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We report a one-pot solution-phase synthesis of Pt nanocubes and nanopods by adjusting the
reaction time between 1 and 15 min. The nanocubes were synthesized in 1 min by controlled burst
nucleation of Pt in the presence of low boiling point solvents hexane and acetone, while nanopods
were obtained in 15 min via the secondary growth of polyhedral particles on the vertices of the
existing Pt nanocubes in the presence of N-methylpyrrolidone. The Pt nanostructures were
characterized by transmission electron microscopy, powder X-ray diffraction, and cyclic voltam-
metry. The nanocubes are dominated by (100) facets while the nanopods have more (111) character.
The burst nucleation and secondary growth mediated by hexane/acetone and N-methylpyrrolidone
may lead to new, or more easily synthesized, morphologies of Pt and other transition metal
nanostructures.

Introduction

Synthesis of Pt nanoparticles (NPs) with controlled size
and morphology has drawn enormous interest because
their catalytic activity toward reactions key to chemical
energy conversion, including methanol or carbon mon-
oxide oxidation1 and oxygen reduction,2,3 is oftenNP size
and shape dependent. Given the ever increasing demand
on Pt usage and limited Pt reserves, one of the necessary
approaches to future sustainability of Pt catalysis lies in
decreasing the catalyst’s Pt loading through efficiency
(i.e., activity) increases.4-6 One way forward is through
shape control of Pt NPs, as catalysis kinetics can be
controlled and optimized via the faceted nanocrystals.7,8

Great efforts have been made in synthesizing and under-
standing growthmechanisms of PtNPs of variousmorpho-
logies in the hopes of enhancing their catalytic effective-
ness. Studies of PtNP growth via Pt deposition on existing
Pt NPs have indicated that growth usually occurs on
Pt(111) crystal facets to yield (100)-dominated NPs but
depends primarily on the presence of a capping ligand.9

This preferential growth on Pt(111) is also seen in the

synthesis of Pt nanocubes where Pt nuclei, formed initi-
ally as octopods, grew into cubes.10,11 Alternatively, the
shape of the Pt NPs can be controlled either by trace
amounts of an iron species and oxygen to retard the
reduction of Pt2þ to Pt0 in the polyol synthesis12 or by
adding a small amount of Fe(CO)5 to mediate the Pt
nucleation and growth into cubes.7 Moreover, silver has
been shown to induce particle nucleation and to control
the face on which Pt deposits to achieve cubes, cubocta-
hedra, octahedra, and multipods.13,14 In these syntheses,
reactant concentration and reaction time are the common
variables applied to achieve Pt NP shape control. Further
catalytic studies on oxygen reduction in H2SO4 showed
that the 7 nm Pt nanocubes having primarily Pt(100)
facets were more active than 3 nm polyhedral and 5 nm
cuboctahedral NPs, indicating the dominant effect of
particle morphology over particle size.7

Here, we report a new procedure leading to Pt nano-
cubes and nanopods via burst nucleation followed by
controlled growth of Pt. Burst nucleation causes the
formation of nuclei from a supersaturated solution of
monomers.15,16 The initial nucleation event reduces the
local concentration of monomers in the solution below
supersaturation, prohibiting more nuclei from forming.17

Then, the nuclei undergo diffusional growth as monomers
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from the surrounding solution attach to them.17 Such
monomer attachment/diffusional growth often follows
standard crystal growth models. This two stage nuclea-
tion-growth model has been theoretically shown to
produce spherical NPs.18-25 Recent work by Gorshkov
et al. simulated the evolution of face-centered cubic (fcc)-
structured nuclei into shaped NPs and confirmed what
had been previously observed experimentally about pre-
ferential Pt addition on (100) faces to yield (111) domi-
nated Pt NPs.26 Experimentally, burst nucleation has
produced catalytically active, monodispersed Au, Pd,
and Ni NPs between 2 and 10 nm sizes.27-30 In these
instances, the burst nucleation was triggered by borane
reduction of metal precursors, leading to polyhedral NPs
surrounded by low energy (111) facets.31-33

In our synthesis, the burst nucleation was initiated by
fast reduction of Pt(acac)2 (acac=acetylacetonate) with
a morpholine borane (MB) complex in the presence of
N-methyl-2-pyrrolidone (MP), hexane, and acetone. Oley-
lamine (OAm) served both as solvent and surfactant. The
synthesis yielded 10-12 nm Pt nanocubes in just 1 min.
Longer reaction time promoted further nucleation and
growth of Pt on the corners of the existing Pt nanocubes,
producing Pt nanopods. The proposed pathway leading
to cubic and pod shapes was confirmed by transmission
electron microscopy (TEM) analyses of the NP samples
obtained from various stages of the synthesis. Both the Pt
nanocube and pod surfaces were differentiated using
standard cyclic voltammetry (CV).

Experimental Section

Nanoparticle synthesis was performed in a standard airless

Schlenk line setup and using commercially available reagents.

Oleylamine (OAm;>70%), morpholine borane (MB; 95%),N-

methyl-2-pyrrolidone (MP; 99.5%), and Pt(acac)2 (acac=acet-

ylacetonate; 97%) were purchased from Sigma Aldrich. Hex-

anes and acetone were purchased fromMallinckrodt Baker, Inc.

Samples for TEM analysis were prepared by depositing one

drop of diluted NP dispersion in hexane on amorphous carbon

coated copper grids. Images were obtained by a Philips EM 420

(120 kV). High resolution transmission electron microscopy

(HRTEM) images were obtained on a JEOL 2010 TEM (200 kV).

X-ray diffraction (XRD) patterns were obtained on a Bruker

AXS D8-Advanced diffractometer with Cu KR radiation

(λ=1.5418 Å). Electrochemical measurements were performed

on a Pine Electrochemical Analyzer, Model 701A, ALS/[H] CH

Instrument by a typical, rotating disk electrode CV technique.

In a typical synthesis, 1 mmol of MB was dissolved in 16 mL

of OAm at room temperature. The solution was stirred vigor-

ously by amagnetic stirrer andheated at 3 �C/min to 50 �Cunder

nitrogen flow. Once theMBwas dissolved around this tempera-

ture, the stirring was stopped to maximize micelle forma-

tion.34,35 The reaction solution was heated to 120 �C, and a

solution of 0.075 mmol of Pt(acac)2 in 2 mL of OAm, 1 mL of

MP, 1 mL of hexane, and 1 mL of acetone prepared at room

temperature was injected at this temperature. The reaction

solution changed from colorless to yellow. Just after the injec-

tion, the solution temperature dropped to 115-117 �C but

climbed back to 120 �C after 1 min when the solution became

brown. The solution continuously darkened to deeper brown over

the next several minutes. To isolate Pt nanocubes, the reaction

mixturewas quenched using an icewater bath exactly 1min after

injection of the Pt precursor solution. Otherwise, Pt nanopods

were isolated after 15 min. The reaction mixture was cooled

down to room temperature, and 45 mL of ethanol was added.

The resultant brown mixture was centrifuged at 8000 rpm. The

supernatant was discarded, and the solid product was collected

and redispersed in hexane. One milliliter aliquots were taken by

a syringe through a rubber septum into the reaction flask

(the syringe was prepurged with nitrogen). These extractions

were worked up with the same ethanol/centrifugation technique

but on a smaller scale.

For electrochemical measurements, the Pt NPs were dis-

persed in hexane and then mixed with Ketjan Black carbon

support with mass equal to the NPs. The suspension was

sonicated for an hour to ensure theNP attachment to the carbon

supports. The NP-carbon mixture was treated with glacial

acetic acid at 75 �C for 6 h to remove surfactants from the

particles. The suspension was centrifuged, and the NPs on

carbon support were resuspended in distilled water at a con-

centration of 2 mg PtþC/mL. Twenty microliters of the 2 mg

PtþC/mL aqueous dispersion was deposited onto a polished

rotating disk electrode (RDE). The water was evaporated under

low vacuum conditions; 20 μL of 0.1 M nafion solution was

placed on top of the NP-carbon deposit, and water was

removed. TheRDEwas submerged in a 0.1MHClO4 electrolyte

solutionwith constant nitrogen bubbling. Ag/AgCl and Pt wires

were used as reference and counter electrodes, respectively. The

potential was scanned from -250 to 1000 mV. CV curves were

measured at scan rates of 20 to 50 mV/s to measure hydrogen

(H)-adsorption.36

Results and Discussion

TEM studies were conducted on the products obtained
in the above reaction. Figure 1a is a low-resolution TEM
image of a typical product separated from the reaction
mixture after 1 min. The 10-12 nm NPs are cubelike.
High resolution TEM (HRTEM) studies show that these
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nanocubes have lattice fringes of ∼1.95 Å (Figure 1b),
corresponding to the interplane distance of (100) planes in
fcc-Pt. These analyses indicate that, in the presence of
MP, hexane, and acetone, the reduction of Pt(acac)2 by
MB led to fast nucleation and growth of Pt into cubes.
After this 1 min of fast growth, the nanocubes become
stable and show no further size increase. Instead, new
nucleation and growth is observed after 15min at the cube
vertices, forming “nanopods” (Figure 1c), whose base
nanocubes lie within the 10-12 nm range. HRTEM
images of a typical Pt nanopod (Figure 1d) show the Pt’s
(100) (1.92 Å) that are either parallel or perpendicular to
the (100) of the original seeding cube, indicating that the
secondary Pt grows on (111) planes of the cube. Both Pt
nanocubes and nanopods have the same crystal structure,
as confirmed byX-ray diffraction (XRD) patterns of their
assemblies (Figure S1, Supporting Information).
To study the factors that dominate the Pt growth in the

current synthesis, we performed a series of control experi-
ments by varying the reactants added in the reaction
mixture and analyzed the Pt NP morphology at various
synthetic stages. We found that MP was essential for Pt
salt dissolution, and the presence of low-boiling point
alkane/ketone solvents was vital to shape control. Table 1
summarizes the effect of alkane/ketone on the Pt NP

morphology, and Figure 2 shows TEM images of Pt NPs
obtained from the experiments listed in Table 1. Without
hexane and acetone in the injection solution (entry 1 in
Table 1), Pt nanocubes could not be formed. Instead, the
synthesis yielded spherical (orpolyhedral) PtNPs (Figure2a).
When only hexane or acetone was present in the reaction
solution (entries 2 and3 inTable 1), PtNP size andmorpho-
logywere difficult to control (Figure 2b,c), indicating that
the combination of both hexane and acetone is necessary
to form cubic NPs. In the case that hexane and acetone
were injected in a small amount (0.25mL; entry 4 inTable 1),
Pt NPs with good size distribution were obtained, but Pt
cubic shape was not well developed (Figure 2d). Toomuch
hexane and acetone (each in 2 mL; entry 6 in Table 1) led
to polydisperse and aggregated Pt NPs (Figure 2e). The
presence of other alkanes and ketones (entries 7-9 in

Figure 1. (a, c) Low and (b, d) high resolution TEM images of the 10-12
nm Pt nanocubes (a, b) and nanopods (c, d). White lines indicate lattice
fringe spacing of 1.9 Å. Note that, in (d), the lattice fringes of the arms of
the pods are not parallel to those of the central cube.

Table 1. Control Experiments Performed to Determine the Function of Hexane and Acetone in the Formation of the Pt Nanocubes

expt. no. volume of alkane (mL) volume of acetone or ketone (mL) NP morphology after 1 min reaction (Figure)

1 0 0 monodisperse spherical (polyhedral) NPs (2a)
2 1 0 small random NPs (2b)
3 0 1 large random NPs (2c)
4 0.25 0.25 monodisperse NPs with some cubic character (2d)
5 1 1 cubes (1a)
6 2 2 polydisperse, aggregated NPs (temperature drop to 110 �C) (2e)
7 1 (pentane) 1 cubelike NPs (2f)
8 1 (pentane) 1 polydisperse cubes (2g)
9 1 1 (3-pentanone) cubelike NPs (2h)

Figure 2. TEMimagesof the PtNPsobtained fromthe experiments (a) 1,
(b) 2, (c) 3, (d) 4, (e) 6, (f) 7, (g) 8, and (h) 9 in Table 1. All scale bars have
been adjusted to 20 nm for easy comparison.
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Table 1) can also be used to make Pt with controlled
shapes, although these Pt NPs had wider shape and size
distributions (Figure 2f-h).
The unique shape control of Pt NPs in the current

synthesis is apparently achieved using the low-boiling-
point alkane and ketone solvents. When hexane and
acetone are injected into the reaction mixture, these low
boiling point solvents are evaporated quickly, leading to
the drop of the solution’s temperature to∼117 �C. At this
temperature, the MB complex is still able to reduce Pt2þ

and nucleation/growth within 1 min in the presence of
trace acetone leads to the formation of Pt nanocubes. If
too much (2 mL) hexane/acetone is injected, the solution
temperature drops to ∼110 �C. Increasing the reaction
temperature from 110 �C back to 120 �C must cause
multiple nucleation/growth events, leading to polydis-
perse Pt NPs (entry 6 in Table 1 and Figure 2e).
The Pt NP shape evolution in the presence of 1 mL of

both hexane and acetone was monitored by taking ali-
quots of the reaction solutions at 1, 5, and 15 min and
analyzing the morphologies of the Pt NPs separated from
the sample solutions. As noted previously, nanocubes
were synthesized after 1 min (Figure 1a). After 15 min
of reaction, nanopods with smaller polyhedral NPs at-
tached to the vertices of Pt nanocubes were obtained
(Figure 1c), indicating growth on the corners of the cubic
NPs, similar to what has been previously observed.10

However, the aliquot at 5 min revealed two distinct
morphologies present in solution: nanocubes and poly-
hedral NPs (Figure 3). This representative image shows
that the particles are not actually growing at the cube
corners, rather they grow as discrete entities in solution.
From what we observed during the synthesis, we

hypothesize an alternative pod evolution mechanism to
that seen previously, dependent on the fact that there exist
two distinct periods of particle growth during the synth-
esis.While the Pt is nucleating throughout the duration of
the synthesis, the manner of growth of those nuclei into
particles depends on the presence of acetone (or another
ketone). During the first minute, only a fraction of the
Pt2þ is reduced to its zerovalent state by MB to form
nuclei and cubes are formed in the secondary growth

stage. This growth occurs in the presence of acetone,
which has not yet been boiled off, as stated above. It is
well accepted that the slowest growing crystal faces are
the ones which appear on the surface of the crystal.37

Here, the slowest growing face happens to be the (100)
face which defines the majority of the surface of the
nanocubes. As stated above, however, the Pt (111) face
has been reported to be the slowest to grow during
secondary growth of burst nuclei,31-33 indicating that
acetone prevents the growth of the (100) face, perhaps as a
capping ligand, similar to what has been reported by El-
Sayed et al.9,38 Because growth on the (100) face is
impeded, the (111) faces grow more easily, causing them
to disappear and yield (100)-dominated cubes. Our result
is contrary both to the aforementioned studies inwhich Pt
(111) is the slowest to grow and to what has been shown
by Gorshkov et al.,26 who theoretically confirmed that
the (100) face growsmost rapidly in the secondary growth
phase in fcc structured metals. Of course, the theoretical
calculations did not account for the retardation of growth
on the (100) face by acetone.
Over the next 4 min, more Pt2þ is reduced and more

nuclei are formed, as indicated by the ongoing darkening
of the reaction solution. By this point, the temperature of

solution is stabilized at 120 �C, indicating that the hexane
and acetone have been boiled off. Thus, the shape control
provided by acetone is missing and polyhedral Pt NPs are

formed because the (100) face is no longer capped, allowing

the (100) face to grow and disappear. The resultant poly-
hedral product is seemingly identical to that obtained in

the control experiment (entry 3, Table 1) without hexane

and acetone and agrees with previous experimental and
theoretical results in which the (100) face grows quickly to

leave a (111) dominated NP.26,31-33

In the next 10 min, the (111) faceted polyhedral NPs
attach to the remaining (111) vertices of the cubes, leading

to the formation of nanopods through oriented attach-

ment. This is seen in TEM images by the disappearance of
both the stand-alone polyhedral NPs and the stand-alone

cubic NPs in solution. Further evidence of this cube-
particle attachment is found in theHRTEM images of the

pods (Figure 1d), in which the lattice fringes of the cubes

are misaligned with those of the attached particles. We
attribute this oriented attachment to MP, which likely

acts as a second capping surfactant on the (100) face. MP

stabilizes the (100) faces, while attachment stabilizes the
(111) faces. Thus, acetone guides the evolution of cubes

during the second (growth) phase of burst nucleation
while MP controls oriented attachment once the NPs

are no longer growing. Such attachment also leads to a

higher presence of (111)-faceted surfaces on the nanopods
than the cubes, as the (111) faces on the polyhedral, which

did not attach to the cubes, are still available.
Control experiments with Pd instead of Pt indicate that

MP is vital to the formation of Pd nanopods as well. The

Figure 3. Typical TEM image of themixture of Pt nanocubes andPtNPs
found in the aliquot taken from the reaction solution 5 min after the
reaction at 120 �C. Some polyhedra attachment to cube corners is already
visible.
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synthesis followed the same procedure as reported pre-
viously,28 except oleylamine was replaced by MP. In this
control synthesis, 10 mL of MP, instead of 10 mL of
oleylamine, was added in the reaction mixture and Pd
nanopods, not the polyhedral NPs as reported, were sepa-
rated, as seen in Figure 4. Further experiments seem to
indicate that the 5-member ring and amide bond present in
the MP molecule are essential to the synthesis of these
branched multipods, as the presence of 2-pyrollidone still
produced Pd pods even though with poorer pod quality,
while thepresenceof cyclopentanoneor tetrahydrofuran led
to the formation of polydisperse Pd particles with irregular
shapes (Figure S2, Supporting Information).
The facets of both Pt nanocubes and nanopods were

further characterized electrochemically by their hydrogen-
(H)-adsorption curve in acid solution. Cyclic voltammo-
grams (CV’s) of the Pt nanocubes and nanopods in 0.1 M
HClO4 are shown in Figure 5. The differentiating electro-
chemical feature between the two morphologies is primarily
the surface area of each kind of NPs, as calculated from H
adsorption between approximately -0.2 and 0.1 V (vs Ag/
AgCl). While the NP loading remained the same, the nano-
cubes’ H adsorbing surface area is ∼6.4 cm2 and the nano-
pods’ surface area is∼17.6 cm2, further evidence of the cubes
growth into pods with large surface area. Moreover, quali-
tative inspection of the two peaks in theH adsorption region
reveals that the ratio between (100) and (111) surfaces is
different between the two NP morphologies. The peak
centered at -0.17 V corresponds to H adsorption on the
(111) face and that at -0.1 V is due to the H adsorption on
the (100) face.39,40 The nanocubes display a more intense
(100) peak while the nanopods show a higher (111) peak,
further confirming that the polyhedra present in the pods
contribute significant amountsof (111) facets toNPstructure.

Conclusions

We have presented a novel and simple solution-phase
burst nucleation synthesis of Pt nanocubes and nanopods.

Hexane and acetone were employed to control the first

growth phase of burst nucleation to produce Pt nano-

cubes in just 1 min. This reported nucleation and growth

differs from what has been observed in previous theore-

tical and experimental studies of burst nucleation of fcc-

structured noble metals. Once acetone boiled out of the

solution, the secondary growth phase of burst nucleation

yielded polyhedral NPs after 5 min. Unlike the previous

growth in the presence of acetone, this growth is in

agreement with previous studies which result in poly-

hedral NPs surrounded by low energy (111) facets. Due

to the presence of N-methyl-2-pyrrolidone, nanopods

were produced in 15 min via oriented attachment. The

Pt NPs display unique, morphology-dependent surface

structure consistent with what would be expected from

their synthesis; the cubes’ surfaces are dominated by (100)

faces while the pods’ surfaces have more (111) character.

The principles involved in controlling the kinetics of burst

nucleation and oriented attachment may lead to new, or

more easily synthesized, morphologies of Pt and other

transition metal nanostructures.
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Figure 4. TEM images of the Pd nanopods synthesized via Pd burst
nucleation in the presence of MP.

Figure 5. Cyclic voltammograms of the Pt nanocubes and the Pt nano-
pods in argon-saturated 0.1MHClO4 at room temperature. The rotating
disk electrode rotated at 50 rpm, and the potential scan ratewas at 50mV/s.
The cubes andpodsdisplay greaterHadsorption on their (100) and (111)
faces, respectively.
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