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This paper describes the synthesis of intermetallic Pt/Bi and Pt/Pb nanoparticles (NPs) using water-
in-oil (w/o) microemulsions (ue) as template. For that purpose, w/o-microemulsions containing H,PtClg+
Pb(NO;), and H,PtClg+Bi(NO);, respectively, were mixed either with a w/o-microemulsion containing the
reducing agent (NaBHy) or with solid NaBH,. A variation of the amount of reducing agent led to different
particle compositions and sizes, while different ratios of the two metal salts only affected the composition
but not the size of the resulting NPs. The size and structure of the microemulsion droplets were studied via
small angle X-ray scattering (SAXS), and the intermetallic NPs were characterized by high resolution
transmission electron microscopy (HRTEM) in combination with energy dispersive X-ray spectroscopy
(EDX) and selected area electron diffraction (SAED). The results revealed that it is indeed possible to
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synthesis Pt/Pb and Pt/Bi intermetallic nanoparticles of ~3—8 nm in diameter at low temperatures.

1. Introduction

Nanostructured materials can have unique electronic,
magnetic, and catalytic properties. Great emphasis has
been placed on the development of templates for the syn-
thesis of nanostructured particles. The presence of more
than one compound in the metallic nanoparticles is of
particular interest since the physical and chemical inter-
actions between different atoms can lead to new proper-
ties. For example, it turned out that combining a tran-
sition metal with platinum enhances the catalytic activ-
ities for reactions such us oxygen reduction in fuel cells
and direct oxidation of methanol as compared to the pure
Pt catalyst.'* Recently, ordered intermetallic compounds
such as Pt/Bi and Pt/Pb have emerged as a new kind of
electrocatalyst.®* Ordered intermetallic compounds are
mixtures of two (or more) metals with a specific lattice
structure, which differs from those of its constituent
metals. [Note that the lattice structure of an alloy is the
same as that of its main compound. All other metal atoms
are either placed in the interstices of the host (interstitial
alloy) or they replace atoms of the host metal (substitutional
alloy).”]. One of the challenges in the synthesis of intermetallic

(1) Watanabe, M.; Tsurumi, K.; Mizukami, T.; Nakamura, T.; Stonehart,
P. J. Electrochem. Soc. 1994, 141(10), 2659-2668.

(2) Yohannes, T.; Inganas, O. J. Electrochem. Soc. 1996, 143(7),2310-
2314.

(3) Casado-Rivera, E.; Volpe, D. J.; Alden, L.; Lind, C.; Downie, C.;
Vazquez-Alvarez, T.; Angelo, A. C. D.; DiSalvo, F. J.; Abruna,
H. D. J. Am. Chem. Soc. 2004, 126(12), 4043-4049.

(4) Casado-Rivera, E.; Gdl, Z.; Angelo, A. C.; Lind, C.; DiSalvo, F.;
Abruna, H. ChemPhysChem 2003, 4(2), 193-199.

(5) West, A. R. Basic Solid State Chemistry, 2nd ed.; John Wiley and
Sons: New York, 1999.

©2010 American Chemical Society

Published on Web 11/15/2010

nanoparticles is the fact that the respective compounds
can have very different reduction potentials. For example, it
holds for the metal salts of the compounds mentioned above
that [PtClg]* /[PtCly]*~ = 40.68 V, [PtCl,]* /Pt =40.76 V,
Bi*"/Bi=+0.22 V, and Pb>*/Pb=—0.13 V. Moreover, most
reducing agents have low water stability. Thus, introducing
new routes toward the synthesis of intermetallic nanoparticles
in general and of intermetallic Pt/Bi and Pt/Pb nanoparticles
in particular is of prime importance. Usually, intermetallic
compounds are synthesized under extreme conditions, such
as melting and long-time annealing at high temperatures.**®
However, the preparation of intermetallic nanoparticles
under mild conditions is still a challenge. Solving this problem
is important: It is expected that nanoparticles (NPs) synthe-
sized at low temperatures with a narrow size distribution will
have better catalytic activities than the current ones.”®

A promising route to tackle this challenge is the use of
microemulsions via which it is indeed possible to synthe-
size NPs with a narrow size distribution at low tempera-
tures. So far, the microemulsion technique was pursued to
prepare Pt-metal catalysts for oxygen reduction in fuel
cells?~'* as well as for the synthesis of bimetallic parti-
cles composed of metals with similar reduction potentials
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(e.g., Pt/Ag,' Pt/Au,'® and Pt/Pd'"'®). However, to the
best of our knowledge, the synthesis of bimetallic parti-
cles with metals of largely different reduction potentials
has not yet been achieved. Microemulsions are defined as
isotropic, macroscopically homogeneous, and thermody-
namically stable mixtures containing a polar phase such
as water, a nonpolar phase such as oil, and a surfactant
that forms an interfacial film separating the polar and
nonpolar domains. Water-in-oil microemulsions contain
nanometer-sized water droplets dispersed in an oil phase
stabilized by the surfactant layer. The main advantage of
the use of a water-in-oil microemulsion as reaction medi-
um is the fact that the size and shape of the droplet sizes
can be controlled by varying the temperature and com-
position of the microemulsion. For the synthesis of metal-
lic nanoparticles, the metal source, e.g., a metal salt, is
solubilized in the aqueous phase of a water-in-oil micro-
emulsion, whereas the reducing agent, such as hydrazine
or sodium borohydride, is added either as a solid com-
pound®!?? solubilized in a second water-in-oil micro-
emulsion®! 2 or dissolved in a solvent *’[Excellent reviews
of the synthesis of inorganic nanoparticles via microemul-
sions can be found in refs 22, 34, and 30.] In water-in-oil
(w/o) microemulsions, an exchange between the aqueous
phases of the two microemulsions occurs via a fusion—
fission process®® and the metal salt and reducing agent
will eventually be distributed evenly throughout the aque-
ous phase. At the same time, the metal reduction will take
place in the aqueous phase resulting in monodisperse
inorganic nanoparticles.

With the final goal of synthesizing effective Pt/Pb and
Pt/Bi catalysts for fuel cells, we developed and optimized
the microemulsion technique. In our previous work, a
systematic study on the influence of the metal salt(s) and
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the reducing agent, respectively, on the phase behavior of
microemulsion was carried out.”” The water emulsifica-
tion failure boundaries (wefb) of all relevant systems were
determined and “fine-tuned” by adding 1-octanol such
that the wefbs of the two microemulsions match. In the
present study, we report on the synthesis of Pt/Pb and Pt/Bi
intermetallic particles. For that purpose, w/o-microemul-
sions containing H,PtClg + Pb(NO;), and H,PtCls +
Bi(NO)s;, respectively, were mixed either with a w/o-
microemulsion containing the reducing agent (NaBH,) or
with solid NaBH,4. The size of the templating w/o-micro-
emulsions containing the metal salts and the reducing
agent, respectively, as well as the time evolution of
particle formation and the growth of the particles in the
w/o-microemulsion pools were studied by small angle
X-ray scattering (SAXS). The size distribution of the
resulting particles was studied by transmission electron
microscopy (TEM) analysis, while the particle composi-
tion and the respective crystal structures were investigated by
high resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), and energy dis-
persive X-ray spectroscopy (EDX). We also report on the
effect of the metal-to-salt ratio and the amount of redu-
cing agent on the particle size and particle composition as
well as on the effect of adding the reducing agent in a w/o-
microemulsion compared to directly adding it as a solid.

2. Experimental Section

2.1. Materials. The oil n-octane (99.5%) was purchased from
Fluka. The alcohol 1-octanol (99%) and the surfactant Brij30
were purchased from Sigma Aldrich. Brij30 contains an average
of four ethylene oxide groups and a linear alkyl chain of C;,Hss.
The metal salts hexachloroplatinic acid (H,PtCls- 6H>O, 99.9%),
lead(II) nitrate (Pb(NO3),, 99.999%), and bismuth(III) nitrate
pentahydrate (Bi(NO3); x SH,0, 99.999%) and the reducing
agent sodium borohydride (NaBHy, 99%) were also supplied by
Sigma Aldrich. Ethoxylated polyethylene imine (PEI20EO) was
supplied by BASF. All chemicals were used without further
purification. The water used was treated with a Millipore-Q
water purification system.

2.2. Method for Nanoparticle Preparation. The preparation
of metallic nanoparticles (NPs) was carried out by mixing two
different microemulsions that consisted of an aqueous solution,
the oil n-octane, the surfactant Brij30, and the alcohol 1-octanol
(route 1). The aqueous phase of one microemulsion contained
metal salts, while the aqueous phase of the second microemul-
sion contained the reducing agent NaBH,. In regards to the
metal salts, either a mixture of H,PtClg+Pb(NO3), or H,PtClg+
Bi(NO3)3; was chosen. Note that for the solubilization of Bi-
(NO3); in an aqueous solution 2 M H,NO; needed to be added.
The microemulsions which contained either the metal salts or
the reducing agent were prepared at constant overall mass
fraction of the aqueous phase (w,), while they differed with
respect to the composition of the aqueous phase and to the
cosurfactant content. The latter was varied in order to obtain an
overlap of the water emulsification failure boundary (wefb) of
the two microemulsions.?® Nitrogen was bubbled through all
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Table 1. Compositions of Samples and Preparation Temperature Used for
the Synthesis of Bimetallic Nanoparticles at a Mass Fraction of the
Aqueous Phase of w, = 0.08"

Pt/Pb Bimetallic Nanoparticles

aqueous phase” Vb o Twern/°C  sample

13 mM H,PtCls/13 mM Pb(NO;), 0.114 0.37 30.5 la
160 mM NaBH,4 0.095 0.22 30.5

13 mM H,PtClg/13 mM Pb(NOs), 0.114 0.37 30.5 1b
320 mM NaBH,4 0.095 0.22 29.5

13 mM HPtClg/13 mM Pb(NO5), 0.114 037  29.5 le
0.012 ¢ NaBH,

13 mM H,PtClg/26 mM Pb(NO3), 0.114 037 305 1d
320 mM NaBH, 0.095 0.22 30.5

13 mM H,PtClg/39 mM Pb(NO;), 0.114 0.37 30.5 le
320 mM NaBHy4 0.095 0.22 30.5

Pt/Bi Bimetallic Nanoparticles

aqueous phase” Vb o Twern/°C  sample
13 mM H,PtClg/13 mM Bi(NO;);  0.140  0.50 31.0 2a“
160 mM NaBH, 0.092 0.27 31.0
13 mM H,PtClg/13 mM Bi(NOs);  0.140  0.50 30.0 2b°
320 mM NaBH, 0.092 0.27 30.0
13 mM H,PtClg/13 mM Bi(NO3);  0.140  0.50 30.0 2c¢

0.012 g of NaBH4

“vy, represents the mass fraction of Brij30 and 1-octanol in the oil
phase. 0 is the mass fraction of 1-octanol in the mixture of 1-octanol and
Brij30. T\ is the phase transition temperature between the 1- and 2-
phase region. ” M, (H,PtClg) = 409.81 gmol '; M (Pb(NO3),) = 331.2
gmol™'; M(Bi(NO;)3) = 485.07 gmol~'. “N, was bubbled through the
solutions before, during, and after mixing them for ~30 min.

aqueous solutions (solutions containing metal salts or reducing
agent) in order to prevent metal oxidation by O,. In the case of
the “Pt/Bi” samples, N, was bubbled not only through the
aqueous solutions but also through the microemulsions before
and after mixing them for about 30 min (see Table 1). The
sample compositions are given by (1) the mass fraction of
surfactant, Brij30 (C), and cosurfactant, 1-octanol (D), in oil (B)

(1)

mc + mp

i _n13+mc+mD

(2) the mass fraction of cosurfactant, 1-octanol (D), in the
mixture of 1-octanol and Brij30
mp

0= ——" (2)

" mc+mp

(3) the overall mass fraction of the aqueous phase (A) in the total
system

ma

3)

WA =
Myotal

Prior to any synthesis, the two microemulsions were equili-
brated at the desired temperature for about half an hour, and
then, they were combined by adding the metal-salt-containing
microemulsion to the microemulsion containing the reducing
agent via a single fast step under vigorous stirring. [Schmidt et al.
reported that adding the metal-salt-containing microemulsion
to the one that contains the reducing agent leads to a much
narrower size distribution as compared to the opposite mixing
protocol.**]. Metallic nanoparticles were also prepared by direct-
ly adding the reducing agent (NaBH,) as a powder to the metal-
salt-containing microemulsion at T,.q, (route 2). Both processes
immediately turned the solution a dark color. After mixing, the
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system was stirred for about 1 h at constant temperature.
Thirty minutes later, 2 to 3 droplets of ethoxylated poly-
ethylene imine (PEI20EO) were added to avoid particle
agglomeration. The final products were collected by a centri-
fugation process and then washed successively by ethanol
and acetone.

2.3. Techniques for Nanoparticle Characterization. For par-
ticle characterization, high-resolution transmission electron
microscopy (HRTEM) images were collected on a JEOL 4000
EX (operated at 400 keV). Energy-dispersive X-ray analysis
(EDX) was done on the Zeiss SESAM. Selected area electron
diffraction (SAED) patterns were collected on the JEOL 4000 EX.
All experiments were conducted at room temperature and
ambient pressure. The nanoparticles were dissolved in ethanol
and then deposited on thin holey carbon films (Plano, 300 mesh,
Artikel S147-3). HRTEM images and SAED patterns were
either recorded on a negative film (JEOL 4000 EX) which was
digitalized using a negative scanner or directly recorded on a
2kx2k CCD camera (Gatan UltraScan; Zeiss SESAM). For data
analysis, the Gatan DigitalMicrograph software was used.
Lattice spacings were obtained from HRTEM images by line-
scans across lattice fringes. The diameter of diffraction rings was
obtained using the DiffTools package.*® For calibration, dif-
fraction patterns of pure Si were used.

3. Results and Discussion

The size and composition of particles, which were
prepared by mixing a microemulsion containing a mix-
ture of two metal salts with a microemulsion containing
the reducing agent (Table 1), were studied by TEM and
EDX, respectively. In order to obtain complementary
information on the crystal structure and the composition,
SAED patterns were recorded and the data evaluated as
described in ref 30. HRTEM was also used to identify the
interplanar spacings of the crystal lattices presented in all
samples. Note that with EDX the presence of oxygen was
observed in all samples. However, it is neither possible to
quantify the amount of oxygen nor to identify the oxygen
source. Oxygen could come from O, adsorption on the Cu-
grid, the formation of metal-oxides, or both.

3.1. Pt/Pb Mixtures. In the following, the influence of
the NaBH, concentration and of the metal salt ratio
(H,PtClg/Pb(NO3),) of the precursor microemulsions
on the size and composition of the NPs will be discussed.
The bimetallic Pt/Pb nanoparticles were prepared by route 1
and route 2 as described in Section 2.2. The TEM
analysis of 60 particles selected randomly shows that the
average diameter is 4.0 £ 1.0 nm for all samples
prepared via route 1. Moreover, a uniform dispersion
of spherical nanoparticles was observed for all sam-
ples. All particles presented in this section were pre-
pared at wa = 0.08, and small-angle X-ray scattering
(SAXS) measurements revealed that the microemul-
sion droplets were indeed all spherical and of the same
size, namely, 26.0 £ 2.0 nm (see Table S1 and Figure S1
in Supporting Information).

3.1.1. Effect of Reducing Agent on Size and Composi-
tion of Pt/Pb Nanoparticles. In order to study the influ-
ence of the NaBH, concentration on the synthesis of Pt/Pb
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SAED

d-spacings / nm assignment (hkl)
0.25 Pb (200)
0.218 PtPDb (110)
0.154 PtPb (202)
0.131 PtPb (211)

HRTEM

d-spacings / nm assignment (hkl)
0.25 Pb (200)
0.239 Pt3Pb (111) or PtPb4 (220)
0.222 Pt3Pb (102) or PtPb4 (202)
0.219 PtPb (110)

Figure 1. Characterization of sample 1a (13 mM H,PtClg/13 mM Pb(INO;),— 160 mM NaBH,) with (a) a bright-field TEM image of NPs, (b) a HRTEM
image of NPs, (¢) an electron diffraction pattern of the TEM image, and (d) a table with the d-spacings (nm) obtained from selected area electron diffraction
(SAED) patterns and HRTEM analysis of sample la. SAED was measured in different areas of the sample (six different areas).

25
20 4

counts
G

0 250 500 750 1000 1250 1500

energy/ eV

Figure 2. (a) Particle size (diameter ) distribution using a Gaussian fit of Pt/Pb NPs from sample la (4.0 = 1.0 nm) and (b) EDX spectrum over 10 nm? area

of sample la.

NPs, three samples were prepared at different reducing
agent concentrations (samples 1a, 1b, and Ic)and ata 1:1
molar ratio of the two metal salts (13 mM H,PtCls/13 mM
Pb(NOs3),) as presented in Table 1. In sample la, particles
were prepared via route 1 by combining a w/o-microemulsion
containing a mixture of 13 mM H,PtClgs and 13 mM
Pb(NO3), with a w/o-microemulsion containing 160 mM
NaBH;. A TEM image, an HRTEM image, and an
electron diffraction pattern are shown in Figure 1. The
TEM analysis for 60 particles selected randomly shows
that the average diameter is 4.0 4+ 1.0 nm as shown in
Figure 2a. The EDX analysis of different areas (5—200
nm?) shows some regions that are rich in Pb (Pt/Pb atomic

ratio of 10:90) and other regions with a Pt/Pb atomic ratio
around 3:1 (see Figure 2b). The SAED measurement and
the HRTEM analysis show the presence of various inter-
metallic phases, namely, Pt;Pb, Pt/Pb, and Pt/Pb, in agree-
ment with the phase diagram of the binary system Pt/Pb.*!
However, the presence of a Pt/Pby phase cannot be
clearly deduced from the SAED and HRTEM analysis.
Also, the high Pt concentration measured in most areas
by EDX does not suggest a large amount of Pt/Pb,. Some
diffraction patterns could be assigned to Pb so that the

(31) Hansen, M.; Anderko, K., Constitution of Binary Alloys, 2nd ed.;
McGraw-Hill: New York, 1958.
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formation of pure Pb cannot fully be ruled out. Thus,
intermetallic phases are indeed formed, while no experi-
mental evidence of a core—shell structure was found.

In sample 1b (13 mM H,PtCls/13 mM Pb(NO;),—320
mM NaBHy), a higher concentration of reducing agent
was used compared to sample la. The crystal d-spacings
observed in the electron diffraction patterns indicate the
coexistence of Pt;Pb, Pt/Pb, and Pt/Pb, phases as shown in
Table 2. The d-spacings observed by HRTEM are in good
agreement with the SAED results (see Table 2). Comple-
mentary EDX analyses of different areas (5—200 nm?)
show again some regions that are rich in Pb (Pt/Pb atomic
ratio of 10:90) as was the case for sample la and other
regions with a Pt/Pb atomic ratio around 2:1, respectively
(see Table S2 in Supporting Information). Comparing the
atomic ratios of samples la and 1b (see Table S2 in
Supporting Information), one can conclude that more
of the Pb-rich phase Pt/Pb, is formed if one increases the

Table 2. d-spacings from SAED Patterns and HRTEM Analysis of
Sample 1b (13 mM H,PtCls/13 mM Pb(NO3),—320 mM NaBH,)"

SAED
assignment
d-spacings/nm assignment (hkl) d-spacings/nm (hkl)
0.433 0.433
0.242 Pb (200) 0.321
0.211 Pt/Pb (102) 0.279 Pt/Pb, (211)
0.148 Pt/Pb (202), Pt;Pb (220), 0.197 Pt;Pb (200)
or Pt/Pb, (004)
0.127 Pt/Pb (212), Pt;Pb (311), 0.168 Pt/Pb, (213)
or Pt/Pby (212)
HRTEM
d-spacings/nm assignment (hkl)
0.306 Pt/Pb (101)
0.263 Pt/Pby (211)
0.244 Pt/Pb, (211) or Pb (200)
0.237 Pt;Pb (111)
0.214 Pt/Pb (110)

“SAED was measured in different areas of the sample (six different
areas), and two different diffraction patterns were obtained.
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NaBH, concentration, while the NP size is not affected, as
mentioned above.

The bimetallic particles containing Pt and Pb were also
prepared via route 2 by adding 0.012 g of NaBH, to the
microemulsion containing 13 mM of H,PtClgand 13 mM
Pb(NO3), (sample 1¢) at Tyefp,. In this case, the concentra-
tion of NaBH, is at least 2 times higher than the concen-
tration used in sample 1b although it is hard to define the
exact concentration per droplet as the NaBH, is added as
a solid to the microemulsion containing the metal salts.
The crystal d-spacings observed by HRTEM can be attri-
buted to a Pt/Pb phase as can be seen in Table 3. Selected
area electron diffraction (SAED) measurements over six
different areas of the sample show again the presence of
Pt/Pb, Pt3Pb, and Pt/Pb, phases. Complementary EDX
analyses of different areas (5—200 nm?) show some re-
gions that are rich in Pb (Pt/Pb atomic ratio of 10:90) and
other regions with a Pt/Pb atomic ratio of around 2:1 and
3:1, respectively. These results suggest that a coexistence
of Pt;Pb, Pt/Pb, and Pt/Pb, was obtained as observed for
sample 1b.

As can be seen in Figure 3, the TEM analysis of 60
particles selected randomly indicates a bimodal distribu-
tion of particles with an average diameter of 6.5 4+ 1.0 and
9.0 £ 1.5 nm, respectively. Comparing these particles with
those obtained via route 1, one can say that they are much
larger and that they have a higher dispersity. Moreover,
the tendency to form Pb-rich intermetallic phases clearly
increases with an increasing amount of NaBHy. This ex-
perimental observation is in line with what one would
expect; as the reduction potential of the Pb salt is much
lower compared to that of the Pt salt, it is obviously much
easier to reduce the Pt salt. In order to increase the amount
of Pb in the intermetallic phase(s), a larger amount of
reducing agent is required.

3.1.2. Effect of Metal Salt Ratio on Size and Composi-
tion of Pt/ Pb Nanoparticles. In order to study whether the
metal ratio in the nanoparticles can be controlled by the
composition of the precursor microemulsions, w/o-
microemulsions with different ratios of metal salts (Pt/Pb =
1:1, 1:2, and 1:3) were prepared and combined with a

Table 3. d-Spacings from SAED Patterns and HRTEM Analysis of Sample 1¢ (13 mM H,PtCls/13 mM Pb(NO3),—0.012g NaBH,)"

SAED
d-spacings/nm assignment (hkl) d-spacings/nm assignment (hkl)
0.264 Pt/Pbs (211) 0.267 Pt/Pbs (211)
0.161 Pt/Pb, (213) or Pt/Pb (103) 0.209 Pt/Pb (110)
0.148 Pt/Pb, (004), Pt;Pb (220), or Pt/Pb (202) 0.183 Pt/Pb (201)
0.140 Pt3Pb (220) or Pt/Pby (332) 0.163 Pt/Pb, (213) or Pt/Pb (103)
0.104 0.147 Pt/Pb, (004), Pt3Pb (220), or Pt/Pb (202)
HRTEM

d-spacings/nm

assignment (hkl)

0.359
0.300
0.224
0.218
0.211

Pt/Pb (100)
Pt/Pb (101)
Pt/Pb, (202) or Pt/Pb (102)
Pt/Pb (102)
Pt/Pb (110)

“SAED was measured in different areas of the sample (six different areas), and two different diffraction patterns were obtained.
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d/nm

Figure 3. (a) HRTEM image of NPs and (b) size distribution of nanoparticles from sample 1¢ which indicates a bimodal distribution of particles with an

average diameter of 6.5 + 1.0 and 9.0 £ 1.5 nm (dashed line).

Table 4. d-Spacings from SAED Patterns and HRTEM Analysis of Sample 1d (13 mM H,PtCls/26 mM Pb(NO3),—320 mM NaBH,)

SAED

d-spacings/nm assignment (hkl) d-spacings/nm

assignment (hkl)

d-spacings/nm assignment (hkl)

0.327 0.391 0.391

0.238 PtsPb (111) 0.314 Pb0, (220) 0.314

0.208 Pt/Pb (110) or Pt;Pb (200) 0.247 Pb (200) 0.247 Pb (200)

0.185 Pt/Pb (201) 0.229 Pt;Pb (200) 0.214 Pt/Pb (102)

0.172 Pb (220) 0.185 Pt/Pb (201) 0.148 Pt/Pb, (004), Pt;Pb (220), or Pt/Pb (202)
0.173 Pb (220) 0.127 Pt/Pb (212), Pt;Pb (311), or Pt/Pb, (212)
0.161 Pt/Pb, (213)

HRTEM

d-spacings/nm

assignment (hkl)

0.319
0.307
0.246
0.235
0.217

Pt/Pb (101)
Pb (200)

Pt;Pb (111)
Pt/Pb (102)

Table 5. d-Spacings from SAED Patterns and HRTEM Analysis of Sample 1e (13 mM H,PtCls/39 mM Pb(NO3),—320 mM NaBH,)

SAED HRTEM/nm
d-spacings/nm assignment (hkl) d-spacings/nm assignment (hkl)
0.396 0.318
0.320 0.308 Pt/Pb (101)
0.233 Pt;Pb (111) 0.222 Pt/Pb (102) or Pt/Pby (202)
0.186 Pt/Pb (201)
0.175 Pb (220)
0.163 Pt/Pby, (213) or Pt/Pb (103)
0.145 Pt/Pb, (004), PtsPb (220), or Pt/Pb (202)
0.123 Pt/Pb (212), Pt3Pb (311), or Pt/Pb, (212)

w/o-microemulsion containing 320 mM of reducing agent
(see samples 1b, 1d, and le in Table 1).

In sample 1d (13 mM H,PtCls/26 mM Pb(NO3),—320
mM NaBH,), a metal salt ratio of Pt/Pb = 1:2 and the
same amount of reducing agent as in sample 1b was used.
SAED measurements of six different areas of the sample
revealed the presence of Pt/Pb planes as well as planes of
pure Pb and Pt;Pb as presented in Table 4. The HRTEM
analysis shows the presence of Pt/Pb, Pt;Pb, and Pb as
can also be seen in Table 4. The EDX analysis shows some
regions rich in Pb (Pt/Pb atomic ratio of 5:95) and other
regions with a Pt/Pb atomic ratio around 2:1 (see Table S2
in Supporting Information). These results suggest that
Pt/Pb NPs coexist with Pt;Pb, Pt/Pby, and pure Pb.

Finally, sample le (13 mM H,PtCls/39 mM Pb-
(NO3)>,—320 mM NaBH,) was prepared using a ratio of
Pt/Pb = 1:3 and 320 mM of the reducing agent. SAED
measurements of six different areas of the sample show
the presence of planes that can be attributed to Pt/Pb,
Pt;Pb, and Pt/Pb, phases as presented in Table 5. The
d-spacings determined by HRTEM analysis show the pre-
sence of (101) and (102) planes of the Pt/Pb phase. How-
ever, the crystal lattice with interplanar spacing of 0.222
nm can also be attributed to the (202) plane of Pt/Pby. The
EDX analysis of sample le revealed some regions that are
rich in Pb (Pt/Pb atomic ratio of 5:95) and other regions
with an atomic ratio of Pt/Pb around 2:1 and 1:2, respec-
tively. However, more regions with an atomic ratio of
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Pt/Pb 1:2 rather than 2:1 were observed (see Table S2 in
Supporting Information). These results once again sug-
gest that the Pt/Pb NPs coexist with Pt;Pb, Pt/Pb,, and

Element| Atomic %
Pt 0.5+0.5
Bi 99.5+£0.5

Element| Atomic %
Pt 95.0+£2.5
Bi 50+1.0

Figure 4. TEM image and EDX analyses of two different 5 nm? areas of
the particles from sample 2a. The tables show the atomic percentage of Pt
and Bi atoms detected by EDX in each marked circle.

Table 6. d-Spacings from SAED Patterns and HRTEM Analysis of
Sample 2a (13 mM H,PtCls/13 mM Bi(NO3);—160 mM NaBH, under N)

SAED

d-spacings/nm  assignment (hkl) d-spacings/nm  assignment (hkl)

0.364 0.226 Pt (111)
0.242 Bi (104) 0.195 Pt (200)
0.209 Pt (220) 0.139 Pt (220)
0.148 Bi (122) 0.118 Pt (311)
HRTEM/nm
d-spacings/nm assignment (hkl)
0.247 Bi (104)
0.232 Bi (104 or/and 110) or Pt (111)

d110 =0.130 nm
d202 =0.152 am

\ [ d110 =0.215 nm

COURnls
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pure Pb NPs. In conclusion, one can say that the increase
of the Pb(NOs), content increases the formation of the
Pb-rich Pt/Pb, phase. Again, this result reflects the lower
tendency of the Pb salt to be reduced compared to the Pt
salt. It is an increasing concentration of either the redu-
cing agent or the Pb salt, which leads to intermetallic
phases with a larger Pb content.

3.2. Pt/Bi Mixtures. In order to prepare bimetallic
Pt/Bi nanoparticles, the methods described in Section
2.2 were used. All particles presented in this section were
prepared at wa = 0.08, and a 1:1 metal salt ratio was used
(13 mM H,PtClg/13 mM Bi(NO3)3). A uniform disper-
sion of spherical nanoparticles was observed in all sam-
ples, and the TEM analysis of 60 particles selected
randomly for each sample containing bismuth and plati-
num (Table 1) show that the average NP diameter is 4.5 &+
1.5 nm for all NPs prepared via route 1 (samples 2a and
2b). In the case of the particles prepared via route 2
(sample 2¢), an average NP diameter of 6.5 = 1.5 nm
was observed. TEM images of particles from sample 2a
(13 mM H,PtClg/13 mM Bi(NO3);—160 mM NaBHy) are
presented in Figure 4. The EDX analyses of two different
regions in sample 2a (white and black circles in Figure 4)
show that pure Pt, pure Bi, or the respective oxides were

Table 7. d-Spacings from SAED Patterns and HRTEM Analysis
of Sample 2b (13 mM H,PtCls/13 mM Bi(NO3);—320 mM NaBH,
under N,)

SAED

d-spacings/nm

HRTEM/nm

d-spacings/nm

assignment (hkl) assignment (hkl)

0.215 Pt/Bi (110) 0.306 Pt/Bi (101)
0.152 Pt/Bi (202) 0.224 Pt/Bi (102)
0.130 Pt/Bi (211) 0.207 Pt/Bi (110)

123:1

energy | &V

Figure 5. (a) TEM image and (b) HRTEM image of Pt/Bi nanoparticles from sample 2b. (c) Electron diffraction pattern of sample 2b. (d) EDX spectrum

over 10 nm? area of sample 2b.



6270 Chem. Mater., Vol. 22, No. 23, 2010

Magno et al.

Table 8. d-Spacings from SAED Patterns and HRTEM Analysis of Sample 2¢ (20 mM H,PtCls/20 mM Bi(NO3)3—0.012g NaBH, under N,)

SAED

d-spacings/nm assignment (hkl)

d-spacings/nm

assignment (hkl)

0.364 0.315
0.289 Pt/Bi, (210 cubic; 104 or 211 orthorhombic) 0.243 Pt/Bi, (220 cubic or 115 orthorhombic) or Bi (104)
0.240 Pt/Bi, (220 cubic or 115 orthorhombic) Bi (104) 0.208 Pt/Bi, (221 cubic or 025 orthorhombic) or Bi;Pt, (202)
0.208 Pt/Bi, (221 cubic or 025 orthorhombic) 0.147 Bi5Pt; (202) or Pt/Bi (202)
0.178 Pt/Bi; (230 cubic) or Bi;Pt, (202) 0.125 BisPt, (212) or Pt/Bi (211)
0.146 BisPt, (202) or Pt/Bi (202)
0.126 BisPt, (212) or Pt/Bi (211)
HRTEM

d-spacings/nm

assignment (hkl)

0.325
0.288
0.234

Pt/Bi; (021 orthorhombic)
Pt/Bi, (210 cubic; 104 or 211 orthorhombic)
Pt/Bi, (220 cubic or 115 orthorhombic)

Table 9. Compositions of Samples Used for the Synthesis of Pt/Pb and Pt/Bi NPs as well as the Crystal Structure and the Average Size of the NPs Obtained
by HRTEM/TEM, SAED, and EDX Measurements”

Pt/Pb Nanoparticles
sample Pt/Pb ratio metal salts NaBH,/mM particle composition NPs Size/nm
la 1:1 160 Pt/Pb, Pt;Pb 40+1.0
1b 1:1 320 Pt/Pb, Pt;Pb, Pt/Pb, 40+ 1.0
Ic 1:1 powder (0.012 g) Pt/Pb, Pt;Pb, Pt/Pb, 7.7+ 1.5
1d 1:2 320 Pt/Pb, Pt;Pb, Pt/Pb, 40+£1.0
le 1:3 320 Pt/Pb, Pt;Pb, Pt/Pb, 40+ 1.0
Pt/Bi Nanoparticles
sample Pt/Bi ratio metal salts NaBH4/mM particle composition NPs size/nm
2a 1:1 160 Pt + Bi 45+ 1.5
2b 1:1 320 Pt/Bi 45+1.5
2c 1:1 powder (0.012 g) Pt/Bi, 6.5+1.5
“See Table 1.

formed but no intermetallic phase (see Table S3 in
Supporting Information). In contrast to the study of the
Pt/Pb particles, we only varied the content of the reducing
agent, while the ratio of the two metal salts was always
kept constant.

In sample 2a, two diffraction patterns were found, as
can be seen in Table 6. One diffraction pattern corre-
sponds to the Pt phase, and the other shows d-spacings
that can be attributed to the planes (122) and (104) of Bi
and to the plane (220) of Pt. The d-spacings obtained by
HRTEM analysis show the presence of the planes (104) or
(110) of Bi and the plane (111) of Pt (Table 6). In order to
optimize the process, a new route for the synthesis of Pt/Bi
particles had to be found. One potential parameter to play
with was the amount of the reducing agent. In samples 2b
and 2c, the synthesis of NPs was carried out at higher
concentrations of reducing agent and under nitrogen
atmosphere (see Table 1).

In sample 2b (13 mM H,PtCls/13 mM Bi(NO3);—320
mM NaBH, under N,), the synthesis of the metallic
nanoparticles was carried out under nitrogen atmosphere
and a concentration of 320 mM NaBH, was used. A TEM
image of the particles is shown in Figure 5a. By HRTEM
analysis, the planes (101), (102), and (110) of the Pt/Bi

phase were observed, as can be seen in Figure 5b and in
Table 7. Identical diffraction patterns were obtained by
SAED analysis from six different areas. The electron
diffraction pattern of sample 2b shows the presence of the
planes (110), (202), and (211) of the Pt/Bi phase (see
Figure 5c¢ and Table 7). The EDX analysis confirmed
that the atomic ratio of Pt/Bi was 1:1 over the whole
sample (Figure 5d) even in areas smaller than 5 nm?” (see
Table S3 in Supporting Information). These results sug-
gest that the Pt/Bi nanoparticles are a single, ordered Pt/Bi
intermetallic phase rather than a mixture of two mono-
metallic nanoparticles as observed for sample 2a.
Finally, sample 2c was prepared by adding 0.012 g of
NaBH, as a powder to a w/o-microemulsion containing
13 mM H,PtClg and 13 mM Bi(NO3); under nitrogen
atmosphere (route 2). The EDX analysis of sample 2c (see
Table S3 in Supporting Information) shows the presence
of regions with different atomic ratios of Pt/Bi. Some
regions have an atomic ratio of Pt/Bi around 1:2 and
others around 3:2, respectively. In Table 8, the d-spacings
determined by SAED and HRTEM analysis indicate the
presence of at least five planes that correspond to the
Pt/Bi, phase. These results suggest that the nanoparticles
are an ordered Pt/Bi, phase rather than a mixture of two
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monometallic nanoparticles, as observed in sample 2a.
However, the formation of pure Pt or Pt oxides cannot be
discarded as not all Pt atoms were consumed for the
formation of the Pt/Bi, phase.

On the basis of the SAED data, the simultaneous for-
mation of Pt/Bi and Pt,Bi5 cannot be ruled out although
the amounts are expected to be very low. In conclusion,
one can say that it is only above a certain NaBH,4 con-
centration that intermetallic phases are formed. Once this
concentration is reached, very pure phases rather than
mixtures of different phases are formed. Adding the
NaBH, as a solid leads to the formation of the Bi rich
phase Pt/Bi,, which is in agreement with the observations
made for Pt/Pb. The main difference between the Pt/Pb
and the Pt/Bi systems is the fact that in the case of Pt/Bi
one main compound is formed, while for Pt/Pb mixtures
different intermetallic phases are favored.

4. Conclusions

The synthesis of Pt/Pb and Pt/Bi intermetallic nano-
particles was successfully achieved using the microemul-
sion method. The size of the particles was roughly 6 times
smaller than the size of the w/o-microemulsion contain-
ing the metal salt and reducing agent as observed by
SAXS. An extensive study on the influence of the water
content wa will follow in a future publication. In case of
Pt/Pb NPs, the effect of the Pt/Pb metal salt ratio and of
the amount of the reducing agent on the particle size and
composition was studied. The results revealed that the
formation of the Pb-rich Pt/Pb, phase is favored in the
presence of high NaBH, concentrations and/or at high
Pb(NO3), content. On the other hand, the synthesis of
intermetallic Pt/Bi particles was only possible at high
enough concentrations of NaBH, in the w/o-microemul-
sion (wa = 0.08). At a concentration of 160 mM NaBHy,,
only pure or oxidized Pt particles plus pure or oxidized Bi
particles were obtained. Increasing the concentration of
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NaBH, from 160 to 320 mM led to the formation of a
single intermetallic Pt/Bi phase. Addition of solid redu-
cing agent to the w/o-microemulsion containing the metal
salts led to the formation of an intermetallic Pt/Bi, phase.
The formation of Pt/Bi, nanoparticles was also reported
by Xia et al.*> who used polyvinylpyrrolidone (PVP)
dissolved in HCI to synthesize Pt/Bi, nanoparticles and
added the solid reducing agent to the system (our route 2).
According to Okamoto, the formation of a 1:1 Pt/Bi
intermetallic phase is less favorable than the formation
of Pt/Bi, phase. Currently, an extensive MC simulation
is being carried with the aim to better understand the
experimental results. However, we can conclude that
following route 1 (mixing two microemulsions) led to the
formation of a single intermetallic Pt/Bi phase, while
following route 2 (adding solid NaBH,) led to the forma-
tion of an intermetallic Pt/Bi, phase. It could not be
clarified yet whether this is caused by the different total
amounts of NaBH, or by the different reducing routes.
Finally, it has to be mentioned that in both cases the
addition of solid NaBH, led to larger particles compared
to the addition of a reducing microemulsion. All results
are summarized in Table 9.
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