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Abstract: A general single-step strat-
egy has been developed for the direct
thermal decomposition of noble-metal
salts in octadecylamine to synthesize
octahedron- and rod-shaped noble-
metal aggregates and monodisperse
noble-metal or bimetallic alloy nano-
crystals without introducing any addi-

post-synthesis ~ solid-state  annealing
process. The morphology of the nano-
crystals can be easily controlled by
tuning the synthetic temperature. Their
ability to catalyze heterogeneous
Suzuki coupling reactions has been in-
vestigated and showed satisfactory cat-
alytic activity. The catalytic perfor-

mance of the monometallic and bimet-
allic alloy nanocrystals were also evalu-
ated in the selective hydrogenation of
citral in a conventional organic solvent
(toluene) and a green solvent (super-
critical carbon dioxide, scCO,). Inter-
estingly, the catalysts performed differ-
ently to each other when they were in

tive into the system. It has presented a
facile and economic way to fabricate
these nanocrystals, especially alloy
nanocrystals, which does not require a

Introduction

The development of uniform colloidal metallic nanocrystals
has been intensively explored because of their technological
and fundamental scientific importance.l'”’ Among them,
noble-metal nanocrystals often exhibit wide applications, es-
pecially catalytic properties, including heterogeneous trans-
formations and homogeneous catalysis, which cannot be
achieved by their bulk counterparts.*'*! There have been
numerous types of reactions that have been catalyzed by
using colloidal noble-metal nanocrystals, particularly palladi-
um and platinum, such as oxidations, cross-coupling reac-
tions, electron-transfer reactions, hydrogenations, fuel-cell
reactions, and many others."*?% Also, noble-metal alloy
nanocrystals are of significant interest as electrocatalysts
and selective oxidation and dehydrogenation catalysts.”'*]
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scCO, owing to the different morphol-
ogy, which should be readily optimized
for further use.

On the other hand, noble-metal nanocrystals composed of
multiple elements are of significant interest from both tech-
nological and scientific points of view for improving the ac-
tivity and properties of catalysts.> ¥l However, the synthesis
of homogeneous alloy samples still remains a challenge be-
cause they are, in principle, immiscible and hence phase seg-
regation seems to be unavoidable. It is well known that the
properties of noble-metal nanocrystals strongly depend on
their surface properties.””! The activity and selectivity of
nanoparticles (NPs) can, therefore, be tuned by controlling
the morphology because the exposed surfaces of the parti-
cles have distinct crystallographic planes depending on the
shape.’ Increasingly, the shape, size, composition, and ar-
chitecture are being recognized as important control param-
eters in the tailoring of noble-metal nanostructure systems.

There have been extensive efforts focusing on the devel-
opment of new synthetic methodologies for the synthesis of
noble-metal nanocrystals such as seed-mediated growth,
photochemical reduction, template-directed synthesis, and
electrochemical deposition.’'=¥ Among the various wet-
chemical approaches that have been developed for the prep-
aration of colloidal noble-metal nanocrystals, the reduction
of metal salts is the most common because this method
offers a variety of parameters that can influence the physical
and chemical properties of the resulting materials, and re-
ducing agents such as hydrogen, hydrazine, alcohols, carbon
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monoxide, LiAlH,, NaBH,, or R,N*(Et;BH") have been
used to prepare metal colloids in the nanometer size
range.”* For example, monodisperse gold nanoparticles
were produced by the single-phase reduction of AuPPh;Cl
with an amineborane complex in the presence of an alkyl
thiol."”! Teranishi and Miyake synthesized monodisperse Pd
nanoparticles by heating H,PdCl, at reflux in a mixture of
water and various alcohols in the presence of polyvinylpyr-
rolidone (PVP)."! Hyeon and co-workers synthesized mo-
nodisperse 3.5 nm sized Pd nanoparticles by thermal decom-
position of a Pd-—trioctylphosphine (TOP) complex in
TOP.* However, the use of these additives may introduce
heterogeneous impurities. Although additives can direct the
growth of noble-metal nanocrystals with controlled mor-
phologies and architectures, post-synthetic treatments are
needed to remove any additives from the products, which
might destroy the nanocrystals. Therefore, developing a
facile, general, and inexpensive method to prepare noble-
metal nanoparticles with controlled shape and size still re-
mains a great challenge, which is of interest and importance
for their further applications. Herein, we have developed a
general single-step strategy for the direct thermal decompo-
sition of noble-metal salts in octadecylamine (ODA) to syn-
thesize octahedron- and rod-shaped noble-metal aggregates
and noble-metal or bimetallic nanocrystals, which does not
require any additive in the system. ODA molecules perform
three roles in the reaction, namely, solvent, reductant, and
capping agent. Their ability to catalyze heterogeneous
Suzuki coupling reactions and the hydrogenation of unsatu-
rated organics have also been investigated and show satis-
factory performance.

Results and Discussion
The XRD patterns of the products are shown in Figure 1.

The six samples (Au NPs, Pd NPs, Pt NPs, AuPd alloy NPs,
AuPt alloy NPs, and Pt nanorod aggregates) present similar
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Figure 1. XRD patterns for noble-metal and alloy nanocrystals.
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profiles and no impurities are discernible. Note that no
phase segregation was detected in the alloy samples, but for
the alloy sample (AuPd) synthesized at high temperature,
obvious phase segregation was observed in the XRD pattern
(Figure 2). It can be seen from Figure 1 that the 26 values of
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Figure 2. XRD pattern of the phase-segregated alloy sample (AuPd) syn-
thesized at high temperature.

the XRD signals gradually shift towards higher angles with
increasing the ratio of Au to Pt, which indicates that the lat-
tice constants and cell volumes shrink. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
were applied to study the morphology and size of the prod-
uct obtained by the thermolytic process employed here.
Figure 3 shows the TEM images of noble-metal and noble-
metal alloy nanocrystals, from which we can see that Au,
Pd, Pt, AuPd alloy and AuPt alloy are monodisperse NPs,
with an average size of 7.0nm. The high-temperature
(330°C) thermolytic products of H,PtCls:6H,0O are monodis-
perse nanorod aggregates that are built up from uniform
nanorods with diameters of 6.0 nm and lengths of 40 nm. A
typical individual Pt nanorod aggregate with a diameter of
80 nm is shown in Figure 4f, and is composed of several
hundreds of nanorods. From their HRTEM images
(Figure 4), it can be clearly seen that these nanoparticles are
well crystallized and have a typically octahedral structure
with the (111) planes exposed outside. The clear lattice
fringes with an interplanar distance ranging from 2.3 to
22 A is a characteristic fringe spacing of the cubic crystal
phase in the (111) plane. The HRTEM image taken from a
single rod (Figure 4 f, inset) shows that the nanorod is struc-
turally uniform with a clearly resolved interplanar spacing
of about 2.2 A, which can be indexed to the (111) planes,
and that the axis of the nanorod is along the [100] direction.

Based on the above experimental results, the growth
mechanism and relationship between the reaction conditions
and the morphology and size of final products can be con-
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Figure 3. TEM images for noble-metal and alloy nanocrystals: a) Au NPs,
b) Pd NPs, c) Pt NPs, d) AuPd alloy NPs, ¢) AuPt alloy NPs, and f) Pt
nanorod aggregates.

cluded. It is reported that there are two critical factors re-
sponsible for the determination of the morphology of the
nanocrystals, that is, the nucleation process and the subse-
quent growth stage. In the nucleation process, uniform
noble-metal nuclei and their alloy nuclei form when the re-
actants are placed into hot octadecylamine and the crystal-
line phase of the seeds is very important for directing the in-
trinsic morphology of nanocrystals. In the growth stage, the
delicate control of the growth conditions can govern the
final architecture of the nanocrystals. Octahedron- and rod-
shaped noble-metal aggregates and their alloy nanocrystals
can be obtained through the change of the growth tempera-
ture. Surface-energy and kinetic considerations are taken
into account to understand the formation mechanisms of the
single-crystalline noble-metal and their alloy nanocrystals
with varying shapes. The solvent molecules, ODA, are found
to alter the surface energies of metal facets in the order
{100} > {110} > {111} under the growth conditions, whereas
the growth kinetics leads to the formation of thermodynami-
cally less favored shapes that are not bound by the most
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Figure 4. HRTEM images for noble-metal and alloy nanocrystals: a) Au
NPs, b) Pd NPs, c) Pt NPs, d) AuPd alloy NPs, e¢) AuPt alloy NPs, and f)
Pt nanorod aggregates.

stable facets. This result is consistent with those of reports
that adsorbates (including surfactants, polymers, small mole-
cules, and atomic adsorbates) can selectively interact with
different metal crystal facets and alter their surface energies
in the order y{111} < {100} < y{110} in a solution-phase syn-
thesis. Therefore, octahedral nanocrystals are formed when
the capping of ODA on {111} facets dominates. While at
higher temperature, the system will have sufficient thermal
energy. The solvent molecules move so fast that the interac-
tion between ODA and the nuclei become weak, which
leads to a high concentration of the free nuclei. According
to the theory proposed by Peng et al., the high monomer
concentration is beneficial for the formation of elongated
nanocrystals.*l As a result, the environment with a higher
chemical potential accelerated the oriented growth, leading
to the formation of 1D Pt nanorods. In addition, the as-syn-
thesized Pt nanorods possessed high surface energy and
were unstable in such high-temperature systems. Driven by
minimization of the energy of the system, the nanorods
came together to form nanorod aggregates.
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In a further set of experi-
ments, the Suzuki cross-cou-
pling reaction of benzene ha-
lides and phenylboronic acid
was selected as a test reaction
by using Pd NPs as the catalyst
(3mol%) in ethanol under
reflux conditions. As an exam-
ple reaction, the addition of | |
phenylboronic acid to a mix-
ture of iodobenzene, potassium
phosphate, and the Pd NPs in
ethanol provided biphenyl
products in an almost quantita-
tive conversion after 5 h under
reflux conditions. When phen-
ylbromides were used as the
reactant instead of iodoben-
zene, five times more Pd NP
catalyst was required to
achieve a similar yield. The re-
action with chlorobenzene did
not proceed, showing that the
Pd NPs are not active enough
to catalyze the reaction. The
as-synthesized Pd NPs also
show high catalytic activity in the reaction between benzene
diiodide and thiophene diiodide with phenylboronic acid.
Table 1 shows the conversion for the reaction of various
benzene halides and phenylboronic acid when using the Pd
NPs. The high catalytic activity may be attributed to the
high surface area of the small-size nanocrystals and their
good monodispersion.

The catalytic performances of the mono- and bimetallic
alloy nanocrystals were also evaluated in the selective hy-
drogenation of citral in a conventional organic solvent (tolu-
ene) and in supercritical carbon dioxide (scCO,). Selective
hydrogenation of citral is an important reaction in the
flavor, fragrance, and pharmaceutical industries.*”! The reac-
tion pathways of the hydrogenation of citral are complicat-
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Table 1. Results from the Suzuki cross-coupling reactions for various substrates.
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Scheme 1. The hydrogenation of citral.

ed, giving various products such as citronellal, citronellol,
geraniol, nerol, menthol, and others through hydrogenation
reactions of the C=C and C=0O bonds involved (Scheme 1).
It is, therefore, important to control the product selectivity
as well as the overall conversion in the citral hydrogenation,
and thus it was selected as a model reaction for testing the
performance of catalysts.’” The results of hydrogenation re-
actions are presented in Table 2.

When the reaction took place in the conventional solvent
toluene, the conversion of citral over the Pt NPs was 44 %,
whereas it was two times that conversion over the Pt nano-
rod aggregates (89%). It indicated that the morphology of
the catalysts have a great effect on the catalytic perfor-
mance. Compared with the monometallic Pt NPs that have
a similar size, the conversion
was dramatically increased
over the bimetallic AuPt alloy

Entry Benzene halides Time [h] Product

Conversion [%] ~ NPs, which maybe attributed
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to the electronic and geometric
effect as reported in the litera-

99 .
ture.’* The selectivity to un-
saturated alcohols (G and N)

0% was very low (4%) over the
monometallic Pt (NPs and
nanorod aggregates). However,

o it increased up to 35% over

the bimetallic AuPt alloy,
which is larger by a factor of
eight relative to the monome-
tallic Pt. The presence of Au
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Table 2. Hydrogenation of citral over monometallic (Pt) and alloy (AuPt) nanocrystals.!
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Experimental Section

Entry Catalysts Conversion [%] Selectivity [%]

DCAL CAL IOL DCoL COL GandN  General methods and materials:
Toluene!® HAuCl,4H,0, PdCl,, and
1 Pt NPs 44 7 43 18 4 24 4 H,PtCl¢-6H,0O were purchased from
2 Pt nanorods 89 16 26 14 16 23 4 Sinopharm Chemical Reagents. ODA
3 AuPt NPs 55 3 29 7 3 23 35 (>90%) was obtained from Aldrich.
scCO, All other reagents were used without

4 Pt NPs ]2 13 39 10 8 28 4 further purification.
5 Pt nanorods 79 12 28 12 11 31 7 X-ray powder diffraction patterns of
6 AuPt NPs 46 2 18 3 12 0 59 the samples were collected on a

- —

of the C=0 bond. It was reported that nanoparticulate Au
was intrinsically selective to unsaturated alcohols when it
was used to catalyze the hydrogenation of unsaturated alde-
hydes, for example, 95% of the selectivity to G and N was
obtained over Au/Fe,0; in ethanol for the hydrogenation of
citral."

Interestingly, it was found that different catalytic perfor-
mance appeared in scCO, over the same catalysts. It can be
seen that the conversions of citral over Pt NPs and Pt nano-
rod aggregate catalysts were similar, about 80% (Table 2,
entries 4 and 5), and the conversion over the AuPt alloy
NPs (46 %) was much lower than that over the monometal-
lic Pt NPs under the same condition used. The selectivity to
unsaturated alcohols (G and N) was 4 and 7% for the mo-
nometallic Pt NPs and nanorod aggregates, respectively. It
sharply increased up to 56 % for the AuPt alloy NPs, which
was much larger than in toluene. This indicates that com-
pared with the conventional organic solvent toluene, the ac-
tivity in the green solvent scCO, was much higher owing to
the high mass-transfer rate and complete miscibility with the
reactants (H, and citral),”” because half the quantity of the
catalyst was used in scCO,. The interaction between molecu-
lar CO, with C=0 in citral was responsible for the higher se-
lectivity to G and N in scCO, as reported in our previous
work [+

Conclusion

In summary, a general single-step strategy for the direct
thermal decomposition of noble-metal salt in octadecyl-
amine to synthesize various noble-metal or bimetallic alloy
nanocrystals has been described. It presented a facile and
economic way to fabricate such nanocrystals with different
morphologies, which does not require a post-synthesis solid-
state annealing process or the addition of any additive.
Their ability to catalyze heterogeneous Suzuki coupling re-
actions and the hydrogenation of unsaturated organics has
been investigated and showed satisfactory catalytic activity.
Through morphology control and surface modification, the
catalytic properties of these monodisperse nanocrystals
should be readily optimized for further use.

Chem. Eur. J. 2010, 16, 6251 -6256

a] Reaction conditions: citral (2 mmol), H, (3 MPa), 80°C, 4 h. The quantity of the catalysts in toluene was
wo times higher than in scCO,. [b] Toluene (5 mL), catalyst (10 mg). [c] CO, (8 MPa), catalyst (5 mg).
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Rigaku D,,,, 2000 X-ray diffractome-
ter with Cug, radiation (1=
0.154178 nm) with 26 ranging from
30 to 70°. TEM images, HRTEM
images and selected area electron dif-
fraction (SAED) patterns were obtained on a JEOL JEM-2100 field-
emission microscope with an accelerating voltage of 200 kV.

Synthesis: In a typical synthesis of monodisperse Au NPs (7.0 nm),
HAuCl;+4H,0 (1 mmol) was added to hot ODA (13.5g, 10 mmol) at
180°C in the three-necked flask. This temperature was maintained for
1 h under magnetic stirring for further growth and crystallization before
being cooled to 50°C. Excess ethanol was added to precipitate the Au
NPs, which were washed with hexane and ethanol several times. The Au
NPs could be redispersed in many organic solvents such as hexane, tolu-
ene, and chloroform.

When PdCl, or H,PtClge6H,O (1 mmol) was introduced in the reaction
instead of HAuCl,+4H,O, Pd and Pt NPs were obtained. The synthetic
procedure for the synthesis of AuPd and AuPt alloys was very similar to
that of Au, Pd, and Pt NPs, but HAuCl,-4H,0 (0.5 mmol), PdCl,
(0.5 mmol), HAuCl,-4H,O (0.5 mmol), or H,PtCl-6H,0O (0.5 mmol) were
used. Pt nanorod aggregates were obtained when the reaction tempera-
ture was 330°C.

Catalytic performance: The catalytic performance of the noble-metal
nanocrystals and alloys were tested for the selective hydrogenation of
citral. The reaction was carried out in a stainless-steel batch reactor
(50 cm®). The desired amounts of citral and the catalysts were added into
the reactor, which was then sealed and flushed with N, more than three
times. The reactor was heated to 80°C and first H, (3 MPa) and then
CO, (8MPa) were added with a high-pressure liquid pump. The reaction
was started with continuous agitation. At the end of reaction, the reactor
was cooled to room temperature and the gases (H, and/or CO,) were
vented. Finally, the reaction mixture was extracted with n-hexane. The re-
sulting solutions were analyzed with gas chromatography (GC-Shimadza-
14C, FID; capillary column Rtx-Wax 30 mx0.53 mmx0.25 mm) and gas
GC-MS (Agilent 5890). For the reaction runs in toluene, the same proce-
dure was used except for the introduction of CO,.
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