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ABSTRACT: We report a transformative, all inorganic
synthesis method of preparing supported bimetallic Pd3Ag
alloy nanoparticles. The method involves breaking down bulk
Pd3Ag alloy into the nanoparticles in liquid lithium, converting
metallic Li to LiOH, and transferring Pd3Ag nanoparticles/
LiOH mixture onto non-water-soluble supports, followed by
leaching off the LiOH with water under ambient conditions.
The size of the resulting Pd3Ag nanoparticles was found
narrowly distributed around 2.3 nm characterized by transmission electron microscope (TEM). In addition, studies by X-ray
diffraction (XRD), extended X-ray absorption fine structure (EXAFS) spectroscopy, and X-ray absorption near edge structure
(XANES) spectroscopy showed that the resulting Pd3Ag nanoparticles inherited similar atomic ratio and alloy structure as the
starting material. The synthesized Pd3Ag nanoparticles exhibited excellent catalytic activity toward hydrogenation of acrolein to
propanal.

■ INTRODUCTION

An important method of improving the activity of heteroge-
neous catalyst is to replace monometallic nanoparticles with
binary or multimetallic composition on various catalytic
support.1−19 Often, nanoparticles of precious metal alloys
exhibit enhanced catalytic selectivity and stability over the
monometallic systems. A recent study suggested that the
ensemble and/or ligand effects in alloy structures could
effectively suppress the formation of undesired side reactions
thus enhancing the selectivity of the catalysts.20 For example, in
the case of Pd−Au alloy, isolated palladium atoms in gold with
proper Pd-to-Pd distance (determined by the atomic ratio of Pd
to Au) can effectively inhibit the formation of undesired
byproduct in acetoxylation of ethylene to vinyl acetate.17 Also,
Ag in Pd−Ag catalyst not only increases the selectivity, stability,
and lifetime in partial hydrogenation of acetylene to ethylene
but also suppresses further hydrogenation of ethylene to
ethane.21−23 In these studies, the atomic intermixing of the
different metal atoms was crucial to achieve the desired
ensemble or ligand effects.
The state-of-the-art synthetic routes for preparing supported

nanoparticles of precious metal alloys adopt a bottom-up
approach. In such an approach, the mixture of the precursory
metal ions and/or their ligated molecular complexes are used as
the building blocks to construct the desired multimetallic
nanoparticles.2,3,15,24−28 This bottom-up method is very

successful in controlling the particle size and shape by varying
the concentration and the nature of the ionic metal precursors,
surfactants, reducing agents, and reaction conditions (temper-
ature, current density, etc.)29−31 However, such an approach
also introduces many intrinsic complexities. First, difference in
the reduction potentials of the precursory metal ions often
leads to core−shelled structures instead of the alloy structures.
For example, the standard electrode potential (vs SHE) of
Pd2+/Pd (0.82 V) is higher than that of Ag2+/Ag (0.79 V) in
aqueous solution. Therefore Pd2+ ions are preferentially
reduced before Ag+ ions, often resulting in the formation of
the core(Pd)−shell(Ag)-like particles instead of atomically
intermixed alloy.2,32 Such process can be even more challenging
when the metals have an even larger difference in the reduction
potentials.33 Additional tactics have to be applied such as
annealing, selection of alternative precursors or reducing
agents.34,35 Severe particle agglomeration and support sintering
may occur when the annealing has to be carried out at elevated
temperature.36,37 Unfortunately, many bulk precious metal
alloys with atomically intermixed alloy structure could only be
formed at extremely high temperature. For example, bulk Pd−
Ag alloys are formed at temperature above 1000 °C according
to the phase diagram (see Figure S1 in the Supporting
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Information).38 Second, the conventional approach often
requires synthesis of precursory molecules,15 using extra
stabilizing agents,28,39,40 and an additional step to remove the
organics from the process.41 Furthermore, the ionic charges of
the precursors and the support surface have to be well
matched,36,42−44 further complicating the catalyst fabrication in
the laboratory and at the industrial scale.15

Such complications call for the development of an alternative
synthetic approach for producing high-quality precious metal
alloy nanoparticles with atomically intermixed structure.
Moreover, the new method may generate alloy nanoparticles
with unique structural and catalytic properties. In this work, we
report a transformative method of producing precious metal
alloy nanoparticles directly from the corresponding bulk alloy
without the need of the precursor compounds. We chose Pd3Ag

as a proof-of-concept alloy and demonstrated that Pd3Ag
nanoparticles can be directly obtained by dispersing the bulk
alloys in liquid Li. Liquid Li is highly corrosive to many metals.
In fact, much research is dedicated to the search for liquid Li-
resistant materials since lithium and its hydride are used as the
coolants in nuclear reactors.45,46 Our approach, instead, takes
the advantage of the corrosive property of liquid Li to facilitate
the synthesis of precious metal alloy nanoparticles.
The method is schematically illustrated in Figure 1.

According to the phase diagrams of Pd−Li and Ag−Li (Figure
S2 in the Supporting Information), both Pd and Ag are soluble
in liquid lithium even at temperature below the lithium melting
point.47,48 Thus, we postulated that Pd3Ag alloy could be
dissolved and dispersed in lithium in the form of ultrafine
nanoparticles. These nanoparticles could potentially inherit the

Figure 1. Schematic top-down synthesis of bimetallic Ag3Pd alloy nanoparticles by ultrasound-assisted dispersion of the corresponding bulk Ag3Pd
alloys in liquid lithium.

Figure 2. (a) Transmission electron micrograph (bar = 20 nm) of Pd3Ag nanoparticles on an amorphous carbon supporting film. (b) Particle size
histogram (total 117 particles). Averaged particle size is 2.3 ± 0.4 nm. (c) TEM micrograph of Pd3Ag particles in panel a (bar = 5 nm). Some of the
particles show lattice fringes of 1.96 ± 0.03 Å corresponding to the (200) reflection. The inset is an FFT of the area defined by the dashed square,
indicating that the fringes appearing on all of the particles have the same lattice spacing but different orientations. The microscope magnification was
calibrated with the (200) reflection of a Au standard.
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original atomic composition and alloy structure of the bulk
Pd3Ag alloy. After rapid quenching of the liquid Li solution, the
precious metal alloy nanoparticles could be retained in the solid
solution of lithium. After the lithium is converted into LiOH
powder under controlled reaction with water vapor at mild
temperature, the nanoparticle nuclei would be embedded in the
LiOH matrix avoiding aggregation. The alloy nanoparticles in
LiOH can be conveniently transferred onto any non-water-
soluble support materials by simply mixing the LiOH power
with the support, followed by leaching off the LiOH with excess
water under ambient condition. It should be noted that safe and
proper handling of Li is required due to the reactivity of
lithium. This top-down method is based on a purely inorganic
process with the following potential benefits: (1) The method
is potentially cost competitive and environmentally friendly, as
it does not use any expensive and/or toxic organic solvents or
ligands and does not leave any unwanted catalyst poisoning
residue such as chloride.49,50 (2) This process does not require
electrochemical reduction of metal ions, bypassing the
constraint of the reduction potential by different metal ions.
(3) The leaching process is under ambient conditions without
the need for support pretreatment, applicable to a wide variety
of support materials. (4) Li can be conveniently recycled in the
form of LiOH/Li2O, which are the starting materials in existing
industrial production of metal lithium.51 (5) Alloy nanoparticles
prepared are already in the metallic state and require no further
reduction. Such nanoparticles may have enhanced catalytic
property as we will demonstrate by the current study on the
notable stability of Pd3Ag nanoparticles during hydrogenation
of acrolein to propanal.

■ RESULTS AND DISCUSSION
Figure 2 shows the TEM images of the Pd3Ag nanoparticles on
an amorphous carbon supporting film. The Pd3Ag nano-
particles were leached out from LiOH with water. (See
Experimental Methods for details.) The distribution of the
Pd3Ag nanoparticles in Figure 2a is shown by the histogram
shown in Figure 2b with the average diameter calculated to be
ca. 2.3 ± 0.4 nm. The contrast variation of these nanoparticles
is attributed to not only thickness (sizes) but also diffraction
contrast due to the crystalline nature of the particles. A
micrograph in a higher magnification of some of these particles
(Figure 2c) reveals the lattice fringe of 1.96 ± 0.03 Å, i.e, a =
3.92 ± 0.06 Å. It is plausible that this may correspond to the
lattice fringe of (200) reflection of the Pd3Ag alloy since the
value is between that of Pd (200) (1.945 Å) and Ag (200)
(2.045 Å). The TEM results agree well with the result from the
XRD and EXAFS analysis in the following section within error.
The diffraction contrast of the micrographs indicates that some
particles formed are single crystals while others are polycrystal-
line.
Figure 3 is the XRD analysis on the carbon-supported Pd3Ag

nanoparticles, in comparison with bulk Pd3Ag macropowder,
pure Pd, and carbon support. Note that the XRD of bulk Pd3Ag
(see Figure S3 in the Supporting Information) obtained from
Pd3Ag foil is not a proper comparison (in terms of relative peak
intensities) with respect to the random oriented nanoparticles,
because the commercial Pd3Ag foil was mechanically rolled
with preferred orientations. As such, we hand-filed a piece of
Pd3Ag foil (the same piece used for synthesis) into randomly
orientated powder (macropowder) and used the XRD of the
resulting Pd3Ag macropowder in the comparison. (Two very
sharp but weak peaks at 2θ = 43.9 and 75.3 in the XRD pattern

for the resulting Pd3Ag macropowder were confirmed to be
artifacts resulting from the tiny diamond grits detached off the
hand-file during filing.) In comparison to bulk Pd3Ag alloy
macropowder, our Pd3Ag nanoparticles exhibit nearly identical
XRD peaks in terms of position and relative intensity,
indicating that the nanoparticles obtained by this method
inherit the texture of the bulk alloy. Therefore, we assign the
Pd3Ag nanoparticles we prepared as atomically intermixing
alloy crystallites. On the other hand, the peaks positions of both
bulk and nanoparticle Pd3Ag notably shifted to lower 2θ values
with respect to pure Pd. Since both Pd and Ag have FCC
lattice, they could form a continuous series of solid solutions.52

Because the radius of Ag (144 pm) is greater than that of Pd
(137.6 pm),53 the addition of Ag atoms into the lattice of Pd
leads to the lattice expansion and, therefore, lower 2θ peak
positions in XRD. The measured lattice constant is a = 3.935 Å
for both Pd3Ag nanoparticles and bulk Pd3Ag alloy, which is in
good agreement with the reported value (3.934 Å) for the bulk
and larger than that of pure Pd (a = 3.886 Å).54

Furthermore, the diffraction pattern of pure Ag or Pd was
not observed in Pd3Ag nanoparticles. The result indicates that
there is no detectable pure Ag or pure Pd phase in the resulting
nanoparticles. It is also noticeable that the Pd3Ag nanoparticles
have wider diffraction peak width, from which the average grain
size can be estimated using the Scherrer equation,55 τ = Kλ/(β
cos θ), where K is the shape factor, λ is the X-ray wavelength
(1.54 Å), β is the line broadening at half the maximum intensity
(fwhm) in radians, and θ is the Bragg angle; τ is the mean size
of the ordered (crystalline) domains. By averaging the
calculated size from all five diffraction peaks, the estimated
grain size of the as-synthesized Pd3Ag nanoparticles is about 5.0
± 1.4 nm, close to the TEM result.
We further conducted a high-resolution (<2 × 10−4 ΔQ/Q)

XRD study at 11-BM of Advanced Photon Source (APS), as is
shown by Figure S4 in the Supporting Information, to verify if
there is a segregated Ag phase or Pd phase in the nanoparticles.
The small difference in the diffraction peak position is only
distinguishable by high-resolution powder XRD. We found no
split or unsymmetrical shape of peaks observed in our Pd3Ag/
C, indicating no phase segregation in our Pd3Ag nanoparticles
(blue line). For comparison, XRD of Pd3Ag embedded in

Figure 3. XRD patterns of our Pd3Ag nanoparticles on carbon black.
The Pd3Ag macropowders are filed from their foils. The dotted lines
help guide the relative peak positions of different samples. Note that
the two tiny sharp peaks in the Pd3Ag macropowder are confirmed to
be artifacts due to the material from the hand file. They have nothing
to do with the Pd3Ag macropowder.
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LiOH (red line) is also shown, in which the sharp peaks are due
to LiOH, Li2O, and Li3N that can all be readily leached off by
water.
To verify whether the particles were truly atomically

intermixed, we also conducted an EXAFS study on the as-
prepared Pd3Ag nanoparticles embedded in LiOH to
investigate the local atomic environment of Pd and Ag. Pd
and Ag are next to each other in the periodic table, which
makes it very difficult to distinguish them from each other in
the EXAFS on the basis of backscattering properties. However,
Ag metal and Pd3Ag have easily distinguishable bond distances.
Figure 4a shows the Fourier transformed (FT) Ag K-edge

spectrum of Pd3Ag nanoparticles in LiOH and that of bulk
Pd3Ag foil, and Figure 4b shows a similar comparison of Pd3Ag
nanoparticles with bulk Ag. It is clear that the peak and phase
positions in the FT are nearly identical between Pd3Ag
nanoparticles and the bulk, while the differences in peak
magnitudes can be attributed to decreased coordination and
increased disorder in the nanoparticles (see below). Fur-
thermore, the FT of the Pd3Ag nanoparticles shows distinct
differences from the bulk Ag in both peak and phase positions.
The peak position of the first shell in the nanoparticles has a
smaller value of R, suggesting that the nearest neighbors to the
silver atom in the nanoparticles are closer than in the bulk Ag.
The comparison indicates that the Ag atoms are in an
environment more like in the bulk Pd3Ag than bulk Ag. In
other words, they appear to be in an intermixed alloy similar to
Pd3Ag. Quantitative analysis of the data confirms the visual
comparison of the spectra. Key results from EXAFS analyses of
Pd3Ag nanoparticles in LiOH, bulk Pd3Ag, pure bulk Pd, and
pure bulk Ag are summarized in Table 1.
As seen in Table 1, the reduced effective coordination

number of Ag (9.1 ± 0.5) in Pd3Ag nanoparticles compared to
that in bulk Pd3Ag (11.6 ± 0.4) reflects the formation of
nanoparticles. There are also differences in the disorder, with
the nanoparticles exhibiting increased disorder compared to
bulk Pd3Ag. On one hand, the average nearest-neighbor (NN)
bond distance around Ag (R = 2.788 Å) in Pd3Ag nanoparticles
is very close to that in the bulk Pd3Ag alloy (R = 2.783 Å), but
significantly shorter than that in bulk Ag (R = 2.869 Å). This
result confirms the conclusion that our Pd3Ag nanoparticles
possess similar structural properties to the bulk Pd3Ag alloy. On
the other hand, the NN bond distance of the Pd atoms (R =
2.741 Å) in Pd3Ag nanoparticles is slightly shorter that of bulk
Pd3Ag (R = 2.765 Å). This could be due to preferential
enrichment of Pd atoms and/or the vacancy of Ag atoms on the
surface of the nanoparticles. This trend agrees with the more
reduced effective coordination number around the Pd site (8.3
± 0.4) than that around the Ag site (9.1 ± 0.5) found in our
Pd3Ag nanoparticles. We assume that this may be ascribed to
the more reduced bond length between surface Pd atoms than
that between Ag atoms.56,57

The slight enrichment of Pd atoms in the nanoparticle
surface is somewhat at variance with common expectations,
where Ag has a lower surface energy58 and a larger atomic size,
both factors favoring Ag surface enrichment. Considering that
the nanoparticles are not isolated during synthesis but
surrounded by liquid Li, it is reasonable to assume that liquid
Li plays a role to guide the atom arrangement of the
nanoparticle surface. Since the Gibbs free energy of liquid
Li−Pd alloy59 is more negative than that of liquid Li−Ag alloy

Figure 4. Fourier transformed EXAFS spectra of Pd3Ag nanoparticles
embedded in LiOH at K-edges of Ag compared to (a) bulk Pd3Ag foil
and (b) bulk Ag foil.

Table 1. Summary of EXAFS Study on Pd3Ag Nanoparticles (NPs) on Carbon Black and Bulk Pd3Ag, Bulk Pd, and Bulk Aga

ΔR (Å)

sample edge N N/12 vs model at NN σ2 (Å2) R factor

Pd3Ag (bulk) Pd 11.6 ± 0.5 0.97 ± 0.04 0.014 ± 0.002 2.765 ± 0.002 7.0 ± 0.2 0.0031
Pd3Ag (bulk) Ag 11.6 ± 0.4 0.97 ± 0.03 0.032 ± 0.002 2.783 ± 0.002 6.6 ± 0.2 0.0022
Pd (bulk) Pd 12 1 −0.009 ± 0.002 2.742 ± 0.002 6.1 ± 0.2 0.0048
Ag (bulk) Ag 12 1 −0.023 ± 0.001 2.869 ± 0.001 9.9 ± 0.2 0.0011
Pd3Ag NPs Pd 8.3 ± 0.4 0.70 ± 0.03 −0.010 ± 0.002 2.741 ± 0.002 7.4 ± 0.2 0.0024
Pd3Ag NPs Ag 9.1 ± 0.5 0.76 ± 0.04 0.037 ± 0.002 2.788 ± 0.002 8.9 ± 0.3 0.0034

aNote that, for FCC, there are 12 nearest neighbors around the selected atom. N is coordination number; R represents distance to nearest neighbor;
σ is the Debye−Waller factor. The results in the table are based on a model in which each atom is surrounded by three Ag atoms and nine Pd atoms.
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at the examined temperature,47 the enrichment of Pd atoms on
the surface of the nanoparticles prepared at 250 °C is expected.
To estimate the statistical mean particle size of the Pd3Ag

nanoparticles from EXAFS data, we employed the method
described by Calvin et al.,60 in which they assumed that the
coordination numbers of spherical nanoparticles are reduced by
a factor of 1 − 0.75( r/R) + 0.0625(r/R)3 relative to a bulk
crystal, where R is the radius of the particle and r is the
averaged bond length.18 Using the nearest-neighbor bond
distance and reduction in coordination number obtained from
the EXAFS analysis at Ag edge, the estimated diameter of our
Pd3Ag nanoparticles in LiOH is 2.0 ± 0.3 nm, in agreement
with the TEM measurement.
Further, it is necessary to confirm that the nanoparticles

retain the alloy structure after transfer from LiOH to support
materials. Figure 5a,b shows the Fourier transformed EXAFS

spectra of Pd3Ag nanoparticles on carbon black at K-edges of
Ag and Pd, respectively. It is clear that the differences between
the nanoparticles and bulk Ag persist after transfer to carbon
black, confirming that the alloy structure remains intact.
Differences in the EXAFS of Pd3Ag and Pd are not so clear-

cut at Pd K-edge compared to that in Ag K-edge because that
Pd represents the major constituent and dominates the local
structure of the alloy. However, Pd XANES (Figure 6) shows
small but important changes in the shape indicative of alloy
formation. The edge energy is shifted to lower energy by 1.1 eV

(24.3500 keV vs 24.3489 keV for Pd foil and Pd3Ag/C,
respectively) and the intensity of the first peak XANES is
slightly lower for Pd3Ag/C with respect to pure bulk Pd. This
provides one more indication that the nanoparticles exist in the
alloy structure.
It is known that nanosized Pd is easily oxidized in air at room

temperature,61,62 which may deteriorate its catalytic activity.
Such oxidation can be detected by X-ray absorption near-edge
structure (XANES) even with a monolayer Pd−O.63 Oxidized
Pd, i.e., PdO, has an edge energy higher than that of Pd foil
(24.3500 vs 24.3545, respectively, or a 4.5 eV shift from Pd0 to
Pd2+) and has a much higher XANES intensity between 24.36
and 24.39 keV than metallic Pd. The absorption edge of
XANES for pure Pd nanoparticles in air differs notably from
that after reduction by H2.

63 As such, we further analyzed the
XANES of our Pd3Ag alloy nanoparticles. The blue line in
Figure 7 shows the XANES of our Pd3Ag nanoparticles

supported on carbon black after 3-month exposure in ambient
air, and the redline shows the XANES measured on the same
sample after in situ reduction by H2. The two spectra overlap
nearly perfectly, indicating that there is no detectable oxidation
(by means of XANES) on our Pd3Ag nanoparticles. There are
also no Pd−O peaks in the EXAFS spectrum (not shown). In
addition, as shown in Figure 6, the XANES of Pd3Ag

Figure 5. Fourier transformed EXAFS spectra of Pd3Ag nanoparticles
on carbon black at K-edges of (a) Pd and (b) Ag.

Figure 6. XANES of a pure bulk Pd foil (reduced in H2) and our
Pd3Ag nanoparticles in air.

Figure 7. Pd K-edge XANES of our Pd3Ag nanoparticles before and
after reduction.
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nanoparticles matches well with that of pure metallic Pd,
indicating that Pd in Pd3Ag is metallic Pd. Theory has
suggested that, by doping of Ag in Pd, the d-band of Pd shifts
away from its Fermi level, which significantly weakens the
chemisorption of molecules on Pd and decreases the
desorption energy barrier.64 In perspective, the room temper-
ature oxidation-inert property found in our Pd3Ag nanoparticles
implies a good stability of the catalyst.
The catalytic activity of the Pd3Ag nanoalloys supported over

Al2O3 was studied for the hydrogenation of acrolein.
Commercial Pd/SiO2sample was used for comparison. The
results are summarized in Figure 8. Remarkably, the conversion

rate of acrolein over Pd3Ag nanoalloy is nearly 10 times greater
than that of monometallic Pd. The enhanced hydrogenation
activity may be related to the binding energy and adsorption
geometry of acrolein on Pd3Ag bimetallic surface. Supposedly,
the presence of weaker binding energies of acrolein through
preferred adsorption configuration on Pd3Ag bimetallic surfaces
appears to be responsible for the enhancement in the
hydrogenation reaction. The Pd3Ag bimetallic nanoalloys may
affect acrolein adsorption geometry: enhancing the interaction
between acrolein molecule and the electroactive Pd3Ag surface,
which leads to the enhanced conversion toward the formation
of propanal. Similar inferences have been made in the current
study for the higher hydrogenation activity of acrolein by taking
advantage of the synergistic effects of using bimetallic
catalysts.65 These results indicate that the as-prepared Pd3Ag
nanoparticles, without any further cleaning or calcination
treatment, are readily catalytically active.
In summary, we demonstrated a novel methodology for

synthesis of bimetallic Pd3Ag alloy nanocatalysts by directly
dispersing bulk Pd3Ag in liquid lithium. After converting Li to
LiOH powder followed by mixing with support materials, the
Pd−Ag nanoparticles can be transferred to any water insoluble
substrate by selectively leaching off the LiOH with water under
ambient conditions. TEM study suggests that the particle size is
around 2.3 nm. X-ray diffraction and absorption investigations
suggest that the resulting Pd3Ag nanoparticles possess an alloy
structure similar to the bulk counterpart. Since nearly all
precious metals are fairly soluble in liquid Li, this method
provides a simple and robust alternative to wet chemistry based
methods. In perspective, this method is potentially cost
competitive and environmentally friendly, as it uses no organic
solvents, stabilizing agents, or toxic chemicals, leading to a
greener process and a smaller carbon footprint overall. The
method is also versatile and applicable over a much wider range
of support materials as long as they are water insoluble. In

addition, these alloy catalysts could display novel redox and
catalytic properties, which are critical for development of the
next generation of industrial catalysts.

■ EXPERIMENTAL METHODS
1. Sample Preparation. The synthesis of the Li−Pd−Ag solid

solution was conducted in an argon-filled glovebox (oxygen level <0.3
ppm), similar to the Li-assisted syntheses of monometallic Pt and Pd
nanoparticles.66,67 0.5 g of lithium (99.9%, Alfa-Aesar) was placed in a
nickel crucible and heated to 250 °C. As the solid lithium melted, 0.2 g
of Pd3Ag foil (99.99%, Alfa-Aesar) was added into the molten lithium.
The Li−Pd3Ag mixture was heated at 250 °C for 4 h. During heating,
the surface of the liquid remained mirror-shiny all the time. To ensure
the uniformity, the liquid was further ultrasonicated with a
homogenizer equipped with a titanium tip (Sonozap) for 30 min.
We think sonication helps the dispersion of the bulk Pd3Ag alloy into
nanoparticles and prevents particles from precipitation and reag-
gregation due to gravity in molten Li. The hot liquid was then
quenched by quickly pouring it onto a clean 316 stainless steel plate to
avoid segregation of components. The solid solution Pd3Ag in solid
liquid (equivalent to 13.5 wt % Pd3Ag) was cut into thin pieces and
placed in a water stream at 100 °C. The resulting gray solid grains
(containing Pd ∼ 3.22 wt %, Ag ∼ 1.09 wt %) were then ground into
fine powders with an agate mortar and pestle.

To prepare 15 wt % carbon-supported Pd3Ag and 10 wt % Al2O3-
supported Pd3Ag, approximately 1 g of the resulting powder was mixed
with 0.2443 g of carbon black (XC-72R) or with 0.3879 g of Al2O3 and
the mixtures were further grounded by agate mortar and pestle. The
grounded mixtures were leached with a large excess of water to remove
the water-soluble LiOH. The samples were dried under vacuum at 100
°C.

2. Characterization. Regular powder X-ray diffraction (XRD)
measurements were performed using a PANalytical X'pert PRO
X'Celerator diffractometer with Cu Ka radiation (λ = 1.5406 Å). Each
sample for XRD analysis was placed on a glass slide and covered with a
Kapton tape. X-ray intensity data was collected over 2θ angles from
20° to 90°. It should be noted that the amorphous-like broad peak
around 20° is the background signal from the Kapton tape. The high-
resolution XRD study (λ = 0.41348 Å) is conducted at Sector 11BM,
Advanced Photon Source (APS) of Argonne National Laboratory
(ANL).

TEM samples were prepared by dissolving 2 mg of the as-prepared
Pd3Ag-containing LiOH powder in 2 mL of 50% aqueous ethanol
solution to release the Pd3Ag nanoparticles. The resulting nano-
particles were collected by dipping the TEM grid in the solution. The
grids were further rinsed with water and ethanol to remove any
residual LiOH, and the solvents were evaporated in air at room
temperature overnight. The bright field TEM study was conducted on
a JEOL 2010 high-resolution transmission electron microscopy with a
thermionic emission gun at 200 kV. The sizes of nanoparticles were
evaluated based on a count of about 100 nanoparticles.

The XAFS study was carried out at APS in ANL, Sectors 10 BM
(Pd3Ag on carbon support) and 20 (Pd3Ag in LiOH), respectively.
The Pd3Ag-in-LiOH and Pd3Ag/C powders were pressed into pellets
with a thickness of 0.45 mm and a diameter of 6.6 mm. The Pd and Ag
K-edge (24.350 and 25.514 keV, respectively) X-ray absorption
measurements were conducted on the bending magnet beamline of the
Materials Research Collaborative Access Team (MRCAT, 10-ID).
Ionization chambers were optimized for the maximum current with
linear response (ca. 1010 photons detected s−1) using Ar (10%
absorption) in the incident X-ray detector and transmission X-ray
detectors. A third detector in the series simultaneously collected a Pd
or Ag foil reference spectrum with each measurement for energy
calibration. The X-ray beam was 1.5 × 0.7 mm2, and data were
collected in transmission mode. The spectra were obtained in step
scan mode in about 15 min. The catalysts were reduced in a
continuous-flow reactor, which consisted of a quartz tube (1 in. OD,
10 in. length) sealed with Kapton windows by 2 ultratorr fittings. A
ball valve, welded to each ultratorr fitting, served as either the gas inlet

Figure 8. Catalytic activity of Pd3Ag/Al2O3 in hydrogenation reaction
of acrolein to propanal.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic301940g | Inorg. Chem. 2012, 51, 13281−1328813286



or outlet. Six catalysts were gently pressed into a cylindrical sample
holder consisting of 6 sample wells. The catalyst thickness would give
an absorbance (μx) of approximately 1.5 and an edge step (Δμx) of
approximately 0.5. The EXAFS spectra of the catalysts were reduced in
4% H2/He (100 mL/min) at 250 °C (measured by an internal
thermocouple at the position of the samples), purged with He at 250
°C and cooled to room temperature and isolated from air exposure by
flowing purified helium through a Matheson PUR-Gas Triple Purifier
Cartridge. Phase shift and backscattering amplitudes were obtained
from the Pd (N = 12, R = 2.75 Å) and Ag foil (N = 12, R = 2.89 Å) for
Pd−Pd and Ag−Ag scattering. Standard procedures based on
WINXAS 3.1 software were used to fit the XAS data. The EXAFS
coordination parameters were obtained by a least-squares fit in r-space
of the k2-weighted Fourier transform data. The quality of the fits was
equally good with both k1 and k3 weightings.
3. Hydrogenation Reaction. The hydrogenation reaction of

gaseous acrolein was performed in a 1/2 in. OD stainless steel fixed-
bed continuous gas flow reactor at atmosphere pressure. Mass flow
controllers were used to control the gas flow. Acrolein (Fluka ≥95%)
was delivered by a liquid pump (VICI M6), evaporated, and carried in
to the system by reaction feed gas (argon and hydrogen). The molar
ratio of H2 to acrolein is held constant at 20:1 unless otherwise noted.
10 mg of catalyst was used for each test. Catalyst samples were first
reduced in 20% H2/Ar flow at 200 °C for an hour. The reaction
temperature and total pressure were 200 °C and 0.1 MPa, respectively.
The concentration of 3.5% acrolein was used in the reaction mixture
with a flow rate of 40 sccm. The reactor effluent was analyzed by
online gas chromatography (Agilent 6890) equipped with a dual
column formed by an Rt-Msieve 5A and an Rt-QPLOT (Restek) for
lighter gaseous species and an EC-Wax (Alltech) for less volatile
species such as alcohols. TCD (thermal conductive detector) and FID
(flame ionization detector) were both used for detecting H2 and other
organic/flammable compounds, respectively. A trap was installed at
the end of the stream to collect condensed products. The main
product was propanal in our hydrogenation reaction. The whole
system was built with stainless steel parts and was heat-traced to avoid
condensation of any product. The Pd and Pd3Ag were at the same
loading and particle size. The results are normalized by metal content.
For an accurate comparison with commercial supported Pd catalyst,
the exact same H2-reduction pretreatment on both of the catalysts was
applied prior to the catalytic reaction. In addition, the support effect
between SiO2 and Al2O3 in this reaction is minor and no significant
difference could be observed.
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