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ABSTRACT

A study on the synthesis of Pd-Pt alloy nanoparticles and composition evolution
of the alloys was reported. The synthesis followed a hot organometallic route, with Pd
and Pt acetylacetonate as the metal precursors and trioctylphosphine as the solvent. The
size of the Pd-Pt nanoparticles narrowed down with time and reached a final size of 3.5
nm in about 10 min. The alloy compositions evolved with time and reached the preset Pd
to Pt ratio of precursors in 120 min. An atomic exchange process between the Pt-TOP
complex and the Pd atoms at the nanoparticle surface was proposed to elucidate this
synthesis process.

Temperature-induced restructuring of the Pd-Pt superlattices was investigated and
an irreversible phase transition from an ordered state to a disordered state was observed
when the Pd-Pt nanoparticle superlattices were heat treated at temperatures ranging from
100 to 110 °C. The superlattices formed at room temperature showed distorted hexagon
structures but they became better-ordered when treated at a proper temperature.

Demonstrated with Pd-Pt and CoPt; nanoparticles, a novel technique that involves
fast evaporation of a suspension containing sonochemically-treated carbon nanotubes
(CNTs) and the metal nanoparticles was developed for deposition of colloidal metal
nanoparticles on the CNTs. This technique seems to be applicable for the deposition of
other nanoparticles as well, since it involves only a physical process and has the

advantages that the nanoparticle size and number density on the CNTs can be

independently controlled, opening ways of producing tailored nanomaterials.
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PAPER 1

SYNTHESIS AND COMPOSITION EVOLUTION OF BIMETALLIC Pd-Pt
ALLOY NANOPARTICLES
Guogqiang Ren’, Honglan Shi’ and Yangchuan Xingl’z
1Department of Chemical & Biological Engineering
’Environmental Research Center for Emerging Contaminants
University of Missouri — Rolla

Rolla, MO 65409, USA

Email: xingy@umr.edu

Abstract

This paper reports a study on the synthesis of Pd-Pt alloy nanoparticles and
composition evolution of the alloys. The synthesis involves Pd and Pt acetylacetonate as
the metal precursors and trioctylphosphine (TOP) as the solvent. Thermal decomposition
of the Pd-TOP complex resulted in Pd nanoparticles, while substitution of Pt in the Pt-
TOP complex by Pd allowed formation of the Pd-Pt alloys. It was observed that the Pd-Pt
nanoparticles formed at the very beginning in the synthesis process are Pd rich with
various nanoparticle sizes ranging from 1.5 to 25 nm in diameter. These nanoparticles
averaged out through a digestive ripening process and reached a final size of 3.5 nm in
about 10 min. The alloy compositions evolved throughout the synthesis process and only
reached the preset Pd to Pt ratio of the precursors in 120 min. It was found that Pt
acetylacetonate alone in TOP cannot produce Pt nanoparticles, which was attributed to
the formation of a Pt-TOP complex and a strong coordination of Pt to the phosphine. This
observation led us to propose an atomic exchange process between the Pt-TOP complex

and the Pd atoms at the nanoparticle surface. As a result, the alloy formation process is



limited by a substitution and diffusion rate of the Pt atoms at the surface of the alloy

nanoparticles.

1. Introduction

Platinum and palladium are known catalysts for many chemical processes. They
have been extensively studied for various applications, including electrocatalysis [1-3],
hydrogenation [4-11], and oxidation of organic compounds [12-14]. Nanoparticles of
such metals with a high surface to volume ratio and a large portion of active surface
atoms are of particular interest due to that these properties can be manipulated in a
desirable way. Furthermore, alloys of the metals are of particular interest as they would
provide a combination of benefits from the individual elements.

The synthesis of Pd-Pt nanoparticles by reduction of metal precursors in an aqueous
phase has been studied and reported in recent years. Preparation of colloidal Pd-Pt
nanoparticles from non-ionic microemulsions was reported by Touroude et al. [15], who
reduced metal salts (H,PtCls, and PdCl,) using hydrazine hydrate in a water-in-
hexadecane microemulsion stabilized by pentaethylene glycol dodecyl ether. Aggregated
Pd-Pt nanoparticles ranged from 10-100 nm (Pt to Pd atomic ratio is 35:65) and single
particles of 2-5 nm (96:4) were synthesized in that process. Solla-Gullon et al. [16]
applied a similar microemulsion technique and obtained surfactant-capped nanoparticles
with Pt:Pd ratio from 4:1 to 1:4. Wu et al [17] used water/AOT/isooctane
microemulsions and obtained 7-10 nm Pd-Pt nanoparticles, with Pt:Pd ratios from 1:9 to
9:1. Veiz et al. [18] synthesized Pd-Pt nanoparticles in a colloidal solution in which

excessive NaBH, was used to reduce K;PdCls and K,PtCl, precursors with various molar



ratios in the presence of a cationic surfactant. Their results showed that the sizes of the
bimetallic Pd-Pt nanoparticles ranged from 4 to 6 nm, with Pt:Pd ratios of 1:4, 1:1 and
4:1. Recently, Adlim ef al. [19] reported chitosan-stabilized Pd-Pt nanoparticles with 2-
20 nm in diameter.

In this paper, we report a new method that we have been developing for the
synthesis of monodisperse Pd-Pt nanoparticles in organic solvents. By using an
organometallic process, we have synthesized Pd-Pt nanoparticles featuring both small
nanoparticles (~3.5 nm) and monodispersed sizes. The compositions of the nanoparticles
can be controlled not only by ratios of the metal precursors but also by the aging time,
while the sizes of these nanoparticles remain unchanged. The technique provides a new

way to synthesize Pd-Pt nanoparticles with composition and size controlled properties.

2. Experimental Methods
2.1 Synthesis of Pd-Pt bimetallic nanoparticles

Pd-Pt nanoparticles were synthesized using an organometallic process. Platinum
acetylacetonate (Pt(acac);) and palladium acetylacetonate (Pd(acac);) were used as
precursors in trioctylphosphine (TOP) with 1-adamantanecarboxylic acid (ACA) and 1-
hexadecylamine (HDA) as surfactants for the synthesis. A Pt precursor mixture was
prepared by dissolving 11.90 mg (0.030 mmol) of Pt(acac); (Alfa Aesar) and (46.5 mg)
1,2-hexadecanediol (90%, Sigma-Aldrich) into 5 mL TOP. 297 mg 1-
admantanecarboxylic acid (ACA, 99% Sigma-Aldrich) and 7.4 mg 1-hexadecylamine
(HDA, 90%, Sigma-Aldrich) were also added as surfactants and co-surfactants [20]. This

mixture was heated to 60°C and dispersed in an ultrasonic water bath until a clear yellow



solution was formed. A Pd precursor mixture was prepared by adding 9.3 mg (0.031
mmol) Pd(acac), (from Alfa Aesar) into 2.0 ml trioctylphosphine (TOP, 90% purity from
Sigma-Aldrich) of which the solution was heated to 60°C until a clear homogeneous
orange solution was formed, indicative of the formation of a Pd-TOP complex [21].

After the preparation of each precursor mixture solution separately, the two mixture
solutions were added into a three-neck flask in which 4 mL TOP was also added. This
organic solution was stirred using a Vortex mixer (Vortex Gene 2, Scientific Industries)
for 5 min until a homogeneous solution was formed. The solution was heated to 300°C
and it turned black in a minute. The solution was then refluxed at that temperature for
different time durations. The nanoparticles were precipitated by adding 20 mL ethanol to
the solution. The precipitate was washed and separated again in a centrifuge (Centra CL
2.0, Thermo IEC) with ethanol for four times. The final precipitate can be easily
redispersed in nonpolar hexane or toluene.

To track the changes of alloy compositions in the Pd-Pt nanoparticles, a reaction
mixture with double amount of the materials was used. This allowed continuous sampling
at different time durations for analysis of the alloy compositions. The reaction mixture
was sampled using a syringe with 1.25 mL each at a time for the following time durations:
3, 5, 10, 30, 40, 60, 120, 240, 480 and 660 min. For each sampling, the sample was
injected into a Pyrex glass vial and 10 mL ethanol was added to cool it for handling. Each
sample was washed with ethanol for three times and a black precipitate was obtained for

examination.



2.2 Characterization of Pd-Pt nanoparticles

Size and shape characterizations of the Pd-Pt nanoparticles were achieved on a
transmission electron microscope (TEM) (EM 430, Philips) operating at 300kV. The
TEM specimen was prepared by dispersing a small amount of Pd-Pt in hexane under
sonication. A drop of the dispersion was transferred with a pipet and put on a TEM grid
(400-mesh carbon-coated copper grid, Electron Microscopy Sciences), rapidly drying
under open atmosphere with the evaporation of hexane. The grid was then examined with
the TEM and images were taken. To obtain size information, measurement of ~500
nanoparticles was made with image analysis software (Scion, NIST) and a statistical
result of the size was obtained. Energy Dispersive X-ray Spectrum (EDS, Noran Voyager
1T light element EDS system) analysis of the specimen was also performed to determine
elemental compositions. To enhance the signal detection, the TEM sample holder was
tilted 20° towards the EDS detector during data acquisition.

The crystalline structures of Pd-Pt nanoparticles were determined by powder X-ray
diffraction. The computerized Scintag 2000 diffractometer was equipped with Ni-filtered
Cu Ka (A=0.15406 nm) X-ray source and a Theta-Theta XDS 2000 goniometer with a
solid state Ge detector and a fixed slit. To prepare samples for X-ray diffraction (XRD),
the as-prepared Pd-Pt nanoparticles were mixed with ~5 mg of carbon black/hexane
slurry and dried in a vacuum furnace at 70 °C. The dried powders were pressed onto a
double-sided Scotch tape on a glass slide. Scanning of the sample was performed at
0.030°/min to ensure detailed structure acquisition.

The compositional information of the Pd-Pt nanoparticles was obtained by

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) analysis. After the



synthesized Pd-Pt nanoparticles were washed 3 times with 20 mL of ethanol to ensure
that unreacted precursors were removed, a portion of the sample was transferred to a
Pyrex glass vial. 3 mL of Aqua Regia (HNO3:HCl at 1:3 volumetric ratio) was added to
the vial containing the Pd-Pt nanoparticles. The digestions was proceeded by heating the
sealed vial in a 60°C ultrasonic water bath for 2 h, followed by 7 mL de-ionized water
addition and 4 h heating with the vial uncovered. The as-obtained aqueous solution was
diluted to 50 mL with de-ionized water. Pd and Pt in the sample were then detected by
ICP-MS with further appropriate dilutions. An Elan DRCe ICP-MS instrument (SCIEX,
PerkineElmer) equipped with a cross-flow nebulizer and nickel cones was used for
analysis. The RF power was 1400 kW. Argon flow rates for the plasma and auxiliary gas
were 15 and 1.0 L/min, respectively. Samples were delivered at 1.0 mL/min by a
peristaltic pump. Quantitation was performed at m/z 195 for Pt and 106 for Pd. The
standard stock solutions for calibration were purchased from PerkinElmer. The initial
instrument calibration was carried out at the concentration of 0.1-500ppb linear range.
Internal standard In was used for Pt and Ho was used for Pd detection. These standards
were added continuously online as a mixture.

Oxidation states of the alloy nanoparticles were analyzed with X-ray photoelectron
spectroscopy (XPS) (Axis 165, Kratos). The spectrometer is equipped with a concentric
hemispherical analyzer (CHA) which uses 8 channeltron detectors. The sample was ion
sputtered with a differential ion gun for 60 seconds at 4 kV. A Mg Ka anode, operated at
15kV and 225 W with a photon energy of Av =1253.6 €V, was used as the X-ray source.
The base pressure of the chamber during inspection was 10” Torr. The pass energy was

80 eV during the survey scan and 20 eV for the windows scan.



3. Results and Discussion
3.1 Characterization of Pd-Pt nanoparticles

Figure 1 shows a typical TEM image of the Pd-Pt nanoparticles synthesized with
heating for 40 min and cooling at ambient. It can be seen that the nanoparticles are
monodisperse and uniform with a spherical shape. The size of the Pd-Pt nanoparticles
measured from the TEM images was as 3.5 £ 0.3 nm in diameter. EDS spectra showed
the samples contain both Pt and Pd elements.

The long-range order structure of the nanoparticles revealed by XRD is shown in
Figure 2. The broad peak near the position 26=25° was due to the carbon support. Both of
the reflection peaks from Pt and Pd with a face-centered cubic (fcc) structure were
indexed with Miller indices in the XRD pattern. The 26 values of 39.75, 46.24, 67.44,
81.28 (for Pt, JCPDS 04-0802) and 40.11, 46.65, 68.11, 82.09 (for Pd, JCPDS 46-1043)
correspond to (111), (200), (220) and (311) crystal planes for each pure metal,
respectively. For their alloys, the intensity patterns of the reflections are similar to that
reported for Pd-Pt nanoparticles on different supports [12, 22]. The particle size
calculated from the XRD measurements based on line broadening of the Pt(111)
reflection was ~3.6 nm using the Scherrer formula, which matches quite well with that
from the TEM analysis, indicative of that the Pd-Pt nanoparticles are single grains.

Morphological evolution of the Pd-Pt nanoparticles during the synthesis was
examined at different time durations. At 3 min (Figure 4a), the nanoparticles had already
formed a near spherical shape through homogeneous nucleation with a wide range of
sizes, the biggest at ~25 nm and the smallest at ~1.5 nm. However, as time passed, the

nanoparticles quickly narrowed down to a smaller size range. At 5 min (Figure 4b), the



size distribution was seen to narrow significantly and at 10 min monodisperse
nanoparticles were already achieved with a size of 3.5 £ 0.5 nm and a spherical
morphology. Thereafter (up to 480 min), no obvious changes in morphology of the Pd-Pt
nanoparticles were observed (Figures 4c and 4d). However, with longer synthesis time
durations (> 60 min), we experienced a difficulty in washing the nanoparticles. They
have to be washed extensively for re-dispersion.

The change in size with time of the Pd-Pt nanoparticles may be explained with
digestive ripening suggested by Lin et al. [23], who observed that nanoparticles capped
by surfactants tend to form_small uniform nanoparticles at the expense of the larger ones,
in contrast to the Oswald ripening. It was observed that phosphines are good digestive
agents, which were used for Pt-Fe and Pt-Co alloy nanoparticles [24]. We believe that in
our experiment the TOP acted both as a solvent and a co-capping agent to ACA. At the
beginning of the synthesis process, Pd nanoparticles were quickly formed from thermal
decomposition of the Pd-TOP complex [21], but with a broad size distribution due to fast
coagulation. Once the nanoparticles are formed, the surfactants start to cap them.
Therefore, at the early stage, the nanoparticle nucleation and growth processes are
believed to be much faster than the capping process. With time the interaction of the TOP
and the nanoparticles led to digestive ripening, which narrowed the nanoparticles down to
a smaller size range by averaging them out until a thermodynamically stable size was
reached.

The surface oxidation state of the final Pd-Pt nanoparticles was studied by XPS. For
the measurements, the nanoparticles were supported on carbon. The characteristic peaks

for each element, Ptss, Pd3g, Ois and the characteristic elements in the surfactants and



solvents (N in oleylamine, P in TOP) were monitored. The negligible peaks for N and P
evidenced the infinitesimal amount of residual reactants, indicating that the washing
procedures were effective. The XPS also showed that there were negligible metal oxides
in the samples, confirming that the nanoparticles are in metallic states. Details of the XPS
windows scan (Figure 3) showed the peak positions for Ptss 5/2, 7/2 (a) and Pdsq4 3/2, 5/2,

corresponding well with those reported by other workers [17].

3.2 Composition evolution of Pd-Pt nanoparticle alloys

The elemental composition evolution with reaction time is determined by ICP-MS
analysis. The residual organic compounds were digested and the metallic nanoparticles
were dissolved in the Aqua Regia; only the Pt and Pd elements were analyzed. The
overall content of Pd in the nanoparticles, noted by the Pd:Pt atomic ratio, decreases with
time during the synthesis process, from near 3.2 at 5 min to 0.94 at 10 min (Figure 5); the
feeding ratio of the two precursors was 0.95. Therefore, the alloys formed can basically
reach their preset compositions if given enough time. We initially attributed the large
difference in the Pd to Pt ratios to the faster reaction of the Pd-TOP complex leading to
Pd than that of the reduction of the Pt precursor with 1,2-hexadecanediol leading to Pt.
However, when we conducted an experiment on how fast the Pt nanoparticles can be
formed by using just the Pt precursors, we found that Pt nanoparticles cannot be
synthesized alone in this organometallic process even with 1,2-hexadecanediol, a
reductant used in studies by other workers [20]. Further experiments confirmed that 1,2-
hexadecanediol is not necessary since the Pd-Pt alloy nanoparticles can be synthesized

without using any diols. With this information we suspect that, due to the strong
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coordination of Pt to the phosphine and a large excess of TOP as a solvent, the Pt-TOP
complex can not be decomposed nor reduced. We noted that previous studies have shown
that Pt nanoparticles can only be produced with excess oleic acid [25-26].

Therefore, the formation process for the Pd-Pt alloy nanoparticles was believed to
be a process of Pd nanoparticle formation with a substitution reaction between Pd and the
Pt-TOP complex at the nanoparticle surface, which can be expressed as:

(Pd), —Pd+Pt-TOP — (Pd), —Pt+Pd-TOP (1)
Alloys were formed by diffusion of the Pt into the Pd nanoparticles:

(Pd), —Pt—> Pd Pt (2)
where n is the number of Pd atoms in the nanoparticle. As more and more Pt was
substituted, an alloy formulation can be expressed as Pd,Pt,,, where m is the number of Pt
atoms in the alloy. At the very beginning of synthesis, n >> m, but the ratio n:m
approached the preset ratio of the precursors over time.

The atomic radii for Pt and Pd are very close at 0.139 nm and 0.137 nm,
respectively. Both metals take fcc structure. If a Pt atom forms on a Pd-Pt alloy
nanoparticle, it would diffuse into the inside of the Pd nanoparticle without energy
barriers, considering that the process occurred at relatively high temperatures. However,
since Pt binds to the molecular complex stronger than Pd, exchange of Pt and Pd would
be an activated process, and at a given temperature only more time will allow more Pt to
form alloys with Pd. We have noticed that although the size of the nanoparticles reached
the final size in 10 min, the Pd:Pt ratio did not until about 120 min. A comparison of the
radius data of the two metal atoms may justify the fact that changing compositions may

not result in changing the nanoparticle size. On the other hand, the longer time that it took
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to reach the preset alloy composition indicates that the substitution and diffusion process
for the Pt is the slowest among those processes of Pd formation, coagulation, and
digestive ripening.

The change of the elemental evolution in alloy Pd-Pt nanoparticles shown in Figure
5 can be fitted with a second order-exponential decay curve, which can be viewed as an
overall rate equation for the formation of Pd-Pt alloys under the experimental conditions.
The rate should at least represent the substitution and diffusion of the Pt. More definitive

study is needed to elucidate the kinetics of the alloy formation.

4. Conclusions

In summary, an organometallic process was developed for the synthesis of Pd-Pt
nanoparticles. Small, monodispersed Pd-Pt alloy nanoparticles were successfully
synthesized using the process. The Pd-Pt alloy nanoparticles were characterized by TEM,
EDS, XRD and XPS for their morphology and by ICP-MS for compositional evolution.
A morphological evolution of the alloy nanoparticles was observed, of which the
nanoparticles initially formed were of different sizes with near spherical shapes. The
alloy nanoparticles eventually became spherical and with a final size of 3.5 nm. Size
reduction and narrowing during the synthesis was attributed to digestive ripening. The
compositions of the Pd-Pt nanoparticles were found to change over a 120 min period with
Pd to Pt atomic ratios from 3.2 to 0.94. This compositional evolution is explained by a
kinetic process in which Pd atoms on a nanoparticles substitute Pt form the Pt-TOP
complex and the Pt atoms diffuse into inside to form alloys. It was also found that

Pt(acac), can not be reduced by diols in TOP solvent, which was attributed to the strong
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coordination of Pt to the TOP, forming a relatively stable Pt-TOP complex under the
experimental conditions. Only when this complex interacts with the Pd nanoparticles, can
the Pt be substituted out at the surface of the nanoparticles and further diffuse inside to
form the Pd-Pt alloys. It was concluded that the alloy formation rate was limited by the
substitution and diffusion rate of Pt. This new technique for the synthesis of Pd-Pt alloy
nanoparticles provides an alternative and better way to manipulate nanoparticle properties

of both sizes and compositions.
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Figure 1. A typical TEM image of the Pd-Pt alloy nanoparticles with an average size of

3.5 nm.
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Figure 2. XRD pattern of the synthesized Pd-Pt nanoparticles supported on carbon.
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Figure 4. Morphological evolution of the Pd-Pt nanoparticles during the synthesis: (a) -
(f) show the nanoparticles collected at 3, 5, 10, 30, 40 and 120 min durations,

respectively. The nanoparticle size remained unchanged after 10 min. (cont.)
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Abstract

A new technique was developed for the deposition of colloidal metal nanoparticles
on carbon nanotubes. It involves fast evaporation of a suspension containing
sonochemically treated carbon nanotubes and the metal nanoparticles. It was
demonstrated that metal nanoparticles with different sizes and concentrations can be
deposited on the carbon nanotubes with few agglomerates. The technique seems to be
not limited by what the nanoparticles are, and therefore would be applicable for other
nanoparticles. The surfactants that were used to disperse the nanoparticles were found to
hinder the nanoparticle deposition. When the nanoparticles were washed by ethanol, they
can be well deposited on the carbon nanotubes. PtPd and CoPt; alloy nanoparticles were
used to demonstrate the deposition processes. The obtained carbon nanotube supported
nanoparticles were characterized by transmission electron microscopy, energy dispersive

X-ray spectroscopy, X-ray photoelectron spectroscopy, and cyclic voltammetry.
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1. Introduction

Carbon nanotubes (CNTs) functionalized with metallic nanoparticles [1] have been
investigated extensively in recent years due to their added values and applications in, for
example, heterogeneous catalysis [2-9], hydrogen storage [10], and sensors [11-13]. A
variety of metallic nanoparticles have been successfully deposited onto CNTs, including
Au [14-17], Ag [16, 18], Pt [4, 16, 19-21], Pd [11, 16, 18, 22], Ni [23-25], Pt-Ru [8, 18,
26-29], and FeNi [30]. Nanoparticle deposition techniques include chemical vapor
deposition [11}, surface modification and linking (reduction, impregnation) in aqueous
solutions [14, 15, 19, 28, 31], solid state reactions [16], electrochemical deposition [20,
22, 24, 27], electroless deposition [25], y-irradiation [18, 29], and wet chemistry [30].
These techniques, however, are often limited by the surface state of the CNTs and the
deposited nanoparticles have problems of non-uniform surface deposition, broad
nanoparticle sizes, and uncontrolled number density on the CNTs.

In this paper, we report a new technique to deposit metallic nanoparticles on CNTs.
The new technique involves fast evaporating a hexane suspension of metallic
nanoparticles and sonochemically functionalized CNTs. Upon fast drying, metallic
nanoparticles were found to attach to the surface of CNTs fairly uniformly. Since the
nanoparticles were synthesized in a separate colloidal process with surfactant protection,
their size can be tightly controlled. By using different concentrations of the nanoparticle
colloids, the particle number density on the CNTs can be controlled. The deposition
process does not seem to be limited by what the nanoparticles are. As long as the
nanoparticles can form a colloidal solution, they can be deposited onto the CNTs.

Therefore, this technique appears to be universal. Here we demonstrate the successful



23

deposition of PtPd and CoPt; nanoparticles on multiwalled CNTs. These nanoparticles
have different sizes and different concentrations of PtPd colloids were used. The
electrochemical activities of these nanoparticles on CNTs were also demonstrated using
cyclic voltammetry, considering these nanoparticles to be potential polymer electrolyte

membrane fuel cell catalysts.

2. Experimental Details

The chemicals used in this work include platinum 2,4-pentanedionate (Pt(acac),),
palladium  2,4-pentanedionate (Pd(acac),), trioctylphosphine  (TOP), 1-
adamantanecarboxylic acid (ACA), 1-hexadecylamine (HDA), dichlorobenzene (DCB),
and diphenyl either (DPE), all purchased from Sigma Aldrich. Cobalt carbonyl was
purchased from Alfa Aesar. Oleic acid (OA) and oleyamine were from Sigma Aldrich.
Multiwalled carbon nanotubes (CNTs) were from NanoLab, Inc. and functionalized in
our laboratory using a sonochemical technique developed previously [21, 32].

PtPd nanoparticles were synthesized using a hot organometallic process, in which
the precursor Pt(acac), was reduced by 1,2-diol [33] and Pd(acac),-TOP complex was
thermally decomposed [34] in the presence of ACA and HDA as surfactants. The details
of the synthesis procedure will be reported in a separate paper. In this work we only used
the PtPd nanoparticles that were dispersed in hexane. The average particle PtPd size used
in this work is 3.5 nm. The synthesis of CoPt; was obtained following a previously
reported technique [35]. This technique involves thermal decomposition of cobalt

carbonyl and simultaneously reduction of Pt(acac); in dichlorobenzene with OA as the
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surfactant and oleyamine as co-surfactant. The CoPt; nanoparticles used in this work
were also dispersed in hexane and have an average particle size of 10.5 nm.

Deposition of the metallic nanoparticles on the CNTs was achieved by a fast
evaporation technique developed in our laboratory. In this technique, 6.0 mg
sonochemically-treated dry CNT powders were added into a glass vial containing 10.0
mL hexane and dispersed fully in an ultrasonic bath (Fischer Scientific, Model 30H) for 2
h at 60°C. A certain volume of the nanoparticle colloid solution of hexane was added to
the vial depending on the desired nanoparticle loading. The vial was ultrasonically mixed
for another 5 min to form a suspension of the nanoparticles and CNTs. This suspension
was heated and concentrated to 4.0 mL on a stirrer/heater. The vial was again put back in
the ultrasonic bath at 60°C, uncovered, until the solvent was fully evaporated. The
suspension evaporated rapidly and became dry in about 30 min. A black material
containing the CNTs and the nanoparticles was then obtained. The material was
scratched off the wall of the vial, heat treated at 200 °C in 10% H, in N, and analyzed for
their properties.

Characterization of the nanoparticles on CNTs was achieved using a transmission
electron microscope (TEM, Philips EM 430) operating at 300kV. The TEM grid was
prepared by dispersing a small amount of the material in hexane with ultrasonication. A
drop of the dispersion was transferred with a pipette and put on a TEM grid (400-mesh
carbon-coated copper grid, Electron Microscopy Sciences). The drop on the grid was
allowed to dry under open atmosphere. The grid was then examined with the TEM, and
images were taken. Image analysis includes measurement of the diameters of ~500

nanoparticles and a statistical result of the size was obtained by regression. Energy
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dispersive X-ray spectroscopy (EDS, Noran Voyager III light element EDS system)
analysis of the specimen was performed. To enhance the signal to noise ratio, the TEM
sample holder was tilted 20° towards the EDS detector.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos
Axis 165 XPS spectrometer. The spectrometer is equipped with a concentric
hemispherical analyzer (CHA) which uses 8 channeltron detectors. The sample was ion
sputtered with a differential ion gun for 60 seconds at 4 kV. A Mg Ka anode, operated at
15kV and 225 W with a photon energy of Av = 1253.6 eV, was used as the X-ray source.
The base pressure of the chamber during inspection was 10 Torr. The pass energy was
80 eV during the survey scan and 20 eV for the windows scan.

Electrochemical activity measurements were conducted using cyclic voltammetry
(CV)in a 1.0 M H,SOy4 solution. The experiments were performed at room temperature
using an Electrochemical Workstation (BAS100, Bioanalytical Sciences). The working
electrode was prepared as follows [36]. A glassy carbon disk (3 mm in diameter) was
polished to a mirror finish using alumina pastes. A small drop of ethanol solution
dispersed with the CNT supported nanoparticles was put on the glassy carbon with a
pipette. After drying, a drop of Nafion solution (5 wt. % in water) was put on the
electrode as a binder and electrolyte. The electrode was dried at 70 °C and ready for
measurements. The thin film electrode was then put in an electrochemical cell (C3 Cell,
Bioanalytical Sciences). Potential scans were at 50 mV/s with a Ag/AgCl reference

electrode and a platinum wire coil counter electrode.



26

3. Results and Discussion

Figure 1 shows a typical TEM image of the PtPd nanoparticles before they were
deposited on the CNTs. Also shown are the EDS spectrum and the size distribution
histogram. It can be seen that the PtPd nanoparticles are monodisperse and uniform with
a spherical shape. The statistical size distribution of the PtPd nanoparticles was obtained
by measuring the nanoparticles from the obtained TEM images. The mean size was
calculated to be 3.5 = 0.3 nm in diameter. The EDS spectrum indicated a bimetallic
composition of Pt and Pd. The small amount of silicon was from the EDS detector,
which is made of lithium-drifted silicon (Si(Li)). Carbon and copper were from the
carbon-coated copper TEM grids. Figure 2 shows a similar result for the CoPt;
nanoparticles before they were deposited on the CNTs. The CoPt; nanoparticles are
much larger than the PtPd nanoparticles with an average size of 10.5 £ 1.6 nm in
diameter and have irregular shapes. The EDS spectrum confirmed the existence of Pt and
Co.

Figure 3 shows the PtPd nanoparticles deposited on the CNTs, with two different
concentrations of PtPd nanoparticles. It can be seen that the PtPd nanoparticles are
located on the outer surface of CNTs and both the size and uniformity of the
nanoparticles remains unchanged with the deposition technique. To ensure strong
attachment of the nanoparticles on the CNTs, they had been treated at 200 °C in a
hydrogen-nitrogen gas after the nanoparticle deposition was done. The heat treatment
was also to remove any residue organics on the nanoparticles so that the electrochemical
activity can be studied. However, heat treatment temperatures above 200 °C were found

to result in sintering of the PtPd nanoparticles (Figure 4). The TEM images in Figure 3
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clearly showed that at the lower nanoparticle concentration the PtPd nanoparticles were
distributed better on the CNTs. At the higher nanoparticle concentration, the surface of
CNTs was nearly 80% covered with the PtPd nanoparticles and in some regions,
agglomerates of the nanoparticles were formed. Wherever aggregations of the nanotubes
were found, the supported nanoparticles became hardly distinguished due to overlapping.
Figure 5 shows CoPt; nanoparticles deposited on the CNTs. The CoPt; nanoparticles are
relatively evenly distributed on the CNTs, though a few agglomerates were also
observed. Both the PtPd and CoPt; nanoparticles were seen to have direct contact with
the CNT surface before and after the heat treatment.

During the nanoparticle deposition process, both the nanoparticles and the CNTs
were assumed to be well dispersed and finely mixed in the solvent (hexane) by
sonication. The main idea in the evaporation process was to have fast evaporation of
solvent to reduce nanoparticle agglomeration. In theory, any solvent can be used, but a
low boiling point solvent would allow operation at a lower temperature. Hexane was
used in this work which has a boiling point of 69 °C in open atmosphere. At a bath
temperature of 60 °C, sprinkling was observed at the surface of the suspension. This was
believed to be the result of ultrasonic agitation. With the evaporation of the solvent, the
nanoparticles were believed to be physically deposited onto the surface of CNTs.
Although the nanoparticles were synthesized with surfactant protection, they were
washed several times with ethanol before being used for their deposition. We found that
if they were not washed, the nanoparticles could not be deposited uniformly on the CNTs
and the particle number density was much lower than deposited with the washed

nanoparticles. We believe that the surface functional groups had an adverse effect for the
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nanoparticle deposition during the evaporation process. Without surfactants for
nanoparticle dispersion, however, the nanoparticles have to be dispersed with ultrasonic
agitation.

When the hexane was evaporated to the last amount that can only wet the CNTs,
they must have formed a liquid film (or coating) on the CNTs with the nanoparticles
dispersed inside, so that further drying would leave the nanoparticles distributed
uniformly on the CNTs. If the solvent did not wet the CNTs and formed separate liquid
drops, then the nanoparticles would have eventually formed agglomerates when the
solvent was completely evaporated, as schematically illustrated in Figure 6. We have
shown previously that the sonochemically treated CNTs have a majority of carbonyl
groups on their surfaces. These groups were attributed to partial wetting of the CNTs by
hexane, which was evidenced by that the CNT powders, once ultrasonically dispersed in
hexane, can form a stable colloid for a short time.

XPS was used to study the oxidation state of the nanoparticles on the CNTs. The
XPS results for PtPd/CNT and CoPt:/CNT (Figure 7) confirmed the existence of Pt and
Pd, and Co and Pt on the surface of CNTs, respectively. The XPS results showed that
there were negligible metal oxides in the samples, confirming that the nanoparticles are in
a metallic state. However, the atomic ratio between Pt and Pd, based on Pts; and Pdsq4
peaks, was calculated to be 1:1.2; the ratio between Co and Pt for CoPts, based on Co,,
and Pty peaks, was approximately 1.87:1. Comparing these atomic ratios with the values
known of the original compositions, we concluded that there is a surface deficiency in
both cases for the Pt. One explanation for this Pt deficiency could be that the

nanoparticles during the high temperature synthesis would tend to lower their surface
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energy. To have the Pt on the surface, the surface energies would be higher since Pt has
higher surface energy than that of either Pd or Co. Another explanation could be that the
sputtering before XPS measurement may have changed the surface compositions. Strong
bombardment of ions may cause ion-assisted mass transport of surface atoms, resulting in
redistribution over the whole particles. Further evidence is needed to elucidate the
surface segregation effects [37, 38].

As potential electrocatalysts for polymer electrolyte fuel cells, the CNT supported
metal nanoparticles were preliminarily studied using cyclic voltammetry. Figure 8 shows
the voltammograms for the PtPt and CoPt; nanoparticles on CNTs. Both nanoparticles
on CNTs showed electrochemical activities in the adsorption/desorption regions.
However, it can be seen that the characteristic peaks for the Pt in the hydrogen
adsorption/desorption region are no longer apparent [39]. The characteristic adsorption
peak at ~0.12 V for the Pt(110) habits and that at ~ 0.25 V for Pt(100) habits did not

show up. This was attributed to the alloying effects of the metallic nanoparticles.

4. Conclusions

A fast evaporation technique was developed to deposit metallic nanoparticles on
multiwalled CNTs. With this technique, we have demonstrated the deposition of PtPd
and CoPt; nanoparticles. These nanoparticles can be deposited on the CNTs with
uniform distributions. It was found that the surfactants that were used to cap the
nanoparticles hindered the nanoparticle deposition on the nanotubes. With washed
nanoparticles, good deposition results were obtained. ~Since this evaporation deposition

process involves physical process only, it was concluded that the application of this
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method is not limited to the nanoparticles demonstrated in this work; other nanoparticles
should also be deposited with this technique. The process does not seem to be limited by
its scale, and large-scale deposition of nanoparticles onto CNTs would be possible. In
addition, this process has the advantages of that the nanoparticle size and number density
on the CNTs can be independently controlled, opening ways of obtaining tailored

nanomaterials.
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(b)
Figure 3. TEM images of the PtPd nanoparticles deposited on CNTs at two nanoparticle

concentrations.



Figure 4. TEM image of sintered PtPd nanoparticles on CNTs heat treated at 300 °C.
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Figure 5. TEM image of the CoPt; nanoparticles deposited on CNTs.
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APPENDIX

Temperature-Induced Restructuring of Pd-Pt Superlattices

Introduction

Engineering of nanoscale materials at the macroscopic level has received
considerable attention due to the difficulty or inability to manipulate the single
microscopic nanoparticles. Self-assembly of nanoparticles into 1D, 2D and 3D
superlattices with various patterns is considered the most effective way to control the
macroscopic morphology and properties of disordered nanoparticle dispersions.
Nanoparticles, usually with sizes ranging from several to tens of nanometers, are
vulnerable to environment fluctuations such as temperature (heat), vibrations and gravity
during their self-assembling process.

In this work, we prepared PtPd superlattices at room temperatures and investigated
the temperature effect on the restructuring of the PtPd superlattices at elevated
temperatures. The PtPd nanoparticles we used were spherical nanoparticles at around 3.5
nm and had a narrow size distribution (x 0.3 nm). The surfactants used to assist
dispersion consisted of oleic acids and oleylamine (1:1, vol.). It was found that the
critical temperature that induced the phase transition of PtPd superlattices from an
ordered state to a disordered state fell into a range of 100 — 110 °C. Meanwhile, proper

selection of a heat treatment temperature could restructure the less-ordered superlattices

into better-ordered ones.
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Experimental Methods
Preparation of PtPd Nanoparticle Superlattices

Synthesis of 3.5 nm PtPd bimetallic nanoparticles was accomplished by a hot
organometallic route as reported in Paper I. The as-prepared PtPd nanoparticles were
washed extensively with ethanol for 5 times to ensure that the organic coating was
removed to the greatest extent. Half of the washed nanoparticles were used and
redispersed in ~11.5 mL hexane and a drop of oleic acid (approx. 10.5 uL) and a drop of
oleylamine (approx. 11.1 uL) were added to the 11.5 mL hexane dispersed PtPd colloidal
nanoparticle suspension. This suspension was agitated in an ultrasonic bath for 5 min and
allowed to stand for 5 min. A drop of the suspension was placed on a carbon-coated TEM
copper grid on a glass slide at room temperature (23 °C), and the same procedure was

repeated for each sample.

Temperature-Induced Structure Change of PtPd Superlattice

The as-prepared PtPd-deposited TEM grids were treated at different temperatures in
a furnace (Lindberg/Blue) under the protection of hydrogen and nitrogen gases with a
flow rate ratio of 1:10. To ensure the same procedures for all samples, after the samples
were loaded into the chamber, they were heated to the preset temperature with the same
time interval (10 min) and remained at that temperature for 30 min. The chamber was
then exposed to open atmosphere and allowed to rapid cooling. The samples inside the
chamber were under Hy/N, atmosphere. The preset temperatures for the heat treatment
were 60 — 130 °C, with an increment of 10 °C and 50 - 250 °C with an increment of 100

°C. After heat treatment, the grids were investigated using TEM and an image that best
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represented the samples was taken. These images were analyzed with respect to the

superlattice structure, and when necessary, Fast Fourier Transform (FFT) of the images

was performed.

Results and Discussions

The TEM images of the as-synthesized PtPd nanoparticles and their size
distribution can be found in Paper II (Figure 1). The 3.5 £ 0.3 nm PtPd nanoparticles are
quite uniform and as can be seen from the TEM images, the particles are mostly spherical.
In this way, the size and shape effects of particles during self-assembly can be excluded.
Figure Al shows the as-obtained PtPd superlattices at room temperature (23 °C). Both 2D
and 3D superlattices are identified in the images. The self-assembly of nanoparticles
assisted with surfactants is a process that monolayer protected nanoparticles organize
themselves under the regulation of van der Waals interactions among alkyl chains. This is
a complex process and is sensitive to changes in the environment; in this work, we tried
to keep the conditions unchanged for the same batch of 23°C self-assembled samples.
However, different self-assembled structures could be found, of which the most obvious
differences were between 2D and 3D superlattices. It was proposed that the 3D

superlattices were formed directly in the colloidal suspension and precipitated to the grids

upon evaporation of solvents. [1] Since we could not control the superlattice formation

precisely, in the analysis, the structures that best represented the changes were chosen.
The TEM images of the heat-treated PtPd superlattices are given in Figure A2. Two

images were taken, with a low magnification image shown on the left (1) and a high
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magnification image on the right (2). The high magnification image represented part of
the left image. In order to clarify the changes, the following definitions are given:

Long range order — If ordered structures or spot patterns can be identified in the low
magnification images, we say that the sample bears a long
range order;

Short range order — If ordered structures or spot patterns can be identified in the
high magnification images, we say that the sample bears a
short range order;

If a sample has long or short range order, we say that the sample is in an ordered

state. Otherwise, we say that the sample is in a disordered state.

In Figure A2 (a-1), after heat treatment, ordered structures can still be found in the
image, with both 2D and 3D superlattices. In the corresponding high magnification image,
monolayers and bilayers of nanoparticles forming ordered superlattices are identified. As
defined previously, we say that the 60 °C heat treated sample bears both long and short
range orders. This statement also holds true for the 70 °C and 80 °C samples. In the 90 °C
sample (d-1, d-2) and 100 °C sample (e-1, e-2), long range orders are found while no
obvious short range orders are identified. In Figure A2 (f-h), both images represent a
disordered state of the nanoparticle assembly. These samples are in a disordered state.

The changes from an ordered state to a disordered state take place somewhere
between 100 and 110 °C. This transition is clearly shown in Figure A3. The same
transition temperature range was reported by Chaki et al [2]. In their work, the transition
temperature for dodecanethiol passivated Au nanoclusters superlattice was investigated

by in situ low-angle XRD, and an irreversible phase transition from an ordered state to a
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disordered state took place in a temperature range of 100-115 °C. Their result was also
confirmed by in situ IR analysis. A simple comparison of their system with the PtPd
superlattice can not clarify the consistence of the two phase transition range. The factors
that can affect the restructuring may include nanoparticle size and shape, types of capping
materials, nanoparticle-capping material interaction, nanoparticle-substrate interactions
and heat treatment. More work needs to be done with regard to this aspect.

Another phenomenon that needs to be addressed is that after proper heat treatment,
the lattice structures of the self-assembly tend to be better-ordered; and as the
temperature increased, phase transition from 3D to 2D superlattice occurred, just like
melting. Figure A4 gives the TEM images of the 50 - 250 °C (increment of 100 °C) heat
treated PtPd superlattices, with both low magnification (left) and high magnification
images (right). Images a-1 & a-2 represent the 23 °C sample, which can be considered as
the original state of the superlattice before heat treatment. It is noticed that pieces of 2D
and 3D superlattices, just like grains with sizes from 150 — 200 nm, exist in the low
magnification image. The lattices are not very clear and the grain boundaries are blurry.
A closer investigation of the lattices and grain boundaries at higher magnification (a-2)
reveals that the nanoparticles self-assembled into distorted hexagons and the grain
boundaries are hard to distinguish. After heat treatment at 50 °C, the sizes of the grains
seem to grow, from 200 to 400 nm, compared with the 23 °C sample. Meanwhile, the
lattice structures are better-ordered and clearer grain boundaries can be seen. As the
temperature was raised to 150 °C, the superlattices melted and the hexagon structures

were destroyed. Sintering of PtPd occurred at 250 °C, which corresponded well with the
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previously observed sintering temperature at above 200 °C for PtPd nanoparticles
supported on carbon nanotubes.

The structures of the restructured superlattices are investigated with Fast Fourier
Transform (FFT). Part of images b-2 in Figure A4 is processed with ImageJ software and
an FFT image is obtained, which is shown in Figure A5. In the FFT image, the vertical
and horizontal lines may arise from the edge effect of the corresponding image and the
clouds near the center may come from the low frequency information in the original
image. Measurement of the spot spacings in the FFT image is achieved using imagel]
software and the ratio of average spot spacings is 1.07:1:1.05 (starting from the vertical
direction, and going counterclockwise). Although the hexagon structures are still
distorted, it can be concluded that after heat treatment at 50 °C, the hexagon structures in
the superlattices become better-ordered than the sample treated at 23 °C. Therefore, if
proper heat treatment temperature is selected, temperature-induced superlattice

restructuring may help produce better-ordered superlattices.
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Conclusions

The effect of temperatures on the PtPd nanoparticle superlattices protected with
oleic acid and oleylamine was demonstrated with the help of TEM analysis. The PtPd
superlattices underwent an irreversible phase transition from an ordered state to a
disordered state upon heated to 100 — 110 °C. Proper selection of temperature for heat
treatment may help obtain better-ordered superlattices. It is also confirmed that PtPd
nanoparticles protected by oleic acid and oleylamine can form hexagon structures when

self-assembling into superlattices.
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b-1 b-2
Figure A2. TEM images of PtPd superlattices upon heat treatment. PtPd superlattices

were treated under different temperatures with the same duration of time; the

temperatures from a-h are 60 — 130 °C with an increment of 10 °C.
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Figure A2. TEM images of PtPd superlattices upon heat treatment. PtPd superlattices
were treated under different temperatures with the same duration of time; the

temperatures from a-h are 60 — 130 °C with an increment of 10 °C. (cont.)
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f-1 £-2

Figure A2. TEM images of PtPd superlattices upon heat treatment. PtPd superlattices

were treated under different temperatures with the same duration of time; the

temperatures from a-h are 60 — 130 °C with an increment of 10 °C. (cont.)
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g-1 g-2

h-1 h-2
Figure A2. TEM images of PtPd superlattices upon heat treatment. PtPd superlattices

were treated under different temperatures with the same duration of time; the

temperatures from a-h are 60 — 130 °C with an increment of 10 °C. (cont.)
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Figure A3. Transition of PtPd superlattices from an ordered structure to a disordered

state upon critical temperature.



b-1 b-2

Figure A4. Temperature-induced restructuring of PtPd superlattices. Sample a is the

sample prepared under room temperature 23 °C. b-d are heat treated samples with

temperatures 50, 150 and 250 °C, respectively.
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d-1 d-2

Figure Ad. Temperature-induced restructuring of PtPd superlattices. Sample a is the
sample prepared under room temperature 23 °C. b-d are heat treated samples with

temperatures 50, 150 and 250 °C, respectively. (cont.)
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Figure A5. TEM images of 50 °C heat treated PtPd superlattices and the FFT image.
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