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Synthesis of symmetrical hexagonal-shape PbO nanosheets using gold nanoparticles
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Anisotropic growth of PbO with symmetrical hexagonal-shape nanosheet morphology was demonstrated for
the first time via solution phase synthesis in the presence of Au nanoparticles at room temperature. Au NPs
play a critical role in the formation of PbO nanosheets. No nanosheets were formed in absence of Au NPs. The
effect of Au NPs appears to result from their ability to provide nucleation sites to seed anisotropic growth of
the PbO nanocrystals and later the nanocrystals aggregated to form nanosheet structure. The method demon-
strated here provides a facile room temperature colloidal method of producing high-quality and yield of
high-symmetrical hexagonal-shape PbO nanosheets with controlled edge length.
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1. Introduction

Functionalized nanomaterials have received intense research in-
terests due to their potential applications ranging from biosensors
and drug delivery to the design of nanoformulations for therapy
[1–3]. Among them, gold nanoparticles (Au NPs) are considered to
be an excellent candidate for the applications mentioned above due
to their unique electronic and optical properties [4–7]. For example,
Au NPs display unique optical properties including a strong surface
plasmon resonance (SPR) with high quantum efficiency and resis-
tance to photobleaching, whereby making them visible by laser scan-
ning confocal microscopy and detectable at a single particle level.
Also, the SPR peak can be tuned from 520 to 1200 nm by manipulat-
ing the Au NPs size, aspect ratio, and interparticle spacing [8, 9].

Recently, there is a growing interest in terms of shape and struc-
ture control of nanocrystals by seeding their growth with Au NPs
under different reaction temperature [10–17]. For example, Yong et
al. [12, 14] demonstrated that CdSe, CdS, PbS, and PbSe nanocrystals
with different morphologies such as wires, plates, multipods, cubes,
crosses, stars, and branched structures were synthesized in the pres-
ence of Au NPs at 150 °C. It was discovered that the important param-
eter in dictating the shape, size and structure of nanocrystals is the
concentration of the metal NPs and the precursor ratio. Shi et al [15]
demonstrated a strategy for preparing binary and ternary hybrid
nanoparticles based on spontaneous epitaxial nucleation and growth
of a second and third component onto Au NPs at temperature as high
as 300 °C. All these examples have pinpointed that Au NPs can be
served as a nucleation site for seeding the growth of various shape
and structure of nanocrystals using appropriate reaction conditions.

Here, we demonstrate for the first time the fabrication of hexago-
nal PbO nanosheet using Au NPs as seeds at room temperature which
is in contrast with present methods involving high temperature and
complex steps. The formation of the PbO nanosheet strongly depends
on the presence of the Au NPs, and on the Pb concentration in the
growth solution. The present approach does not use any organic sur-
factants that are frequently used for controlling the shape and struc-
ture of nanocrystals such as oleic acid and trioctylphosphine oxide
(TOPO). More importantly, the reaction temperature and reagent
concentrations used here are much lower than those previously
reported for PbO nanocrystals synthesis. The Au NPs facilitate nucle-
ation and growth of PbO nanosheet at these relatively mild conditions
since no high reaction temperature and toxic surfactants are used.

2. Materials and methods

2.1. Preparation of Au nanoparticles

The synthesis of gold colloids typically involves the reduction of
gold salts in the presence of surfactants or stabilizers [18]. In brief,
10 ml of HAuCl4 (5 mM) solution was added to a flask containing
85 ml of boiling distilled water, and the mixture was allowed to re-
turn to a boil. Then, a freshly prepared sodium citrate solution
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(5 ml, 0.03 M) was added to the mixture. A few minutes later, the solu-
tion changed from colorless to a deepwine-red. The resulting red sol con-
tained citrate-gold nanoparticles of approximately 12 nm in diameter.

2.2. Synthesis of lead oxide nanosheet

Lead acetate solution was prepared at different concentrations
ranging from 0.01 to 4 mM. Next, lead acetate solution (10 mL) with
different concentrations was mixed with fixed volume concentration
of Au NPs. After gentle stirring, the solution with lead acetate concen-
trations above 0.2 mM was observed to change from red to blue. The
solutions were then left undisturbed at room temperature for 24 h.
After 24 h, hexagonal PbO nanosheets were formed in the solutions
at lead acetate concentration above 0.9 mM.

2.3. Characterization methods

High resolution transmission electron microscopy (HRTEM) im-
ages were obtained using a JEOL model JEM 2010 microscope at an
acceleration voltage of 200 kV. The specimens were prepared by
drop-coating the sample dispersion onto a carbon-coated copper
grid, which was placed on filter paper to absorb excess solvent. Scan-
ning electron microscopy (SEM) images were obtained using Zeiss
EVO50 extended pressure microscope at an acceleration voltage of
20 kV. X-ray powder diffraction patterns were recorded using a Bru-
ker D8 Discover X-ray diffractometer with Cu Kα radiation. Atomic
force microscopy (AFM) images were obtained from NanoScope Di-
mension 3000. Absorption spectra of nanoparticle solutions were col-
lected with Shimadzu UV-3101 UV–vis–near-IR spectrophotometer.
Fig. 1. (a) SEM image of a large quantity of hexagonal-shape PbO nanosheets. (b) TEM imag
average size of the nanosheet is 2.5 μm. The edge length of the nanosheet is above 1.5 μm.
analysis of the PbO nanosheet.
3. Results and discussion

Hexagonal PbO nanosheets were synthesized, as described above,
upon introducing lead acetate solution into reaction mixture contain-
ing 12 nm diameter Au NPs. The formation of the PbO nanosheet
strongly depended on the concentration of the Au NPs and on the
lead acetate concentration in the growth solution. Using lead acetate
concentration of 0.9 mM and with the presence of Au NPs, hexagonal
PbO nanosheets were obtained as a mixture of majority of individual
nanocrystal and minor irregular shape nanocrystals. Uniform thick-
ness nanosheets were produced upon aging the mixture for more
than 20 h. Fig. 1a shows SEM images of nanosheets with a size rang-
ing from 2 to 2.5 μm. The TEM images, and selected area electron dif-
fraction (SAED) pattern from the HRTEM demonstrate the high degree
of crystallinity and narrow diameter distribution of the nanosheets.
Fig. 1c shows AFM image of nanosheet with a uniform thickness of
110 nm. The compositions of the prepared nanosheets were further
confirmed by the EDS and it is evident that the nanosheet samples are
mainly composed of lead and oxygen (see Fig. 1d). No formation of
the nanosheets was observed in the absent of the Au NPs.

The structure of the PbO nanosheets was further examined by
powder X-ray diffraction (XRD). The diffractogram shown in Fig. 2
is consistent with the bulk rock salt structure of PbO. The three strong
peaks with 2θ values of 27.18°, 34.05°, 49.26° and 58.09° correspond
to the (111), (200), (220) and (311) planes, respectively. The Au
NPs concentration is too low to show any characteristic XRD peaks,
which would appear at 2θ values of 38.18°, 44.39° and 64.57°. Fig. 1(b)
show HRTEM image of the PbO nanosheet. This image indicates that
the nanosheet is crystalline and exhibit well-resolved lattice fringes.
e of PbO nanosheets showing that they are highly symmetry in their edge length. The
(c) AFM image of a PbO nanosheet, showing thickness of 110 nm. (d) EDS elemental
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Fig. 2. XRD pattern of PbO nanosheets as those shown in Fig. 1.
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To study the formation process of the hexagonal PbO nanosheet in
the presence of Au NPs, reaction solution was removed from the reac-
tion mixture at different time points. The reaction solution was then
removed from the growth solution and characterized using TEM.
Fig. 3 shows the progression of the formation of PbO nanosheets
from aggregation of PbO nanoparticles. Initially, PbO nanoparticles
were formed on the Au NPs surface as shown in Fig. 3a. Fig. 3e
shows the HRTEM image of Au NPs seeding the growth of PbO nano-
particles. Subsequently, further aging the reaction mixture, the PbO
nanoparticles were observed to fuse together and result the “prema-
ture stage” of hexagonal shape PbO nanosheets as shown in Fig. 3b
and c. The edges of these “premature stage” PbO nanosheets were
corrugated as shown in Fig. 3d. Upon aging these particles with
24 h, large PbO nanosheets were formed as those shown in Fig. 1. It
Fig. 3. Growth of PbO nanosheets in the presence of Au NPs. (a) Formation of PbO nanocrys
resolution TEM image of PbO nanosheets. (e) PbO nanocrystal forming on the surface of Au
is worth noting that larger nanosheets can be produced upon increas-
ing the concentration of lead acetate in the growth solution.

Tang et al. [19] reported that CdTe nanosheets were synthesized
by precipitating and aging CdTe nanoparticles in deionized water.
They proposed that anisotropic electrostatic interactions arising
from both a dipole moment and a small positive charge, combined
with directional hydrophobic attraction, are responsible for the for-
mation of the free-floating nanosheets. The authors have used molec-
ular simulations based on a coarse-grained model with proper
parameters determined by semi-empirical quantummechanics calcu-
lations were performed to prove the hypothesis. Schliehe et al. [20]
reported the fabrication of ultrathin single-crystal PbS sheets with di-
mensions on the micrometer scale using hot colloidal synthesis meth-
od. The PbS ultrathin sheets are formed in the presence of chlorine
containing compounds such as 1,2-dichloroethane or similar linear
chloroalkanes. The nanosheets have lateral dimensions of several hun-
dred nanometers. The authors have suggested that the formation of PbS
ultrathin sheets is originated from the oriented attachment of the PbS
nanoparticles in a two-dimensional fashion. Here, PbO nanosheet for-
mation ismore likely to result fromanoriented attachmentmechanism,
in which the sheets form by aggregation of small nanoparticle that each
has a net dipolemoment [21]. This has been observed in other semicon-
ductors. The process is driven by the reduction in surface area that hap-
pens during aggregation. In the formation of PbS nanosheet
demonstrated by Schliehe et al., they explained this result by a faster
growth rate perpendicular to the [111] facets. Their findings also sug-
gest that [110] facets are highly reactive and, therefore, are preferential-
ly consumed during the nanoparticle growth. Basically, during the
sheet-like crystal growth, the particles try to minimize the most ener-
getically unfavorable surface facets by fast growth perpendicular to
the respective facet. We speculate that this process may be responsible
for the two-dimensional growth of the PbO nanocrystals. Also, we sug-
gest that Oswald ripening process [22] may contribute some effects to-
wards the formation of the sheet under long reaction period of time.
tals on the Au NPs surface. (b) Early stage of PbO nanosheets formation. (c and d) High
NPs. (f) Selected area electron diffraction (SAED) pattern for PbO nanosheet in Fig. 3d.

image of Fig.�2
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4. Conclusions

The synthesis of hexagonal-shape, high symmetrical crystalline
PbO nanosheets were achieved using Au NPs as seeds at room tem-
perature. No PbO nanosheets were formed in the absence of Au NPs
suggesting that Au NPs can serve as a nucleation site to promote the
growth of PbO nanosheets. High quality of the PbO nanosheets were
obtained in the presence of Au NPs, apparently due to the ability of
the Au seed particles to provide sites for heterogeneous nucleation
and anisotropic growth of PbO nanosheets. In the near future, we en-
vision that the developed method could be used for synthesizing
metal-oxide based anisotropic nanocrystals in the presence of Au NPs.
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