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Polyol Synthesis of Platinum Nanostructures:
Control of Morphology through the Manipulation
of Reduction Kinetics**

Jingyi Chen, Thurston Herricks, and Younan Xia*

A great deal of effort has been directed towards the synthesis
of nanostructures that have well-controlled morphology.™ It
is generally accepted that the morphology (including dimen-
sionality and shape) of a nanostructure may allow tuning that
is as powerful as tuning with size for tailoring the electronic,
optical, magnetic, and catalytic properties of a functional
material. Herein we report a case study in which the
morphology of Pt nanostructures could be readily controlled
by manipulating the reduction kinetics of a polyol synthesis.
More specifically, Pt nanostructures in the form of spheres,
star-shaped particles, branched multipods, and uniform nano-
wires have been successfully synthesized by coupling the
polyol reduction of a platinum precursor with the Fe'/Fe™
redox pair and the adsorption of oxygen and nitrogen gases.

Platinum plays an important role in many industrial
applications.’!. For example, it serves as a catalyst in the
reduction of pollutant gases emitted from automobiles, the
synthesis of nitric acid, oil cracking, and proton-exchange
membrane (PEM) fuel cells.”) All of these applications
require the use of Pt as fine particles. It has also been
established that both the reactivity and selectivity of Pt
nanostructures in a catalytic reaction are highly dependent on
the morphology and therefore on the crystallographic planes
exposed on the surface of the nanoparticles.

For these reasons, much effort has been devoted to the
production of Pt nanostructures with monodispersed sizes
and well-defined morphologies. Most of these studies, how-
ever, have been limited to Pt nanoparticles that could be
easily synthesized by using a variety of chemical methods.! In
general, such a synthesis involves the reduction of a Pt" or Pt"
precursor in the presence of a polymeric stabilizer by using
reducing agents such as alcohol, sodium borohydride, or
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hydrogen gas. While the resultant nanoparticles may be
considered monodisperse in size, they are often spherical or
lack well-defined facets. The formation of well-faceted nano-
particles has only been demonstrated in a limited number of
examples in which hydrogen gas was used as the reducing
agent and sodium polyacrylate as the stabilizer.!! Another
chemical method of generating faceted Pt nanoparticles is
based on the reduction of a Pt" precursor with sodium
borohydride in water at 0 °C, followed by phase transfer of the
reduced species to an organic solvent. The mechanism
responsible for the formation of these faceted nanoparticles
has yet to be elucidated. In a different approach, nanorods
and nanotubes of polycrystalline Pt have been fabricated by
templating against channels in porous materials,® as well as
Ag or Se nanowires.” Kijima et al. have also demonstrated
the synthesis of Pt nanotubes by employing self-assembled
structures of surfactants as the template.'” Although tem-
plate-based syntheses have proven to be straightforward and
versatile, they are restricted by a number of drawbacks that
include the requirement of template removal to obtain a pure
product, the limited scope of morphological variation, and the
polycrystallinity often associated with the product.

In a recent study,"!! we discovered that the addition of a
trace amount of iron species (Fe" or Fe™) to a polyol process
could significantly alter the growth kinetics of Pt nano-
structures and thus induce the formation of Pt nanowires.
These nanowires are characterized by uniform diameters and
relatively high aspect ratios. Herein we demonstrate that the
reduction kinetics can be further manipulated to obtain
several other morphologies such as branched multipods. On
the basis of our results from UV/Vis and X-ray photoelectron
spectroscopy (XPS), we believe that the reduction of a PtV
precursor with polyol proceeds through two steps and
involves a Pt" intermediate (Figure 1).

After the reaction had proceeded in air at 110°C for 1.5 h,
all of the Pt" precursor was converted into a Pt" species.
When cooled down to room temperature and stored in a vial
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Figure 1. Four different ways to control the kinetics of polyol reduction
and the corresponding morphologies observed for the Pt nanostruc-
tures. As the same amount of PVP was present in all four illustrated
syntheses, the striking difference in morphology was not caused by
PVP concentration. We believe that the PVP molecules in these synthe-
ses only function as a stabilizer to prevent the resultant nanoparticles
from aggregating into larger structures.
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under ambient conditions, the Pt intermediate could be left
for more than one month without being further reduced to
Pt’. However, if the reaction was allowed to continue in air at
110°C, the Pt" species was fully reduced to produce spherical
Pt nanoparticles of about 5-nm diameter within 1 h. In such a
case, the reduction of the Pt" species was greatly accelerated
by an autocatalytic process once some Pt nuclei had formed in
solution."” When this process was carried out under nitrogen
atmosphere, the reduction of Pt"" species to Pt” became faster
than in air, and spherical nanoparticles (Figure 1A) were
formed in the solution within 30 min. This observation implies
that the adsorption of oxygen from air onto the surface of Pt
nuclei was able to slow down the autocatalytic reduction of
the Pt"" species.™ Although the presence of oxygen could
slow down this process, the reduction was still too fast to
induce the formation of structures that deviated from the
equilibrium shape.**

In contrast, the reduction of the Pt" species could be
retarded when an Fe" or Fe'" species was introduced into the
reaction mixture. In this case, Fe ions oxidized both Pt atoms
and nuclei back to Pt" species and thus significantly decreased
the supersaturation of the Pt atoms (see Supporting Informa-
tion). As the resultant Fe" ions could be recycled back to Fe'™
ions by aerial oxygen, only a small amount of Fe™ was needed
in this synthesis. For the same reason, both Fe" and Fe™ ions
have the same function in controlling the reduction kinetics.
The present work suggests that oxygen can slow down the
growth through both surface adsorption and etching mecha-
nisms when coupled with the Fe'/Fe™ species. In general, it is
hard to single out which mechanism is the dominant because
both retardation effects have a strong dependence on the
concentrations of oxygen and the Fe'/Fe'" species. By taking
advantage of these two mechanisms, the rate of reduction of
the Pt" species could be regulated; a range of products from A
to E can be formed, with a slower reduction favoring the
formation of E and a faster reduction favoring the formation
of A. In general, as the reduction became slower, the growth
of [111] planes increased, thus leading to the formation of
highly anisotropic (branched and then 1D) nanostructures.

Figure 1 summarizes the major products that were
observed when trace amounts of Fe" or Fe™™ species (with a
final concentration of 50 um) and/or nitrogen were introduced
into the reaction system after the formation of the Pt" species.
Depending on whether the reaction was allowed to continue
in air or under nitrogen, the Pt nanostructures were found to
display different morphologies. Under a nitrogen atmosphere,
star-shaped nanoparticles (Figure 1B) were produced over a
period of 1 h, while in air the reaction proceeded at a much
slower rate and the nanostructures became more branched
and subsequently assembled into submicrometer-sized
agglomerates (Figure 1 C). Towards the end of this reaction,
the Pt" species were reduced at an extremely slow rate to
generate uniform Pt nanowires (Figure 1E) on the surface of
each agglomerate. However, when nitrogen was applied, the
reduction rate slightly increased and resulted in the formation
of multipods with highly branched structures (Figure 1D).

It is worth noting that the mechanism involved in the
present work seems to be different from the model developed
by Peng for CdSe nanostructures.™! Highly anisotropic
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(branched and 1D) CdSe nanostructures were obtained at
high monomer concentrations—and thus high reduction rates
and supersaturations—and spherical CdSe nanoparticles were
formed at low monomer concentrations.l'”. The trend that
Peng observed for CdSe nanostructures is exactly the
opposite of the trend we have observed as we found that
highly anisotropic Pt nanostructures were only formed at
extremely low supersaturations. If the reduction proceeded
too quickly and hence the supersatuation was too high, only
isotropic, spherical Pt nanoparticles were produced.

Figure 2 shows TEM and SEM images of the Pt nano-
structures that correspond to the products illustrated in
Figure 1. Consistent with the schematic drawing, the products
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Figure 2. TEM (A-D) and SEM (E, F) images of Pt nanostructures that
have been obtained by controlling the reduction rate of a polyol pro-
cess. The products correspond to the morphology labeled A to E in
Figure 1. The inset of (D) shows a typical electron-diffraction pattern
of the branched nanostructures; F) enlarged section of the SEM image
shown in (E) of the nanowires grown at the surface layer.

display a number of distinct morphologies depending on the
experimental conditions. Figure 2 A shows a TEM image of
the Pt nanoparticles when the reduction of the Pt" inter-
mediate was performed under nitrogen in the absence of an
Fe™ or Fe™ species. The nanoparticles were roughly spherical
in shape, with a mean diameter of about 5 nm. Note that the
spherical shape is what we expect for a face-centered cubic
metal formed under thermodynamic control.!"”

Figure 2B shows a TEM image of the Pt nanoparticles
that were obtained under conditions similar to those used in
Figure 2 A, except that 50 um Fe" or Fe™ species had been
added. In this case, the particles are larger and start to branch
into a star shape. Figure 2 C shows a TEM image of a sample
that was obtained by reducing the Pt" intermediate in air for
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10 h. Due to the presence of oxygen, the reduction was much
slower (relative to the reaction that resulted in particles of
Figure 2B) and the product became more highly branched
and eventually entangled into large agglomerates. Figure 2D
shows a TEM image of the product that was obtained when
the Pt" intermediate was heated in air for 10 h, followed by
the introduction of nitrogen for 1h. The resultant nano-
structures branch out to generate multipods with a diameter
of around 50 nm. The inset shows a typical electron diffrac-
tion pattern recorded from an ensemble of such highly
branched nanostructures which confirms that they are com-
posed of pure face-centered cubic Pt.

Figure 2E shows an SEM image of the Pt structures when
the iron-mediated reduction was carried out in air. Similar to
that seen in a previous study,'" the final product contained
micrometer-scale agglomerates of Pt nanoparticles with their
surfaces covered by a dense array of uniform nanowires.
These agglomerates could further fuse into larger structures.
Figure 2 F gives a magnified view of the portion indicated by a
box in Figure 2 E. It is clear that the as-synthesized nanowires
were monodisperse in size distribution and their averaged
diameter was around 5nm. Because the nanowires were
loosely attached to the surface of each agglomerate, they
could be readily released by brief sonication without breaking
the agglomerates. As we have demonstrated before, the
released nanowires could be recovered by centrifugation and
then dispersed in ethanol or water without introducing
additional surfactants.!""

Figure 3 A-C show TEM images of a Pt multipod that
were recorded by tilting the sample at different angles relative
to the electron beam. The arrow in Figure 3 A indicates the
axis against which the TEM grid was rotated by either —45°
(Figure 3B) or +45° (Figure 3C). From the images, we
conclude that this Pt nanostructure is a tetrapod, with four
“arms” of roughly equal length. Figure 3D shows a typical
high-resolution (HR)TEM image of the end of an arm that

10 nm

Figure 3. TEM images of a Pt tetrapod tilted at different angles to the
axis indicated as an arrow: A) 0°, B) —45°, and C) 45°. The sample was
taken from the product shown in Figure 1C. D) HRTEM image of one
of the ends of this Pt tetrapod, which indicates that each arm was a
single crystal with its growth direction along the (111) axis.
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reveals its single-crystalline structure and the (111) growth
direction for each arm. The lattice spacing between the [111]
planes, 0.23 nm, is consistent with that of the bulk crystal. In
the current stage of development, the final product of each
synthesis is usually a mixture of multipods that contain
between two to six arms. Some of these products were single
crystals and others contained twin defects.

Figure 4 compares two types of four-armed nanostruc-
tures that we have observed: the first type is a tetrapod with a
tetrahedral configuration (Figure 4 A) whereas the second

Figure 4. TEM and HRTEM images of two types of four-armed Pt
nanostructures with different configurations: A), B) tetrahedral; C),

D) square-planar. The HRTEM images indicate that all the arms grew
along the (111) direction. While the square-planar structure has a twin
plane in the middle, the tetrahedral structure is a single crystal
because all four arms display the same fringe spacing and orientation.

has a square-planar structure (Figure 4C). Their HRTEM
images (Figure 4B and 4D, respectively) clearly indicate that
the tetrapod is a single crystal and the square-planar structure
has a twin plane in the middle of the nanostructure. As a
result of this structural difference, the angles between
adjacent arms are also substantially different. For the
tetrahedral configuration, we believe that there was only
one single-crystal seed involved and the four arms simply
grew out of different sites (four of the eight corners) of the
seed.

In summary, we have demonstrated that Pt nanostructures
with four different morphologies could be synthesized by
controlling the reduction kinetics of a polyol process. The
presence of both iron species and oxygen (or air) was found to
be critical to the control of the reduction kinetics and hence
morphology. Depending on the way the Fe/Fe™ redox pair
and oxygen (from air) were supplied to the reaction system, Pt
nanostructures in the form of spheres, star-shaped particles,
branched multipods, and nanowires could be obtained as the
major product for each run of synthesis. Although the strategy
described here may resemble what has been widely explored
in the general area of biomineralization,'”! the exact
approaches are very different. In biomineralization, a biopo-
lymer is used to mediate the diffusion rate of reactive species
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toward the surface of nuclei and thus to control the
morphology. In the approach presented here, the growth of
nuclei is retarded by blocking their surface with oxygen and/
or by facilitating the dissolution of atoms from the nuclei. The
net results of these two different approaches are the same: a
reduction in supersaturation and the induction of morphol-
ogies that deviate from those favored thermodynamically.'®!

Although the reduction kinetics could also be controlled
by varying other experimental conditions such as temper-
ature, it seems that the introduction of Fe"/Fe! redox species
and oxygen was the most convenient and versatile variable.
For instance, we have also performed the synthesis at 100, 80,
and 50°C. While the reduction became notably slower at both
100 and 80°C, it was still too fast to generate Pt nano-
structures other than spherical particles. At 50°C, the
reduction of Pt" species ceased and no Pt’ species were
observed after several days. We expected that these results
will open the door to a systematic study on the control of
shape and thus properties associated with metal nanostruc-
tures.

Experimental Section

In a typical synthesis, ethylene glycol (EG, J. T. Baker; 4 mL) was
placed in a three-neck flask equipped with a reflux condenser and a
magnetic stirring bar embedded in PYREX glass and heated in air at
110°C for 1h to remove any trace water. Hexachloroplatinic acid
(H,PtClg, 0.033 g; Aldrich) and poly(vinyl pyrrolidone) (PVP, My, =
55000, 0.045 g; Aldrich) were dissolved separately in ethylene glycol
(2 mL) at room temperature. The molar ratio between H,PtCl; and
the repeating unit of PVP was controlled at 1:5. These two EG
solutions were then added dropwise simultaneously to the reaction
flask within 1.5 min. The reaction mixture was heated at 110°C in air
for 1.5 h. The solution turned from golden orange to green—yellow,
indicating the formation of Pt" species as the intermediate. The
reaction mixture was then heated in a nitrogen atmosphere and
turned brown and finally dark brown in 1h. For iron-mediated
synthesis, the iron species (20 uL of 20 mm of FeCl; or FeCl,
predissolved in EG; Aldrich) was introduced into the system after
the reaction had proceeded in air at 110°C for 1.5 h (or when the
solution turned green-yellow). The resulting solution was colorless
and a black precipitate settled at the bottom of the flask. When a
nitrogen atmosphere was present for different periods of time during
the iron-mediated reduction, products with different morphologies
were obtained: 1) starlike nanoparticles were formed when a nitrogen
atmosphere was supplied immediately after the formation of Pt!
species; 2) branched nanostructures were produced when a nitrogen
atmosphere was supplied after the Pt"! species had been left in air and
at 110°C for 10 h. In general, the longer the Pt" species were kept in
air before application of nitrogen, the more the final product would
agglomerate. In the last step, the product was collected by centrifu-
gation, washed with ethanol several times to remove ethylene glycol
and excess PVP, and characterized by SEM, TEM, and HRTEM. The
SEM images were taken by using a field emission microscope (FEI,
Sirion XL) operated at an accelerating voltage of 10-20 kV. The TEM
images and diffraction patterns were obtained with a JEOL micro-
scope (1200EX II) operated at 80 kV. The HRTEM images were
captured on a Tecnai G? F20 operated at 200 kV.
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