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ABSTRACT: Nonequilibrium intermetallic phases in the
nanoscale were realized by diffusion-controlled solid-state
transformation, forming SiO, supported NPs with Pd core
and a CsCl type Pd;M,; shell, where M is Sn or Sb. The core—
shell geometry is identified from scanning transmission
electron microscopy and infrared spectroscopy and the crystal
structure is confirmed from in situ synchrotron X-ray
diffraction and X-ray absorption spectroscopy. The highly
symmetric Pd;M, intermetallic phase has not been reported
previously and contains catalytic ensembles with high
selectivity toward dehydrogenation of propane. The kineti-
cally limited solid-state reaction is generally applicable to
nanoparticle synthesis and could produce materials with
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desired structures and properties beyond conventional structural limits
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n the past few decades, development of functional materials

has been greatly accelerated by new structures possible in
the nanoscale."™® For nanophases, solid-state diffusion is
greatly enhanced compared to the bulk materials due to the
short diffusion path and the much larger fraction of surface
atoms. As a result, solid-state reactions requiring extremely
high temperatures (typically above 1000 °C) for bulk materials
can be realized at lower temperatures for nanomaterials,*
where reactions are controlled by diffusion kinetics instead of
thermodynamics.”® Nonequilibrium phases thus become
accessible, introducing new structures and interesting proper-
ties for applications in catalysis and magnetic storage.””*

Solid-state diffusion has been recently shown to play a
significant role in the formation of intermetallic nanoparticles
(NPs).>*?'% For a reaction between two metals in the
nanoscale, two monometallic precursors are dispersed and
reduced. Because of the differences in their reduction potential,
one metal is reduced first and nucleates before the second. The
subsequent diffusion of the second metal into the lattice of the
first metal is limited at the temperatures of reduction, often
leading to partial intermetallic transformation only on the
nanoparticle surface and near surface layers.'"”'> For
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bimetallic nanoparticles formed between Pt/Pd and Zn/In,
the intermetallic shells were found to preferentially adopt
crystal phases with high symmetry among all thermodynami-
cally stable structures. Such highly symmetric phases geo-
metrically modified the catalysts and improved their selectivity
for various reactions.”"*~

For different bimetallic systems, however, intermetallic
phases with high symmetry are not always thermodynamically
stable. Some structures, although having desired chemical
properties, were not expected to form for certain bimetallic
compositions according to phase diagram of bulk materials.
Here we show that for Pd—Sn and Pd—Sb catalysts, diffusion-
controlled solid-state reaction directs the bimetallic nano-
particles to form a nonequilibrium CsCl type Pd;M,
intermetallic phase at the surface. The intermetallic shells on
a Pd core are stable at 550 °C and contain surface ensembles
selective for catalytic dehydrogenation of propane. The finding
expands the material composition horizon for nanoparticle
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catalyst design beyond what is known according to the phase
diagrams.

The Pd—Sn and Pd—Sb catalysts were prepared by
reduction of the metal precursors dispersed on porous SiO,
supports. Tin chloride or antimony chloride was first
impregnated by incipient wetness, followed by a charge
enhanced dry impregnation (CEDI) of tetraammine palladium
nitrate.' During the latter step, the solution is sufficiently
basified to charge the SiO, surface and induce strong
electrostatic adsorption of positively charged Pd precursor to
the deprotonated silica surface, enabling their high dispersion
and subsequent formation of uniformly small Pd nanoparticles
with narrow size distribution (on average 2.5 + 0.5 nm, Figure
S1). A reference Pd catalyst is prepared using the CEDI
method without the addition of a second metal.

After Pd is reduced to Pd NPs, further increasing the
temperature initiates partial reduction of the second metal,
namely Sn or Sb, and its subsequent diffusion onto the Pd
nanoparticle surface.'” As a result, the core—shell structure
could be observed by scanning transmission electron
microscopy (STEM). Figure la shows a high-angle annular
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Figure 1. (a) HAADF STEM image of typical Pd—Sn particle
supported on SiO,; (b,c) the corresponding digital dark-field STEM
images filtered from frequencies of 1.95 A™' (Pd (200) from mainly
the NP core) and 1.58 A™' (a crystal plane from the Pd—Sn phase
mainly on the NP shell); (de) the EDS elemental distribution
extracted from signals of Pd-L and Sn-L edges; (f) the overlap of Pd
and Sn distributions. (g—i) Infrared spectra of carbon monoxide
adsorption on the Pd—Sb, Pd—Sn, and Pd catalysts

dark-field (HAADF) image of the Pd—Sn catalysts (2 wt % of
Pd, 6 wt % of Sn on SiO,). The consecutive lattice fringes in
the center of the NP show that the particle has single-crystal
face-centered cubic (fcc) Pd core, while relatively disordered
contrast is observed around the boundary of the NP,
suggesting a thinshell encapsulating the core. Carefully
controlling the beam intensity as well as focusing height, we
were able to minimize the amorphization induced by the beam
and resolve another characteristic lattice symmetry with
orthogonal spacings of 3.1 A and 1.5 A from the shell phase
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(Figure S2). Then the spatial frequencies related to the atom
column distances can be separated into two typical distribution
sets as filtered by 1.95 A™" and 1.58 A™" (Figure 1b,c), which
corresponds to the characteristic diffractions of Pd (200) core
and those of shell phase. It is evidenced from the distribution
that the second phase dominates the nanoparticle surface
whereas the metallic Pd phase composes the core. In addition,
the electron dispersive X-ray spectroscopy (EDS) signal
collected in the same Pd—Sn particle further confirms the
aforementioned core—shell structure (Figure 1d—f, Figure S3).
The Pd signal around the edge of the nanoparticle is
significantly lower than that from the core, whereas the
opposite is observed for Sn, confirming that the Sn locates in
the surface layers of the NPs. Preferential distribution of Sb
around the surface of the Pd—Sb NPs (2 wt. Pd, 6 wt. Sb on
Si0,) is also evidenced from the EDS line scan profile shown
in Figure S4.

Changes of the nanoparticle shell from monometallic Pd to
Pd—M bimetallic structure was further investigated by infrared
spectra of carbon monoxide (CO) adsorption. As shown in
Figure 1g—i, the Pd catalysts show a spectrum typical for
monometallic Pd nanoparticles supported on SiO,, where CO
binds in both linear (2000—2100 cm™) and bridge fashion
(1800—2000 cm™), corresponding to surface ensembles
containing multiple Pd atomic neighbors.lg’19 In comparison,
the Pd—Sn and Pd—Sb catalysts adsorb CO predominantly in
linear fashion. The intensity of the IR peak for bridge-bound
CO is significantly reduced, suggesting breaking of the Pd
surface ensembles by a second metal. This indicates formation
of bimetallic structures on the surface of the majority of the
nanoparticles due to solid-state reactions throughout the whole
supported catalyst.

The crystal structure of the bimetallic shell was studied by in
situ synchrotron X-ray diffraction (sXRD). High-flux synchro-
tron X-ray provides enough signal intensity and resolution for
diffraction from the surface layers of ~2.5 nm NPs, while the
high X-ray energy results in diffraction peaks at low 20 angles.
After background removal, the diffraction pattern of Pd/SiO,
catalyst shows four peaks at 2.98°, 3.43°, 4.87° and 5.68°
typical of an fcc lattice (Figure 2a). On the Pd—Sn and Pd—Sb
catalysts (the left panel of Figure 2b), however, a new set of
peaks at 3.03°% 4.28°, and 5.24° appears in addition to the fcc
diffraction, corresponding to the bimetallic phase on the
nanoparticle shells detected by STEM and IR. The peak
positions do not match any of the known intermetallic phases
recorded in the phase diagram, nor Sn, Sb or their oxides
(Figure S5).”" Instead, the relative position and intensity of the
new peaks resemble that of the CsCl type Pd,In, intermetallic
compounds previously reported for Pd—In nanoparticle
catalysts,” although this structure does not exist as a
thermodynamically stable phase in the Pd—Sn and Pd—Sb
phase diagrams.”® To investigate the possibility that a CsCl
type intermetallic phase is formed, the diffraction patterns of
the two catalysts are compared with the simulated diffraction
of CsCl type Pd;M, intermetallics. Within this crystal
symmetry, a unit cell is constructed for the simulation
following the CsCl type symmetry with Sn or Sb in the
corner of the cubic cell and Pd in the body center.

A lattice constant of 3.14 A for Pd,Sn; and Pd,Sb, gives
diffraction peaks well matching the positions of the observed
peaks. When domain size is taken into consideration (the right
panel of Figure 2b), a simulated pattern containing an fcc Pd
phase with 1.0 nm size and a CsCl type Pd;Sb; with 1.5 nm
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Figure 2. (a) The crystal unit cell of fcc Pd and CsCl type Pd;M, intermetallics. (b) In situ sXRD patterns of the SiO, supported Pd, Pd—Sn, and
Pd—Sb catalysts with simulated diffraction for bulk fcc Pd, Pd;M,, a 1.0 nm size Pd, 1.5 nm size Pd,Sb,, as well as their combination. (c) In situ
EXAFS spectra of the Pd, Pd—Sn, and Pd—Sb catalysts and corresponding fitting results. (d) Selectivity versus conversion for propane
dehydrogenation at 550 °C over Pd, Pd—Sn, and Pd—Sb catalysts and the structure of Pd (111) versus Pd;M, (110) (the close pack planes).

size capture all the major features of the experimental
diffraction data of the Pd—Sb catalysts, further justifying the
existence of these two structures in the bimetallic NPs. In the
Pd;M, phase with a lattice constant of 3.14 A, the interplanar
distance of (100) is 3.14 A, close to the 3.1 A spacing observed
in Figure S2, and the interplanar distance of (200) is 1.57 A,
consistent with the distribution set of 1.58 A observed in
STEM for the Pd—Sn catalyst. This highly symmetric CsCl
type intermetallic nanostructure between Pd and Sn or Sb is
not thermodynamically stable as a bulk alloy.

Varying the Sn and Sb content in the catalysts results in
higher or lower intensity of the diffraction peaks coming from
the bimetallic phase (Figure S6), corresponding to thicker or
thinner intermetallic shells below the nanoparticle surface. The
intermetallic phase forms progressively down the NP shell
layers with increasing concentration of the second metal, which
is consistent with a diffusion-controlled solid-state process
rather than thermodynamic equilibrated reactions typically at
much higher temperatures. Regardless of the Sn or Sb
contents, the only alloy structure observed corresponds to
the CsCl type intermetallic phase according to the diffraction
patterns. The preferential formation of the CsCl structure type
over the other thermodynamically stable bimetallic phases is
consistent with previous reports for other intermetallic alloy
catalysts. This can be explained by the lower diffusion barrier
from the parent high symmetry fcc noble metal phase to this
also highly symmetric structure during the kinetically limited
solid-state transformation.”

Formation of the nonequilibrium CsCl type Pd;Sn; and
Pd,Sb, phases is further confirmed from in situ X-ray
absorption spectroscopy (XAS). Pd K edge X-ray absorption
near edge spectroscopy (XANES) on the Pd—Sn and Pd—Sb
catalysts (Figure S7) show that the edge energy shifts to higher
values with increasing Sn and Sb contents, consistent with
formation of a second bimetallic structure in increasing
amount as shown by XRD. For the extended X-ray fine
structure (EXAFS), the catalysts show reduced Fourier
transform magnitudes compared to the monometallic Pd
(Figure 2b) despite their similar particle size, indicating
deconstructive interference due to a second scattering pairs.
Quantitative analysis is typically challenging on bimetallic NPs
where the two metals have similar atomic numbers. Never-
theless, the structural information derived from XRD
previously greatly assisted the fitting analysis. The resulting
bond distance is d(Pd—Sn) = 2.68 A for the Pd—Sn catalysts
and d(Pd—Sb) = 2.70 A for the Pd—Sb catalysts, which is
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similar to and slightly smaller than the XRD-derived Pd—M
bond distances (2.72 A) as seen previously for other bimetallic
catalysts.'”"* The bond distances from EXAFS fittings are also
consistent between samples with different Sn/Sb loadings
(Figure S8, Table S1), confirming that the same intermetallic
phases are formed on different samples. The Pd—Sn/Sb
coordination number increases with increasing Sn/Sb loading,
while the Pd—Pd coordination number decreases. The average
Pd—Pd bond distances increase in the meantime due to
formation of longer Pd—Pd bonds in the CsCl type Pd;Sn,
and Pd,;Sb, structure in addition to the monometallic Pd—Pd
bonds in the fcc Pd core. Interestingly, the Pd,Sn; and Pd,Sb,
phases have relatively small lattice constants and Pd—M bond
distances compared to the thermodynamically stable Pd;In;
intermetallic compound with the same crystal symmetry. The
short Pd—M bond indicates relatively strong bond strength
and thus low diffusion coefhicient, which likely explains why the
nonequilibrium phase is only a few atomic surface layers. It is
worthy to note that Sb also forms Pt,Sb;@Pt nanoparticles
with strong Pt—Sb bonds under similar reaction conditions."”

The nonequilibrium Pd;M,; phase has atomic ensembles
featuring Pd sites isolated by M on the surface (Figure 2 c) and
higher edge energy (Figure S6), both of which have been
previously correlated to enhanced catalytic selectivity for
reactions such as light alkane dehydrogenation and semi-
hydrogenation reactions.”'**"*> Here the propane dehydro-
genation performance of Pd—Sn/SiO, and Pd—Sb/SiO, were
evaluated together with the reference Pd catalyst. While for Pd,
the propylene selectivity quickly decreases from above 95% to
~60% with increasing conversions due to side reaction
propane hydrogenolysis, the two bimetallic catalysts maintain
high selectivity above 95% even at high conversions,
demonstrating that the diffusion directed high crystal
symmetry leads to improved catalytic properties. The reaction
rate per gram of Pd for the bimetallic catalysts is within one
magnitude of difference compared to the monometallic Pd,
similar to previous reports.”'> We have also attempted to
compare these catalysts with Pd—Sn or Pd—Sb catalysts having
solid solution structures to better demonstrate the effect of
crystal phase on catalysis. However, the synthetic methods we
have tried always result in diffusion-controlled solid-state
reaction that prefers ordered intermetallic phases. Successful
synthesis and structural confirmation of Pd—Sn and Pd—Sb
solid solution NPs have not been previously reported
according to our knowledge.
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In conclusion, nonequilibrium intermetallic nanophases
Pd,;Sn; and Pd;Sb;, were synthesized utilizing a kinetic-
controlled diffusion route, which demonstrates the potential
of this method to prepare nanomaterials with desired
structures and properties beyond conventional structural
limits.”> The nanoparticle structures were characterized in-
depth using advanced electron microscopy, in situ synchrotron
X-ray methods, and infrared spectroscopy and expands the
composition horizon for selective catalyst design. It rationalizes
density functional theory catalyst screening on crystal
structures with high symmetry (which are computation-
friendly) even if they are not thermodynamically stable.
Moreover, such diffusion limited solid-state reaction mecha-
nism is generally applicable to different types of nanomaterials.
The remaining unexplored nonequilibrium materials may give
rise to properties not expected from the equilibrium structures
and compositions and await future studies for new materials
chemistry.
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