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Silver platinum binary alloys with compositions between about Ag2Pt98 and Ag95Pt5 at o� 400 1C have

largely not been observed in bulk due to the large immiscibility between these two metals. We present

in this paper that Ag–Pt alloy nanostructures can be made in a broad composition range. The formation

of Ag–Pt nanostructures is studied by powder X-ray diffraction (PXRD) and energy-dispersive X-ray

(EDX). Our results indicate that lattice parameter changes almost linearly with composition in these

Ag–Pt nanomaterials. In another word, lattice parameter and composition relationship follows the

Vegard’s law, which is a strong indication for the formation of metal alloys. Our transmission electron

microscopy (TEM) study shows that the silver-rich Ag–Pt alloy nanostructures have spherical shape,

while the platinum-rich ones possess wire-like morphology. The stability and crystal phase are

investigated by annealing the alloy nanostructures directly or on carbon supports.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Scaling-related thermodynamic property of bimetallic nano-
particles is of great current research interest because of the
catalytic, magnetic and electronic applications of alloys and
intermetallics [1–6]. With the decrease of particle size, especially
to the point where the critical dimensions are in the nanometer
regime, many properties can be significantly different from those
of their bulk counterparts [4]. For example, surface plasmon
resonance becomes significant for bimetallic Ag–Au nanoparticles
and tunable with the change of compositions [7–11].

Although bulk phase diagrams for many bimetallic materials
have been well studied and widely used for decades [12], it is
unclear whether they can be simply extended to the nanometer-
sized regime as a large fraction of atoms reside on the surfaces
when sizes of particles become small. Surface atoms can
contribute significantly to the increase of Gibbs free energy and
result in a large difference in property between nanoparticles and
bulk materials, such as melting point [13] and crystal order [14].
The large fraction of atoms on the surface and at interfaces of
bimetallic nanoparticles should affect their phase behaviors, as
being predicted by theoretical simulation [15–18]. In the case of
Au–Ge alloys, both the composition and temperature of eutectic
are shown to scale with the size of nanostructures [19]. Surface
segregation of bimetallic nanoparticles is another phenomenon in
which chemical composition at surface differs from that in bulk
[20–23]. It becomes obvious when the difference in atomic size,
ll rights reserved.

Yang).
surface energy, and strain energy between given two metal
elements is large. The surface atoms can reconstruct to form
core–shell [24–28], sandwich [21,29,30], and onion-like structures
[31,32]. In this context, the miscibility of individual element in
bimetallic nanoparticles is important in understanding the
structure and property. Change in miscibility may help to design
novel alloy nanomaterials possessing unique properties that may
not be obtained as bulk materials.

Both theoretical studies and some limited experimental data
have shown that miscibility between the metal elements can be
increased with the decrease in particle size [15,16,18,33–35].
While nanoparticles of different alloys have been made, most of
these materials have compositions existed in bulk forms
[1,2,36,37]. Only a few nanoalloys with miscibility gaps have been
observed, such as Au–Pt [38,39], Pt–Ru [40] and Pb–Sn [41]. The
nanometer scale phenomena have hardly been explored. It is
unclear if the enhancement of miscibility in these selective
nanomaterials can be the case for Ag–Pt or other bimetallic
systems. It is also interesting to study the meta-stability of these
nanoalloys by examining the sintering behaviors of those
bimetallic materials, if the miscibility is scalable with size.

We present in this paper the phase and composition behaviors
of Ag–Pt nanoalloys. Silver platinum bimetallics have been
studied in recent years as lead-free solder materials [42,43]. In
the bulk, Ag–Pt bimetallics have a large miscibility gap at the
temperature below about 1190 1C [12] and form alloys only at very
high atomic content of either Ag or Pt [44]. When the atomic
composition falls outside the range between Ag2Pt98 and Ag95Pt5

at o�400 1C, the bulk materials exist in more than one phase: one
Pt-enriched and the other Ag-enriched alloys. We show in this
work that Ag–Pt alloy nanostructures can be synthesized in
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solution from the molecular precursors of their corresponding
salts. Furthermore, both miscibility and crystal phase of these
nanoparticles can change upon annealing at 700 1C.
Fig. 1. TEM images of Ag–Pt nanoparticles made at different silver stearate/

Pt(acac)2 molar ratios: (a) 4:1, (b) 2:1, (c) 1:2, and (d) 1:4.
2. Experimental

2.1. Materials

Platinum acetylacetonate (Pt(acac)2, Strem Chemicals, 98%)
and silver stearate (Alfa Aesar) were purchased from VWR. Oleic
acid (90%, technical grade), oleylamine (70%, technical grade), 1,2-
hexadecanediol (HDD, 90%, technical grade), and diphenyl ether
(DPE, 99%, ReagentPluss) were purchased from Aldrich. All
chemicals and reagents were used as received.

2.2. Synthesis

In a standard procedure, Pt(acac)2 (0.03 g or 75 mmol), silver
stearate (0.12 g or 0.30 mmol), HDD (0.49 g or 1.9 mmol) were
mixed with oleic acid (0.3 mL or 0.9 mmol), oleylamine (0.3 mL or
0.9 mmol), and DPE (5 mL or 31.5 mmol) in a 25-mL three-neck
round-bottom flask. The experiments were carried out under an
argon atmosphere using the standard Schlenk line technique.
A heating mantle was used in these reactions and the temperature
was controlled by a thermal couple connected to a controller
(J-KEM Scientific Inc.). The reaction mixture was heated to the
reflux temperature (around 260 1C) at 5 1C/min and held for 1 h.
To study the compositions, we systematically adjusted the relative
amount between Pt(acac)2 and silver stearate while kept the total
mole number of these two precursors at 0.375 mmol.

After the reaction, nanoparticles were separated by dispersing
the obtained reaction mixtures with 2 mL of hexane and 6 mL of
ethanol, followed by the same centrifugation procedure men-
tioned above. The particles obtained were redispersed in 10 mL of
hexane and 5 mL of ethanol, followed by centrifugation at
5000 rpm for 5 min. After this size selection the particles were
collected for further study.

2.3. Thermal treatment

To study the phase behaviors during the annealing, both as-
made and carbon-supported Ag–Pt nanoparticles were used.
Several different loadings were examined for carbon-supported
Ag–Pt nanoparticles. The heat treatment of these samples was
conducted in a ceramic boat using a programmable tube furnace.
The tube was heated to 300 1C in air at 5 1C/min and kept for 1 h,
followed by ramping the temperature to 700 1C at 3 1C/min in
forming gas (5 vol% H2 in Ar). The annealing was conducted at
700 1C for 1 h.

2.4. Characterization

Powder X-ray diffraction (PXRD) patterns were recorded using
a Philips MPD diffractometer with a Cu Ka X-ray source
(l ¼ 1.5405 Å). Transmission electron microscopy (TEM) images
were taken on a JEOL JEM 2000EX microscope at an accelerating
voltage of 200 kV. For TEM study, the specimens were prepared by
drop-casting hexane-dispersed particles onto carbon-coated cop-
per grids. Energy-dispersive X-ray (EDX) analysis was carried out
on a field emission scanning electron microscope (FE-SEM, Zeiss-
LEO DSM 982) operating at 20 kV. The SEM specimens, typically
tens of micrometers in thickness, were prepared by transferring
concentrated particle dispersions in hexane onto sample holders
using pipettes. The thermal gravimetric analysis (TGA) was
conducted on an SDT-Q600 TA instrument. In a standard
procedure, 5–10 mg powder sample was transferred into an
alumina pan, which was subsequently placed onto the dual beam
sample holder. The flow rate of air was set at 50 mL/min. The
typical temperature range was from room temperature to 800 1C
and the heating rate was 10 1C/min.
3. Results and discussion

Silver platinum nanoparticles could be produced after a
reaction period of 1 h for the reaction mixture at Ag stearate/
Pt(acac)2 molar ratio of 4:1 (Fig. 1a). The average diameter of these
nanoparticles was about 8.2 nm with a standard deviation of
1.1 nm. When Ag stearate/Pt(acac)2 molar ratio changed to 2:1, the
particles obtained had a slightly larger average diameter of
9.271.9 nm (Fig. 1b). The morphology of final particles became
non-spherical, when Ag stearate/Pt(acac)2 molar ratio decreased
below above unity. Network of cross-linked nanowires was
observed for the nanostructures formed at Ag stearate/Pt(acac)2

molar ratio of 1:2 and 1:4 (Fig. 1c and d). The diameter of these
nanowires was found to be about 6 nm. The large difference in
particle morphology could be due to the surface segregation for
the different compositions or a change in the growth kinetics with
Ag stearate/Pt(acac)2 ratio. In the later case, growth kinetic can be
affected by the interactions between capping agents and surface
atoms. Such interaction can be sensitive to the concentration of
precursors and reaction condition.

Fig. 2 shows the PXRD patterns of these Ag–Pt nanostructures,
pure silver (87-0719, JCPDS-ICDD) and platinum metals (70-2057,
JCPDS-ICDD), respectively. All four Ag–Pt nanomaterials show
diffractions that could be indexed to (111), (200), (220), (311) and
(222) planes of a face-centered cubic (fcc) lattice. No other
diffraction peak was observed, indicating these products were
phase pure. The observed diffraction angles for Ag–Pt nano-
structures fell in between those of the two pure metal elements,
suggesting the formation of alloy nanoparticles. The diffraction
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Fig. 2. PXRD patterns of Ag–Pt alloy nanoparticles made at different silver

stearate/Pt(acac)2 molar ratios.

Fig. 3. (a) Representative EDX spectrum of Ag–Pt nanoparticles made with silver

stearate/Pt(acac)2 molar ratio of 4:1 and (b) relationship of platinum atomic

percentage in Ag–Pt alloy nanostructured products and their corresponding metal

precursors. Only the molar numbers of platinum and silver was considered in the

calculation.

Fig. 4. Relationship between lattice parameter and composition of Ag–Pt binary

alloy nanostructures. The theoretical values were calculated based on the Vegard’s

law.
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peaks of alloy samples had higher 2y angles than those for pure
silver metal and moved to high angles with the decrease of Ag
stearate/Pt(acac)2 molar ratio.

EDX analysis was used to determine the elemental composi-
tions for the final products. Platinum, silver, carbon and oxygen
were the elements that could be detected, Fig. 3a. The carbon and
oxygen signals were most likely due to the capping agents on the
surfaces of nanoparticles. The atomic percentage of platinum in
these bimetallic alloy products increased with the decrease in Ag
stearate/Pt(acac)2 molar ratio (Fig. 3b). The amount of silver in the
nanoalloys seemed to be slightly lower than that in silver stearate
used, suggesting that the silver precursors were not completely
converted into alloy products after the reaction for 1 h.

A linear relationship between lattice parameter and composi-
tion described by the Vegard’s law can be a good indication of
miscible binary alloys that form solid solution. This relation can
be described by the following empirical equation [45]:

a ¼ a2 � 1þ
a1 � a2

a2
� x1

� �
(1)

where a, a1, and a2 are lattice parameters for the binary solid
solution and the two corresponding pure metals, respectively, and
x1 the molar fraction of Component 1. The lattice parameter for
Ag–Pt alloys can be determined experimentally according to the
following equation [46]:

a ¼
l

2 sin y
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2
þ k2

þ l2
q

(2)

where l is the wavelength of X-ray which equals to 1.5405 Å for Cu
Ka source; y the diffraction angle, and (hkl) the Miller indices.
Fig. 4 shows the relationship between composition and lattice
parameter of these Ag–Pt nanoalloys. The compositions were
based on the EDX analysis and the lattice parameters were from
the PXRD data. The average atomic compositions were Ag74Pt26,
Ag58Pt42, Ag26Pt74 and Ag16Pt84, respectively, for alloy nanostruc-
tures made at the Ag stearate/Pt(acac)2 molar ratio of 4:1, 2:1, 1:2
and 1:4. These experimental data agreed well with those
theoretical values obtained based on the Vegard’s law, indicating
that the Ag–Pt particles were indeed alloys. The deviation
between the experimental data and theoretical prediction might
be largely due to the measurement errors although scaling effect
could play a role in the calculation where bulk lattice parameters
for pure metals were used. Recent studies suggest that 6 nm
platinum and silver nanoparticles could have roughly 0.5%
deviation in lattice parameter when compared with their bulks
[47,48].

The effect of temperature on the phase stability of Ag–Pt
nanoalloys were studied by treating the as-made particles at
300 1C for 1 h in air and then 700 1C for 1 h in the forming gas. The
rationale for choosing 700 1C for the annealing experiments is that
the phase transition and segregation for Ag–Pt nanoalloys occurs
at around this temperature. In comparison, the phase transition
temperature for the bulk Ag–Pt bimetallics is around 1200 1C [12].
Our TEM study indicates that the Ag–Pt nanoparticles sintered
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Fig. 5. PXRD patterns of thermally annealed Ag–Pt alloy nanostructures: (a) 30–901 2y range and (b) the enlarged (111) and (200) diffractions.

Fig. 6. TEM images of carbon-supported Ag74Pt26 nanoparticles at (a, b) 3, (c, d) 10,

and (e, f) 70 wt% metal loadings (a, c, e) before and (b, d, f) after the thermal

annealing.
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dramatically after the heat treatment. Fig. 5 shows the PXRD
patterns of the sintered product from the four Ag–Pt alloy
nanoparticles. The enlarged (111) diffraction regions were pre-
sented to show the change after this thermal treatment. For a
given Ag–Pt alloy, at least one new set of diffraction peaks other
than those for the alloy were detected, indicating that phase
segregation happened. The relative peak intensities also changed
with the atomic compositions of Ag–Pt alloy nanostructures. We
noticed that the peak positions of these annealed products were
not centered between those for pure silver and platinum metals,
suggesting that Ag- and Pt-enriched alloys were most likely the
main final products. The composition of these two enriched alloys
should be near the phase boundary regions in the bulk phase
diagram.

The Ag74Pt26 alloy nanoparticles were used to study the effect
of particle size on the phase behavior. Carbon-supported alloy
nanoparticles were also used to control the growth of particle size
during the annealing process. The low, medium and high metal
loadings were tested at 3, 10 and 70 wt%, respectively. Fig. 6 shows
the TEM images of carbon-supported Ag–Pt nanoparticles at these
three different loadings before and after the thermal treatment. At
the low metal loading (3 wt%), the size of supported alloy particles
do not change dramatically, as they were far apart. When the
particle loading was increased to around 10 wt%, sintering became
obvious. When the loading reached to around 70 wt%, the
nanoparticles sintered in large numbers and formed crystals with
the diameter or edge length up to several hundreds of
nanometers.

Fig. 7 shows the PXRD patterns of these carbon-supported
Ag–Pt nanoparticles after the thermal treatment. There were
hardly any changes for the diffraction patterns at the low loading
level of alloy nanoparticles. A careful examination shows that the
diffraction peaks of these annealed Ag-enriched alloy nanoparti-
cles were at higher angles than those after thermal treatment
without carbon supports. This observation indicates that the
carbon-supported Ag–Pt particles should have a less degree of
phase segregation for samples with carbon supports than those
without. In another word, the Ag–Pt alloy nanoparticles on
carbon-support were thermodynamically stable at this enhanced
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Fig. 7. PXRD patterns in (a) 30–901 2y range, and (b) for the enlarged (111) and (200) diffractions for carbon-supported Ag74Pt26 nanoparticles after annealing at 700 1C. The

loading is based on the total weight of metals.

Z. Peng, H. Yang / Journal of Solid State Chemistry 181 (2008) 1546–15511550
temperature and did not phase segregate as dramatically as the
large particles during the annealing process. With the increase of
metal loading, a shoulder peak around 401 2y and next to the (111)
diffraction of Ag–Pt alloy appeared. Its position was close to the
diffraction for pure platinum. The intensity of this shoulder peak
increased with the metal loading on carbon support, indicating
strong phase segregation after the annealing process. The
diffraction peaks also became sharper than before due to largely
the growth of crystal domain size, which agreed with the TEM
observation.
4. Conclusion

Silver platinum alloy nanoparticles with composition through
the entire miscibility gap of the bulk were successfully prepared.
The lattice parameter and composition of these nanoparticles
were experimentally determined and their relationship followed
the Vegard’s law, a strong indication of the alloy formation
between platinum and silver at nanometer scale. These Ag–Pt
alloy nanoparticles can grow in size and turn into two-phased
solid-state materials after annealing at high temperature. These
multiphase materials should be Pt- and Ag-rich alloys along the
boundary regions in bulk phase diagram. Our PXRD and TEM data
further suggest that the phase segregation of Ag–Pt alloy
nanostructures could be size-dependent. Understanding of this
phenomenon can be important for designing novel alloy nano-
materials, which may have unique electronic, magnetic and
catalytic properties.
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