi is shown in Figure 11A. Moreover,

STEM shows that the bimetallic particle is a single phase
(Figure 10C,G). In addition, STEM (Figures 2C and 10C,D)
shows that the excess Bi content is present as oxide covering
the Pd3Bi NPs. The partial coverage of the surface with a
noncatalytic phase is consistent with the high PDH and
acetylene semihydrogenation selectivity but lower rates for
both reactions.
For Pd−Bi/SiO2-1.0, there is sufficient Bi to form a PdBi

IMC, Figure 11B. If this structure were formed, there would be
little additional Bi oxide and the catalyst would be expected to
be highly selective and active since the Pd−Pd and Pd−Bi
bond distances are very similar to those in Pd3Bi. While
elemental map by EDX in Figure S5 shows that all of the Bi is
localized near the bimetallic NP, Figure 10D shows that there
is a thick Bi-rich layer that surrounds the inner Pd−Bi alloy
core. The coverage of this Bi overlayer leads to a significant
drop in the PDH and acetylene semihydrogenation rates, and
the catalysts have a very low CO chemisorption capacity,
suggesting few exposed Pd sites. Thus, while there is sufficient
Bi to form the PdBi intermetallic alloy, it does not appear to
form. Although the Pd−Pd and Pd−Bi bond distances in the
Pd3Bi and PdBi phase are similar, their structures have very
different symmetries. Therefore, to incorporate additional Bi
atoms into Pd3Bi NPs, many atoms would need to
simultaneously move lattice positions to give the PdBi
structure. This structural rearrangement is apparently energeti-
cally too high to occur kinetically at the 550 °C reduction
temperature.

While bimetallic catalysts often have improved catalytic
performance, as this study shows, optimum performance is
determined by more than just the formation of the alloy
structure. If the oxide promoter, which is reduced to from the
bimetallic NP, is sufficiently mobile during reduction or
reaction conditions, the excess oxide may cover the alloy NP,
leading to low rates. For many bimetallic Pd and Pt catalysts
prepared via the IWI method, there is often a large amount of
excess oxide and only a small portion of which undergoes
reduction to form the alloy. For more readily reducible
promoters, such as Sn, In, and Bi, promoter-rich compositions
may result in irreversible loss in rate at high temper-
atures.11,31,58 Recently, the colloidal synthesis of Pt−In IMCs
where all the In atoms were present in the IMC alloy NP
displayed high selectivity and stability at high reaction
temperatures up to about 800 °C.59 Thus, the thermal stability
and excellent catalytic properties of intermetallic alloys can be
maintained at very high reaction temperatures. However, for
similar alloy compositions prepared by a traditional IWI
synthesis, there was excess In2O3 promoter in the catalyst. For
the latter, at elevated temperature, the catalytic sites were
covered by the promoter oxide, resulting in permanent loss of
activity. Thus, the stability and mobility of the promoter oxide
under the reaction conditions also play an important role in the
effectiveness of alloy catalysts.

4.2. General Properties of an Effective Promoter for
Intermetallic Alloy Formation. Many alloy compositions of
group 8 metals have been synthesized and evaluated for
different catalytic reactions. For many alloys, different
compositions lead to differences in the catalytic performance.
However, for many alloys, structural details, for example,
surface coverage, particle morphology, atomic order, surface
structures, and their effect on the catalytic performance, have
not been determined. As shown in this study, in addition to the
catalytically active NPs, the excess, noncatalytic promoter
oxide can also have a strong influence on the performance.
In general, there are several properties that are required for

an effective promotor. For example, bimetallic alloy catalysts
are synthesized from metal compounds, for example, oxides,
chlorides, organometallic compounds, and so forth. Thus, the
first property of the promoter compound is that it needs to be
reducible to the metallic state, which occurs during pretreat-
ment or under reaction conditions. Many transition and main
group promoter compounds, however, are often difficult to
reduce in the absence of a catalytic metal. However, in the
presence of a group 8 NP and spillover H2, a bimetallic alloy is
formed.
For structure-sensitive reactions, small ensemble and

isolated cata lyt ic s i tes g ive improved per form-
ance.9−11,15,20,21,23,26,31,32,60−62 If the melting point of the
alloy NP is near that pre-treatment or reduction temperature,
often a solid solution is formed. In order to obtain small
catalytic ensembles and the highest catalytic selectivity,
promoter-rich bimetallic compositions are required, often
resulting in few surface-active sites and low rates due to the
high dilution. However, if the promoter and group 8 metals
have different atomic radii or different monometallic structures
and symmetry, IMCs may be formed. The possible IMCs for
any two metals can be determined from the phase diagrams.55

Since catalytic alloys are formed kinetically, that is, by
reduction of the metal salts, rather than thermodynamically,
for example, slow cooling of a binary metallic liquid, not all
IMCs are formed. The group 8 metal is first reduced. This

Figure 11. (A) Structure of Pd3Bi, Pd−Pd = 2.87 Å, Pd−Bi = 2.88 Å,
space group = Pmma, α = 90°, β = 90°, and γ = 90°. (B) Structure of
PdBi, Pd−Pd = 2.85 Å, Pd−Bi = 2.83 Å, space group = P63/mmc, α =
90°, β = 90°, and γ = 120°. Pd atoms are shown in gray, and Bi atoms
are shown in purple.
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kinetic formation of the IMCs begins by surface enrichment of
the group 8 metal with the promoter atom. As a result, the
binary alloy often forms an intermetallic structure with the
same or very similar symmetry as that of the group 8 metal. By
forming IMCs with a similar structure, only a few surface
atoms need to move to incorporate the second metal atom. For
bimetallic catalysts where there is no bulk cubic phase, surface
cubic structures may also be formed.7,62 These, however, exist
only as surface IMCs, although these do significantly improve
the catalytic performance.
With increasing loadings of promoter metal, a full layer of

the surface IMC is formed. These core−intermetallic shell
catalysts require less promoter atoms for optimal selectivity
compared to solid solution alloy of the same composition.
Since intermetallic alloys also have the fixed stoichiometric
structures, the number of catalytic sites is higher than that in
solid solutions with the same selectivity. At higher levels of
promoter, a multilayer alloy with a smaller monometallic core
is formed, ultimately resulting in full alloy formation.10,11,60−62

The initial intermetallic alloy can also incorporate additional
metallic promoter atoms to form a more promoter-rich alloy if
the symmetry of the second intermetallic phase is similar to
that of the first IMC.11 As with the Pd3Bi IMC, where the
symmetry of the PdBi phase is significantly different, the excess
promoter will not form a new intermetallic phase, and the
excess Bi oxide will be present on the support. If the oxide is
mobile under the reaction conditions, it can cover the active
site, resulting in low permanent loss in activity.
Finally, for high-temperature reactions, phase stability and

sintering resistance are essential for long-term performance.
The melting point of each intermetallic structure is also given
in the binary phase diagrams. These melting points, however,
are for bulk structures, and NPs have significantly lower
melting points compared to bulk alloys. Thus, for sintering
resistance, one should select a promoter metal, which forms an
IMC with the melting point well above the reaction
temperature. If the reaction temperature is near the melting
point, the IMC may convert to a solid solution and have lower
selectivity. For example, the intermetallic Pd3Cu prepared at
low temperature by colloidal synthesis was observed to form a
solid solution after reduction at 375 °C.56
As this study shows, alloy catalysts lead to improved

selectivity, rates, and stability. However, optimization of the
performance requires more than the formation of the
bimetallic NPs. There are several other properties of promoters
such as the radius of the reduced metal atom, the IMC
symmetry, and mobility of the excess promoter oxide that can
also control the extent of surface alloy coverage, type of alloy
structure, and even the presence of oxide overlayers on the
active NP surface and can significantly influence the catalytic
performance. With modern characterization tools, the structure
of alloy NPs, catalytic surface, and the other noncatalytic
phases can be determined. As demonstrated in this study, the
catalyst performance not only is determined by the alloy
structure but also can be significantly affected by the properties
of the noncatalytic promoter.

5. CONCLUSIONS
A series of Pd−Bi bimetallic catalysts with different Bi levels
has been synthesized using the IWI method. The combined
characterizations of in situ XAS, HAADF imaging, in situ XPS,
EDS, and DRIFTS led to the atomic-level understanding of the
structural evolution of bimetallic catalysts as the Bi loading

increases. At low Bi loading, the Pd surface is partially covered
with a Pd3Bi alloy on a Pd core NP. At slightly higher Bi
loading, the surface is a monolayer of Pd3Bi on Pd, that is,
Pd@Pd3Bi. At high Bi loadings, there is a full Pd3Bi alloy NP
with the excess Bi-rich layer partially covering the active
surface, leading to lower activity.
The selectivity, activity, and stability were found to

significantly depend on the NP surface composition. In
Pd3Bi IMCs, there are threefold Pd sites; however, an adjacent
Pd−Pd distance of 2.80 Å occurs at a longer, nonbonding
distance than that in Pd NPs. The DRIFTS spectrum indicates
that the adjacent Pd distance is too long to bridge-bond CO.
These, spatially isolated Pd sites give rise to the superior
selectivity in PDH (95%) and acetylene semihydrogenation
(80%). At high Bi loading (Bi/Pd = 0.5−1.0), a more Bi-rich
PdBi intermetallic alloy is not formed, and the excess Bi
promoter covers the Pd3Bi alloy, leading to low activity. Such
structural details lead to a more fundamental understanding of
the structure−performance relationship.
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