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ABSTRACT Highly regular patterns with amazingly well-defined uniform truncated octahedrons of PhS

nanocrystals as building blocks were prepared via a simple one-pot solution method. Each truncated octahedron

has a composition of six {100} squares and eight {111} hexagons, and the overall structure shares 24 identical edges

in a mecon way. Hexapod PbS, six-arm star-shaped dendrites, octahedron and truncated cubes were also

fabricated. Structural and optical properties as well as morphological evolutions were studied by transmission

electron microscopy, scanning electron microscopy, X-ray diffraction, and a confocal Raman spectroscopy. A

mechanism for the formation of the PbS nanocrystals as well as their inner structure was tentatively proposed

based on the characterization results.
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anostructured materials are re-

ceiving increasingly interest in re-

cent years due to their unique
physical and chemical properties and po-
tential applications in nanoscale devices.’

As a semiconductor compound, PbS is

an important m—m semiconductor material
with a narrow band gap energy and large
exciton Bohr radius (18 nm).2 Moreover,
quantum-size PbS has exceptional third-
order nonlinear optical properties, which
means it should be useful for optical de-
vices such as optical switches.? Different
morphologies of PbS nanocrystals have
been achieved by various methods. For ex-
ample, cubic-shaped PbS micro- and nano-
crystals have been produced by the decom-
position of a single-source precursor and a
solution reflux method.*> Rodlike PbS
nanocrystals have been obtained using a
combination of surfactant and polymer ma-
trix as a template.® PbS nanowires as well
as nanosheets have been prepared by a
polymer-assisted solvothermal method.”®
Rod-based PbS multipods were synthesized
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from the thermal decomposition of a mo-
lecular precursor.’ Star-shaped PbS micro-
crystals with eight symmetric arms along
the (111) direction have been formed by an
aqueous phase route.*'%'" Besides this,
dendrites have recently attracted much at-
tention due to the interesting morphology,
properties, and potential applications as
one type of attractive supramolecular
structure.'>'?

Self-assembly (SA) is the autonomous or-
ganization of components into patterns or
structures without human intervention and
now is popular for providing a simple, ver-
satile method to prepare a modified surface
at a high-level of order.'*">

A variety of natural systems with self-
assembly properties has been used for this
purpose, including lyotropic liquid crys-
tals,"® anodized alumina membranes,'”
block copolymers,'® and close packed ar-
rays of polystyrene latex and silica
spheres.’®2° The good homogeneity and
organization, together with better control-
ling the microenvironment of the recogni-
tion molecules, make SA attractive in bimo-
lecular electronics and biosensor
development.?’

Excellent studies on the self-assembly
of various novel colloidal nanocrystals have
been carried out, and great achievements
have been made.”'° However, to the best
of our knowledge, little work has been fo-
cused on the self-assembly of PbS nano-
structures with a highly geometrical shape,
no report has been yet focused on how they
are assembled, and the architectural con-
trol of PbS nanobuilding blocks with well-
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Figure 1. X-ray diffraction pattern of the as-prepared PbS
samples.

defined shapes and arrays remains a key obstacle to
overcome in the discovery of novel nanoscale proper-
ties and is essential for the success of “bottom-up” ap-
proaches toward future nanodevices."**2*

Hence, in this paper, we report on the one-step syn-
thesis of high-quality PbS truncated octahedrons and
their in situ large-scale self-assembly into sievelike pat-
terns using a mild solution method without any post-
treatment. This makes the free spatial arrangement pos-
sible. The novelty of this work is characterized by a one-
pot procedure which combines formation of
nanoparticle precursor, morphology evolution, three-
dimensional (3D) assembly, and pattern shaping under
easily controlled mild conditions. In addition, the
unique optical properties of these novel nanopatterns
are also reported.

RESULTS AND DISCUSSIONS

Figure 1 is the X-ray diffraction (XRD) pattern of the
as-prepared sample that shows a high degree of crystal-
linity. All of the peaks match well with Bragg reflec-
tions of the standard face-center cubic (fcc) structure
of PbS (space group: Fm3m (225), a = 0.5936 nm, JCPDF
# 05-0592). It is worth noting that the ratio between
the intensities of the (200) and (111) diffraction peaks
is somewhat higher than the conventional value (1.30
vs 1.19), which indicates that our products may be
abundant in {100} facets, and thus lead to relatively
greater accelerated growth along the (100) directions.

The morphology of the PbS patterns built by trun-
cated octahedron crystals with highly geometrical sym-
metry was visualized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
Typical SEM and TEM images of Figure 2 clearly show
that the building block possesses a simple and amaz-
ingly well-defined uniform truncated octahedron struc-
ture with 14 faces. Each truncated octahedron has a
composition of six squares and eight hexagons, and
the overall structure shares 24 identical edges in a
mecon way (Figure 2A). It is appealing that a synthetic
technique as simple as the one presented here can pro-
duce such beautiful objects.
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Detailed information about the nanopattern such
as size and crystallinity of the building blocks can also
be revealed by close examination. The SEM and TEM
characterizations (Figures 2A—D) exhibit uniform PbS
truncated octahedron crystals with average diameter of
180 nm and a strong preference for self-assembly of
these truncated octahedron crystals into separate close-
packed patterns by sharing their square faces. High-
resolution TEM images (Figure 2, panels C and D) and
the sharp Fourier transform pattern (Figure 2D inset),
which can be obtained from any nanoparticle within
the nanopatterns, reveals well-resolved lattice fringes
corresponding to (200) planes of the PbS nanoparticles
within the nanopattern, confirming well crystallinity for
the nanoparticles and thus assembled nanopatterns.
Meanwhile, no other minor shapes are observed around
the edges of the assembly of these truncated particles,
which suggests a growth mechanism of Ostwald
ripening.

Raman spectra of the samples were collected using
confocal Raman spectroscopy. The sample deposited
on a quartz glass substrate was globally illuminated by
a helium—neon (He—Ne) laser operating at 632.8 nm.
The signal integration time was 50 s. In our experi-
ments, the maximal laser power delivered to the sample
was 15 mW and could be monitored via a filter wheel
with optical densities of 0.3, 1, and 2, which were abbre-
viated as D0.3, D1, and D2, respectively. A typical Ra-
man spectrum of the PbS crystals with 50 mW laser
power is shown in Figure 3 (monitored by D2, which
means the laser power delivered to the sample after
monitored by D2 was 0.15 mW, but only about 50 pW
reached the sample surface). According to earlier
reports,®>2° for the PbS materials, Raman peaks at 210,
271, and 451 cm™ " should be observed, corresponding
to a 1 longitudinal optical phonon mode, a two-phonon
process, and a 2 longitudinal optical phonon mode, re-
spectively. It is well-known that in a crystalline semicon-
ductor the observed Raman shifts usually correspond
to the longitudinal optical phonons (LO), whereas other
modes, such as the transverse optical phonons (TO)
and the surface phonons (SP), are, in general, not ob-
servable because of symmetry restrictions and low in-
tensities, respectively. However, as the surface-to-
volume ratio is large for nanostructured materials, it is
possible to observe the SP mode by Raman scattering
measurements. In our experiment, the peak at 190
cm ™' should be identified to be due to the SP mode,
and its intensity increases greatly with the decreasing
crystal size, and the SP mode is so intense that the
peaks at 210 and 271 cm ™' become two small shoul-
ders and are difficult to characterize.

From Batonneau’s work,?” a peak at 966 cm ™" will
appear due to the photodegradation of PbS when the
laser power was increased to 15 mW. It should be a
characteristic peak for the oxidation products PbSO,,
PbO—PbSO,, 3PbO—PbSO,, and 4PbO—PbSO,. So, ad-
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Figure 2. (A and B) FESEM images of the as-prepared PbS nanopatterns. (C and D) High-resolutions TEM images of the PbS
nanopatterns. (E) Schematic illustration of a truncated octahedron with 14 faces (six squares and eight hexagons), compos-
ing the structure by sharing the identical 24 edges in a mecon way. Inset of panel D is the Fourier transform of the image. The
scale bars of panels A, B, C, and D are 300, 500, 100, and 2 nm, respectively.

ditional Raman spectra were measured by other higher
laser powers to test the photodegradation activity of
our product, and the spectra of the sample with higher
laser powers are shown in Figure 4. This result is surpris-
ing that when the laser power was increased to 0.5
mW (monitored by a filter D1, which means the laser
power delivered to the sample was 1.5 mW, but only
0.5 mW reached the sample), the peak at 966 cm ™' was
clearly observed (Figure 4a), and when the laser power
was increased to 5 mW finally, the peaks at 431, 602,
and 966 cm ™' were also observed (Figure 4c), which fit
well with the result reported by Batonneau,?” indicting
that our product is sensitive to the laser and can be
photodegraded at much lower laser power thus conve-
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Figure 3. Raman spectra of the as-prepared PbS nanopat-
tern samples.

www.acsnano.org



S

S

[} 8

o - ®

: ™

3 -

5 RO ¢

8 e, b

o B R Sadbaioesiwaeessrca AP L M

< 1 1 1 1 1
200 400 600 800 1000

Wavenumber(cm'1)

Figure 4. Raman spectra of PbS nanopatterns of truncated
octahedrons with different laser powers: a, 0.5 mW (moni-
tored by filter D1); b, 2.16 mW (monitored by filter D0.3); c,
5 mW (no filter, which means the laser power delivered to
the sample was 15 mW but only 5 mW reached the sample).

niently converted to other environmental friendly ma-
terials. This may be caused by the shape and surface
properties of the PbS crystals.

The growth mechanisms of PbS crystals have been
well investigated in several papers. It has been shown
that such novel morphologies such as dendritic?®~>"
and star-shaped?® structures occur through preferential
growth of the truncated octahedron-shaped PbS seed
(100) directions. In such a case, the presence of surfac-
tant must be taken into consideration, for it has been
reported that only star-shaped PbS crystals with eight
(111)-oriented arms are produced in the absence of sur-
factants under similar conditions.® Besides this, it is
well-known that surface energies associated with differ-
ent crystallographic planes are usually different and a
general sequence can be elucidated as y{111} < {100}
< v{110}.32 Capping molecules such as CTAB can selec-
tively stabilize the {111} faces, containing Pb or S only,
since their ionic head groups can strongly interact with
the charged {111} faces rather than the uncharged
{100} faces, which contain mixed Pb/S. Thus the interac-
tion between Pb and —N(CH,);™ ions can significantly
elevate the activation energy of the {111} faces, leading
to relatively greater accelerated growth on the {100}
faces relative to the {111} faces. Furthermore, the shape
of such an fcc nanocrystal as PbS is mainly determined
by the ratio (R) between the growth rates along the
{100} and {111} directions.* In our case, thiourea is a
somewhat weak sulfur source. Higher concentrations
surely can promote its reaction rate with Pb ions of dif-
ferent positions and gradually thus change the rate ra-
tio. As a result, both the stable PbS nano- and micro-
structures such as six-arm star-shaped dendrites (Figure
5D) and the metastable nanostructures such as star-
shaped multipods nanocrystals (Figures 5E, F) and octa-
hedrons or truncated octahedrons (Figure 2) can be ob-
tained. Still more interesting, the metastable
nanostructure of a truncated octahedron tended to as-
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semble into an orderly pattern as if to increase the por-
tion of lower-index planes.

As reported,3? an octahedron bounded by the most
stable {111} planes will be formed when R > 1.73 (Fig-
ure 5A), and perfect cubes bounded by the less stable
{100} planes will result if R is reduced to 0.58. The par-
ticles with 0.87 < R < 1.73 have the {100} and {111} fac-
ets, which are named the truncated octahedral (TO)
(Figure 2). The difference between the enhanced
growth rates on the {100} and {111} planes induced
the ratio R to have a value of more than 1.73, which re-
sulted in the formation of the star-shaped dendrites as
shown in Figure 5, panels C and D. Thus it can be de-
duced that as an integrated result of the capping effects
of CTAB, the presence of both CTAB and thiourea with
different molar ratios results in the formation of octahe-
drons with eight {111} faces and then intermediate mor-
phology of truncated octahedron/mecon with 14 faces
(six {100} squares and eight {111} hexagons) as well as
the hexapods with six {100} arms. Therefore, CTAB plays
the role of capping agent in the nucleation and growth
of PbS crystals and the critical factor determining archi-
tectural features of the PbS nanocrystals. In other
words, we can control the PbS shape evolution by sim-
ply tuning the molar ratio of the precursors and the sur-
factants while maintaining a fixed reaction time.

The formation of nanopatterns with such a regular
symmetry may also be related to the oligomerization
of lead acetate, a process that has been well discussed
in many publications for the same or similar metal
alkoxides.>*~3° That is, in the initial stage of refluxing,
as refluxing was continued, through the formation of
Pb—0O— covalent and Pb<—OH coordination bonds, the
lead acetates tended to form longer chains, which
could further self-assemble into ordered bundles
(nanochains) through van der Waals interaction, where
the metal salt generally remained as Pb(ll) in the precur-
sor nanopatterns. But in our case, 3D chaining of PbS
nanocrystals with their highly symmetric cubic lattice is
rather counterintuitive; the sizes of the single crystal-
line building blocks are in the region of hundreds of
nanometers, which well pass the size limitation of pre-
cursor nanopatterns. Thus other more convincing
mechanism should be introduced.

In other works,**~*° Weller, Tang, Kotov, and Gier-
sig identified the inherent anisotropy of crystal struc-
ture or crystal surface reactivity as the driving force for
the particle assembly. For nanoparticles such as octahe-
dron and truncated octahedron (Figure 2A), the sur-
faces of which are {111} and {100}, and the side edges
of the octahedron are (110). The principles for assem-
bling the NCs are to face the same type of faces, such as
{111} to {111}, and align them in the same orientation
to enhance the packing density,*"*? resulting in a
single-crystal structure of the entire array. This is driven
by minimizing the interface mismatch energy by form-
ing a coherent interface and reducing the exposed sur-
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Figure 5. SEM images of PbS particles obtained under different conditions: (A) molar ratio S:Pb(CH;COO), - 5H,0, 1, octahedron;
(B) molar ratio S:Pb(CH3COO), - 5H,0, 2 and [CTAB]/4, truncated cubes; (C) reaction time elongated to 24 h, hexapod with pyra-
mid arms; (D) double both the quantity of CTAB and reaction time, hexapods with smooth arms; (E) half of the original thiourea (star-
like dendrites); (F) one-fourth of the original thiourea, dendrites. Different stages of the morphology evolution process of the as-
assembled nanopattern: (G) dispersed PbS truncated octahedrons before assembly; (H—I) truncated octahedrons that tended to
assembled together by sharing their {100} facets.
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face area. The sharing of the {100} facets is because of
which one has higher energy than that of {111} (Figure
5, panels G and E). In addition, dipolar interactions seem
to be the most probable candidate for the driving force
directing PbS nanocrystals to assemble into such multi-
dimensional nanopatterns with specially high orienta-
tion (Figure 2, panels A and B, and Figure 5, panel F). As
illustrated before, {111} facets are polar and their ar-
rangement will determine the distribution of electric
charge within the PbS nanocrystal. According to Mur-
ry’s work,*® a high fraction of PbS nanocrystals may also
be with permanent dipole moments. The highest prob-
ability and the largest magnitude of the dipole mo-
ment are predicted along the [100] direction. The
nanocrystals are driven to attach to the end of grow-
ing patterns when they have the largest dipole moment
along the [100] axis. In the process reported here, the
role of the hydrothermal treatment is on the one hand
related to a continuous supply of the energy needed for
production and assembly of the PbS crystals and on
the other hand to a most uniform approach of supply-
ing ions to all faces of octahedron crystal nuclei, so that

ﬁ\r{(j VOL.2 = NO.2 = WANG ET AL.

the growth takes place on each face simultaneously.
Surely only those nanocrystals which are with highly
perfect uniformity have the potential for orderly self-
assembly. Evidence for this has been found from the
fact that the octahedral geometry is characteristic of
most of the particles from similar conditions of the re-
action though presented with a random sequence.
Thus, here such a growth mechanism for the nanopat-
tern may be plausible: when the thiourea was decom-
posed, numerous fcc PbS nuclei were formed, then
preferential growth along the (100) and (111) direc-
tions leads to the formation of various PbS nanostruc-
tures. The nanopatterns were formed by assembling
truncated octahedrons by sharing their {100} facets.
Then, these patterns can be elongated through con-
necting other particles from the end of the matrix. The
reaction environment promotes the surface domains on
neighboring nanoparticles to match up by sharing one
square face during the refluxing process, as reported
previously; here the metastable nanostructure of trun-
cated octahedron assembled into regular patterns to in-
crease the portion of lower-index planes and satisfy

www.acsnano.org
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Figure 6. Schematic illustration of a proposed mechanism for the formation of the nanocrystals and the as-assembled
nanopatterns. First, the fcc PbS nuclei are formed, then preferential growth along the (100) and (111) directions leads to
the formation of various PbS nanostructures. The nanopatterns were formed by assembling truncated octahedrons by shar-
ing their {100} facets. (b) Evolution in shapes of a series of {111}-based nanoparticles as the ratio of {111} to {100} increases.

both the rule of dipole interactions and the geometric
criterion of a low energy.>®** On the basis of the
above-mentioned orientation-dependent crystallinity
and morphology evolution, a schematic illustration of
the proposed particle growth and attachment mecha-
nism responsible for the formation of the nanopatterns
is listed in Figure 6.

CONCLUSIONS

In summary, large-scale synthesis of nanopatterns
of well-defined truncated octahedron with highly geo-
metrical symmetry and other superstructures of lead
sulfide by a one-pot wet chemical reaction in pure wa-
ter is possible. Each of these truncated octahedrons is
apparently constructed by sharing the 24 edges in a
mecon way. The results demonstrate that the branch-
ing growth process in solution can be precisely manipu-
lated for the controlled growth of amazingly uniform

EXPERIMENTAL SECTION

Synthesis of PbS Nanopatterns. In a typical reaction, 40 mL of 8
mol L™ thiourea—H,0 is slowly added to 40 mL of 2 mol L™
lead acetate (Pb(Ac), - 4H,0, Aldrich) and CTAB (cetyltrimethy-
lammonium bromine) dissolved in H,O at room temperature.
The resulting mixture is then transferred to a 150 mL autoclave
and maintained at 150 °C for 24 h. The particles are precipitated
after cooling the reaction mixture to room temperature and are
separated and cleaned by repeated centrifugation with ethanol.
The powder samples are thus used without any further size
selection.

Characterization. The X-ray powder diffraction pattern of the as-
prepared products was collected by a Rigaku X-ray diffractome-
ter (Rigaku goniometer PMG-A2, CN2155D2, wavelength 0.15147
nm) with Cu Ka radiation. Transmission electron microscopy
and scanning electron microscopy images were obtained by em-
ploying a JEOL JEM-2100F transmission electron microscopy
and a Hitachi 54800 cold field emission scanning electron micro-
scope. Raman spectra of the samples were collected using a La-
bRAM HR800 (HORIBA Jobin Yvon) confocal Raman
spectrometer.

Acknowledgment. This project was financially supported
by National Natural Science Foundation of China (50725208)
and the Program for New Century Excellent Talents in Univer-
sity (NCET-04-0164) as well as by the State Key Project of Fun-
damental Research for Nanoscience and Nanotechnology
(2006CB932300). S.Y. acknowledges the support from the Re-
search Grants Council of Hong Kong (604206).

www.acsnano.org

crystalline structures with high geometrical symmetry,
which is reflected in the primary crystal symmetry. This
kind of nanopattern of truncated octahedron crystals
with its 14 well-defined symmetries could find poten-
tial applications because of their unique structure such
as a nanometer-sized construction element or a new
kind of potential optical device that is independent or
coupled with other materials. Moreover, we have also
investigated the optical properties of the as-grown PbS
polyhedron nanopatterns, indicating that our product
is sensitive to the laser and can be photodegraded at
much lower laser power thus conveniently converted to
other environmental friendly materials. A correspond-
ing mechanism of the formation of nanopatterns is ten-
tatively suggested. These high-quality single crystalline
PbS polyhedrons represent a new platform for further
studies of nanoscale phenomena as well as for applica-
tions in various fields of nanotechnology.
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