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Abstract: In this paper, we describe the synthesis and growth mechanism of highly monodispersed platinum
nanocubes. The platinum nanocubes are synthesized by the decomposition of a platinum precursor in a
hydrogen atmosphere. The morphology and size distribution of the platinum particles formed has been
studied with HRTEM. By controlling the concentration of the platinum precursor, we demonstrate that at
low concentration, it is possible to grow polydispersed nanocubes with {1,0,0} facets. Increasing the
concentration of the precursor changes the growth mechanism, resulting in the formation of highly
monodispersed platinum nanocubes. Highly monodispersed platinum nanocubes are formed in a two-step
growth mechanism with initial growth of the {1,1,1} facets followed by secondary growth filling the {1,0,0}
facets. The particle monodispersity facilitates the formation of long-range arrays of nanocubes.

direct methanol fuel cel®18 The performance of platinum
nanopatrticles in catalytic processes has been found to be highly
dependent on which facets terminate the surface of the
particlest*19For example, faceted platinum nanoparticles have
’tbeen shown to exhibit a higher catalytic activity as compared
To spherical particle®

There have been several studies to make shaped particles.
However, the formation of monodispersed faceted platinum
nanocubes has yet occur. The general protocol for platinum
nanoparticle synthesis involves the reduction of a platinum
recursor by reducing agents in the presence of a surfdétant.
aceted nanopatrticles of platinum have been formed by reduc-

Introduction

It is well-known that the electrical, optical, and magnetic
properties of metal and bimetallic nanocrystals vary widely with
size and shape. For many applications including catalysis
electronics, data storage, and biological sensors, large amoun
and well-defined nanocrystals must be produt&tihile the
size control of spherical nanocrystals has been achieved for
many systems, controlling the nanocrystal shape is still a real
synthetic challenge. The fabrication of nanocubes has been
studied for various types of metal and bimetallic nanocrystals
that have structures based on face centered cubic (fcc) crystaE

T . S h 5T e
packing, including platinurf, * silver,>”* palladium copper; tion using hydrogen, sodium borohydridé* and polyol

90|d‘10_ and FePt! 12, , , . reduction?>~26 In all of these studies, the resultant nonuniform
Elatlnqm nanopart!cles have .been exter?swely.mvestlgated forgized and iregularly faceted particles could not be self-

Fhe|r unique catalytic prqpertlé§714 Platinum is a useful  _<cambled into ordered arrajd

industrial catalyst for reducing pollutant gases from the exhausts  pe\ioys studies discussing the formation of faceted platinum
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workers?’ who stressed the importance of the initial shape of
the platinum nuclei. More recently, Xia and co-workers and
Teng and Yang discussed the importance of control of the
growth Kinetics in platinum particle morpholog.26-28

To maximize the packing density of nanocrystals, it is
desirable that they have a uniform size distribution to enable
the particles to assemble into long-range ordered arrays
Typically, a size distribution of 5% is required for the formation
of ordered nanocrystal arrajsThe 2-D self-assembly or 3-D  §
structured superlattices of these nanocubes open up the posf
sibilities of fabricating novel nanodevices and templafifig?

In this paper, we describe the effect of the platinum precursor
concentration on the synthesis of nanocubes. Under differen
concentrations, different growth mechanisms occur to produce
monodispersed and polydispersed platinum particles of varying d 100%

sizes. Monodispersed platinum nanocubes have been self- 802" 402/°
assembled into ordered arrays. The understanding of the growth 2802 2802
mechanism involved is significant in the development of the 20% 10%
strategies for the formation of faceted particles of other cubic 0% 9
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Figure 1. Polydispersed platinum nanocubes formed with low precursor
concentrations. (a and b) Low-resolution TEM image of an ensemble of
platinum nanocubes with sizes ranging from 10 to 100 nm. (c) High-
resolution TEM image of a faceted platinum nanocube. Inset is a fast Fourier
transform (FFT) of the particle image. (d and e) Histograms of particle
morphology and particle size distribution, respectively.

crystal structured metal or bimetallic systems.
Materials and Methods

In a typical synthesis, 0.1 mmol of platinum precursor, platinum
acetylacetonate (Pt(aca®7%, Aldrich), was dissolved in toluene, 2
or 20 mL, to give 0.05 and 0.005 M precursor concentrations,
respectively. To this solution, 10 equiv of oleylamine (OLA) was added
as the surfactant.

The platinum precursor was then decomposed under a hydrogenin controlling particle shape and morphology. After optimizing
pressure of 3 bar at AT in a pressure reaction vessel (FischRorter these conditions, varying the precursor concentration was found
bottle) for 20 h. Samples were purified by the addition of methanol to to have the strongest influence on the growth mechanism.
flocculate and precipitate the nanocrystals, which were collected by  Effect of Low Concentration. To investigate the effect of
centrifuging. The samples for TEM studies were prepared by resus- precursor concentration, two preparations with 0.05 and 0.005
pending the precipitate in toluene. One drop of the toluene suspensionp, precursor concentration were reacted with 10 equiv of the
was put onto @ TEM grid and allowed to evaporate slowly under g, t5 tant oleylamine for 20 h. Typical products formed at
ambient conditions. The TEM images and diffraction patterns were . . . .
taken on a JEOL 2010 operating at an acceleration voltage of 200 keV. .dlffer.ent precursor concentratlor?s are Shgwr.] in the TEM lmaggs

in Figures 1 and 2. These images indicate a change in
morphology as the precursor concentration increases.

In these experiments, a platinum precursor was hydrogenated At. the low concentrati_ons, Figure 1a, th? majority (.Jf the
under mild hydrogen pr’essure in a FischBorter bottle (pres- !oarucles_ adopts a .CUb'C shape. _From hlg_h-resolutlon TEM
sure reaction vessel). The method of hydro red d .images (i.e., the particle shown in Figure 1c), it may be observed
! e ydrogenated decomposiy, o i, particles are perfectly cubic with sharply faceted edges.
tion of organometallic precursors to form nanoparticles has been

successfully used to form metallic and alloy nanopartiéie® This cubic shape has b'een previogsly ob;erved for several fcc
The advantage of this technique over other reduction rou.tes tometals made Wm.] SOH.JtIO.n syntheé‘.lé.o Part|cI(_e morphology, .
nanocrystals is that the formation of nanoparticles generally mean size, and size d|str|but|o_n were det(_armlned by measuring
occurs at a slow rate, facilitating the formation of anisotropic over 5.00 nanopa_rtlc_:les from d_n‘fere_nt regions of the ar d. Thls
and faceted particle’é‘,32 Previous research has shown that the statistical analysis is summarized in the histograms in Figure
most critical variable. for the formation of non-spherical mor- Ld.e. The nanoparticle morphology can be separated into three

. . . . types, faceted nanocubes, filled octapod nanocubes (described
phologies is the choice of precurs8rCoupled with the choice

. . . next), and others (including rods, tetrapods, and irregular
of surfactant molecules, reaction times, and concentrations ) ( 9 P 9

allows the control of particle arowth and thus particle size and shapes). From the results, it can be seen that the particle
sha\ge particle grow us part 1z morphology is dominated by faceted cubes that make 8@%

" . ) of the particles. The cubic nanocrystals are polydispersed and
The decomposition reactions of platinum acetylacetonate Pt-

ied i tol q ; H vary in size from 10 to 100 nm. Such polydispersity is
(gggcl) were carried out In toluene un era prr]essure of3 !@arh commonly found in the literature and is in agreement with other
(initial pressure at room temperature in t e reactor). in the reports on platinufr® and other fcc metafs: 10
presence of surfactant molecules. The reaction conditions of

. dii found to be i Effect of High Concentration. The results of increasing the
concentration, temperature, and time were found to be Ir“pc}rtar‘tprecursor concentration to 0.05 M are shown in Figure 2. Lower

resolution images (i.e., Figure 2a,b) indicate a pseudo-cubic

Results
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morphology for the platinum nanocubes. Most significantly, an
increase in the precursor concentration also altered the size
uniformity and average diameter of the resultant Pt nanopar-
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Figure 2. Monodispersed platinum nanocubes formed with high precursor
concentrations. (a and b) Low-resolution TEM image of self-assembled
highly monodispersed filled octopod nanocubes. Inset is a SAED pattern.
(c) High-resolution TEM image of a faceted platinum nanocube. Inset is a
FFT of the particle image. (d and e) Histograms of particle morphology
and particle size distribution, respectively.

ticles. An indication of the monodispersity of the nanocubes is
their formation into long-range arrays across the TEM grid
(Figure 2b). The selected area electron diffraction (SAED)
pattern (Figure 2b, inset) shows four bright inner (1,1,1)
crescents linked by a 4-fold symmetry. This indicated that the
cubes all have the same crystallographic orientation.

Careful examination of higher resolution images, such as the
one shown in Figure 2c, elucidates that the particles are not
perfectly cubic and do not have sharply faceted edges, unlike
the particles formed at low concentrations. We describe these
types of particles as filled octapod nanocubes (the term filled
octapod originates from the growth mechanism of the particles SRS -
discussed next). The spread of particle morphology is sum- Figure 3. Growth mechanism 0£1,0,3 and{1,1,} facets. (a and b)

. . . . . Models showing the growth on t§é.,0,3 facet of platinum to form faceted
marized in the histogram in Figure 2d. As can be seen from pain;m nanocubes. {ee) Models showing the octapod unit cell, HRTEM
this histogram, the particle morphology is highly uniform with  image of a typical faceted platinum nanocube. (d, e, and g) Models showing
>90% of the particles being filled octapod nanocubes. The truncated octahedral nuclei and growth in {Higl,3 facets. (f) HRTEM
monodispersity of the filled octapods nanocubes is further ;’;rt]g‘c”uct‘;’ged octahedral nuclei. (h) HRTEM image of a filled octapod
highlighted in the histogram in Figure 2e. The results indicate '
that the nanocubes are highly monodispersed, with a mean sizdacets and the different growth rates on {lie1,1 and{1,0,G
of 10.0+£ 0.5 nm (equivalent ta:5%). facets?5-28.42-47

Discussion of Growth Mechanism.The different shapes -
observed with changing concentrations can be understood by 33 Iand, A L Jeerson, B, A B D G S Tog aaG "
consideration of the growth mechanism of the platinum particles. 589-597. '

At low concentrations, approximately 80% of the particles was % yiang. 2. Li Ahmad, T. S.; E1-Sayed, M. Burf. Sci.1997 380 302-
polydispersed faceted cubes. Conversely, at high concentrationsE32) Jana, N. R,; _Ggarh%art, L.; Murphy, hCCﬂgem Cﬁmmgrﬁool 7@8(1)77639'
it was observed that over 90% of the particles have a filled )282&%73_” earheart, L.; Murphy, C.10.Phys. Chem. 1105
octapod nanocube morphology with only 2% faceted nanocubes(37) Puntes, V. F.; Kristhnan, K. M.; Alivisatos, A. Bcienc€001, 291, 2115~

. . . . 17.
present. Figure 3 shows high-resolution TEM images taken from (3g) peng, X. G.; Manna, L.: Yang, W. D.; Wickham, J.; Scher, E.: Kadavanich

imdivi i i i _ A.; Alivisatos, A. P.Nature200Q 404, 59—61.
individual Pt particles, illustrating the.subltle cqntrol of morphol (39) Park. S 9. Kim. .. Lee. .- Khim, 7. G.: Car, K.: HyeonJTAm. Chem.
ogy when the precursor concentration is adjusted. S0c.200Q 122, 8581-8582.

i i (40) Filankembo, A.; Giorgio, S.; Lisiecki, I.; Pileni, M. B. Phys. Chem. B
The shape control of platinum nanoparticles has been 2003 107 74957498

intensively studied by several research grotpd®4? It is (41) Chen, S.: Wang, Z. L.; Ballato, J.; Foulger, S. H.; Carroll, DJLAM.
generally understood that the non-spherical particle shape ,,, %‘:;g- ;"Ezjc’ogh%r‘éf;g&égggqo 4 11531175
originates from a combination of the final stability of different (43) Skriver, H. L.; Rosengaard, N. NPhys. Re. B 1992 46, 7157-7168.
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At low precursor concentrations, low concentrations of
platinum atoms are produced, making the particles grow
relatively slowly from nuclei. The driving force for the particle
shape under these conditions is the diffusion of adatoms to form
faceted surfaces to minimize the final surface energy of the
platinum particle$3-47 In these low concentration reactions,
perfectly cubic faceted particles are formed with sharp right
angular corners anfil,0,3 terminated surfaces, as illustrated
in Figure 3a and as can be observed in the image of a typical
particle shown in Figure 3b. Such faceted cubes have been
similarly observed in other fcc systerfis?2 From calculations
of small clusters in a vacuum, particles of polyhedral shapes
bound by botH 1,0, and{1,1,T faces are expected to have
the lowest energy. However, under these solution conditions, it
is possible that the nuclei form as cubes, and that once formed,
they maintain this shape as they grow due to an energy barrier
in changing into polyhedral shapes, or that faceted cubes bound
by solely{1,0,@ faces are lower in energy as compared to other
polyhedral shapes due to a stronger surfactant to platinum
interaction of thg 1,0,3 faces as compared to thé&, 1,7 faces.
Such{1,0,G stabilization has been previously observed by
Jefferson and Harris for platinum with strongly binding sufféir.

In higher concentration reactions, a different growth mech-
anism occurs, resulting in the formation of filled octapod
nanocubes. At high precursor concentrations, there are higher
concentrations of reduced atoms present, resulting in the faste
growth of the platinum nanoparticles. Under these conditions,
kinetic control is now dominant. Reactions under kinetic control
have been found to produce particles with highly branched and
pod-like structure$>2° One of the fundamental basic shapes
for platinum nuclei is the truncated octahedral depicted in Figure
3c—e3342The HRTEM image of a truncated octahedral shaped - '
cluster shown in Figure 3f was made at low reaction temper- F”gg;els“éh(gx’i‘r']"ththmeec*}"z‘)'\:vifr?o(;f ﬁl'[:tif:] Sr‘;taggti “Oad”SO‘i?rl:tk:)esﬁ-”éad %C?;dog)
atures. Truncated octahedra (also known as CI_Jboctahedra) ar%/Ianocubes. HR'?‘EM in?ages of (b)pa platinum oth)apod, (d) a partially fFi)IIed
defined when the atoms at the edges of the unit cell are boundpiatinum octapod, and (f) a filled octapod nanocube.
by eight{1,1,1} and six{10G planes. Growth can occur either ]
at the{1,1,1 facets or at thé1,0,3 facets of the nuclei with {.1,03(} facets has been at'Fnbu.ted to the role of the surfactant
the rate of reduction on the surfaces controlling the final shape. Pinding selectively onto differing energy crystal facéts®
If the growth rate @) of the {1,1,3 plane G{1,1,3) is HoweV(_ar, more recently, several studies for platlnum nanoc-
significantly larger than that of thig,0,3 (G{1,0,), then the rystals indicate that ions such as Fe(ll) or Fefhi¥® or silver
nuclei will grow to become an octapod as illustrated in Figure acetylacetonaté or anions for copper nanocrystélsre the
3c,d,g. Particles with such an octapod core are the dominantshape determining factor .rather than the |nfluencg of the
species at high concentrations, as illustrated in Figure 3h. OurSurfactant. In our system, either reason may be credible.
particles are different to Xia and co-workéfswho formed The final filled octapod cubic structures obtained in the high
octahedra with growth in the [1,0,0] directions. The contrast con_cgptration reactions can be explained by additional growth.
in TEM images of our particles also indicates that they are AN initial octapod shape, Figure 4a, forms from growth on the
octapods and not tetrapods, so they are also different from thef 11,3 facets, and an example observed in the TEM is shown

gold tetrapods formed by Chen and co-workers with growth in N Figure 4b. _After the initial{l,l,]} groyvth, the amount of
the [1,1,0] directiong? unreacted platinum precursor in the solution was greatly reduced.

In solution, the precise reason why growth on {fiel,1 The reaction is now in conditions similar to the low concentra-

facet can be much faster thah,0,G growth has been attributed 10N €xperiment. Thus, additional deposition of platinum atoms
to several factors. The surface of nanocrystals grown in solution ffom the reduction of Pt ions in the solution predominantly
consists of a monolayer composed of a mixture of surfactant, °CCUrs with adatom diffusion and adsorption. It is energetically
solvent, metal precursor, and other ions. The precise roles ofmost favorable for these additional atoms to fill the areas
these species are uncertain. Previous studies for platinum showeg€tween the octapod branches to produce particles with a final

that the competition between growths on {iel, 3 facets and  faceted morphology. In our case, fingl,0,¢ faceted cubes
form that are lower in energy than the unfilled octapods, as

3 #

(44) ;\‘59693"& R. J.; Mansfield, M. Phys.: Condens. Matter989 1, 7555~ pictured in Figure 4c,d. Thig1,0,G growth continues until the
(45) Breeman, M.; Barkema, G. T.; Boerma, D.Surf. Sci1995 323 71-80. platinum precursor is fully reacted and results in the formation
Ej% ggg?é_#c?ﬁéggmi.F(:S.L;"(f:'y?gtliggskir%ghr?,smsj_r?4§éi_1975 50, 257261, of the filled octapod nanocubes as depicted pictorially in Figure
(48) Jefferson, D. A.; Harris, P. J. Rature 1988 332 617. 4e and in the HRTEM image in Figure 4f.
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In terms of growth, the previous mechanism for the formation Conclusion
of filled octapod nanocubes can be summarized as follows: (1) ) ) )
initial reduction leads to the formation of truncated octahedral N conclusion, platinum nanocubes have been synthesized by
nuclei; (2) rapid growth processes at initial high concentrations the decomposition of a platinum precursor in a hydrogen
with G{1,1,3 [dmt] G{1,0,@ form platinum octapods; and (3) atmosphere. Under different concer_ltratlons, different growth
as the platinum precursor is used up, the concentration drops,Processes occur to produce monodispersed and polydispersed
and{1,0,q facets form. platinum of varying sizes. Monodispersed platinum nanocubes

The monodispersity achieved during the formation of the have been self-assembled into ordered arrays with the same

filed octapod nanocubes as compared to the faceted nanocube§'ystallographic orientation. These resuilts and the elucidation
can be understood by considering the growth kinetics. The Of the growth mechanism will contribute to strategies for the
growth at high concentrations occurs rapidly with the formation formation of monodispersed faceted nanocrystals and their
of a high concentration of nuclei throughout the reaction @ssembly into future devices.

mixture. The growth of these nuclei on the most catalytically
active{1,1,1} facets is very fast rapidly producing monodis-
persed octapods uniformly throughout the reaction solution.
These then grow into monodispersed filled octapod cubes.  JA067636W
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