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Abstract: Semiconductor PbS single-crystal nanosheets with micrometer-scale lateral dimensions have been

synthesized on a large scale by hydrothermal decomposition of the lamellar precursor-Ph(Il)-thiourea complexes at
a low temperature of 130 °C for 12 h. XRD, TEM, SEM, electron diffraction (ED) and XPS were used to

characterize the final product. The products are sheet-like with rectangle lateral dimensions in the range of 0.6~3

pm and thickness of 2~4 nm which grow along the a and b axes two-dimensional (2D) direction simultaneously.

UV-Vis absorption and Photoluminescence

(PL) spectra reveal that the as-prepared products have shown

considerably greater quantum size effects expected for the 2D ultrathin nanostructure. The possible formation

mechanism has been proposed.
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0 Introduction

One-dimentional (1D) nanostructured materials,
such as nanorods, nanowires or nanotubes, have been
successfully synthesized and have received much

attention due to their peculiar optical, electrical,
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thermoelectric properties and potential applications in
nanodevices!" . Two-dimensional (2D) nanostructure
such as nanosheets is also an important category of
nanostructured materials to which increasing attention
has been paid recently®. As a new class of nanosized

semiconductors, nanosheet materials are characterized

FH & 1R 2% 3£ 42 (No.20501002) , L B8 B H T H AL 254 (No.2005K ) 110, 2006K ) 159B) , %2 B4R 185 1 75 41 M R 2% By i-4a) 351 H
(No.200Sjq1 1472, 2006jg1228), % B 50 Tl 2% 5 84 3 35 % (No.2004002) ¥ B

FEINEEFR A, E-mail : hmhu@uste.edu
S —AEE HIEM 2 31 & WL R DRSO 1) TEHLAN KR Y G R BRI T,



1404 x Hl

N ERE

by high

composition as well as extremely high anisotropy with

crystallinity and well-defined chemical
an ultra thin thickness. These unusual features will
result in distinctive physicochemical properties in
comparison with conventional nanocrystals mostly in
spherical shape. The nanosheet crystals of Ti; 50,°~
(6 ~0.09) show very sharp optical absorption peak
which is considerably blue-shifted relative to the band
gap energy of bulk titanium oxides®®. Ga,0; nanobelts,
nanoribbons and nanosheets were obtained by various
methods”. Metal platinum nanosheets containing he-
xagonal holes were formed between graphite layers by
hydrogen reduction of platinum chloride-graphite
intercalation compounds"”. Wurtzite ZnS single-crystal
nanosheets can be generated by thermal decomposit-
ion of the lamellar precursor in vacuum at 250 “C™M.
Generally, High temperature and vacuum or template
are needed in preparing these 2D nanocrystals.

As an important IV-VI group material, PbS has
attracted considerable attention due to its small band
gap energy

(18 nm), which allows for the strong quantum confine-

(0.41 eV) and large exciton Bohr radius

ment with relatively large nanocrystals ™. Consequen-
tly, obtaining PbS nanocrytals with special morphology
is potentially meaningful in finding novel applications
of such kinds of semiconductors. To the best of our
knowledge, controlling growth of 2D PbS nanostruc-
ture has not been reported up to now although there
are some reports on the preparation of PbS with differ-
ent morphologies, such as uniform cubic-shaped nano-
crystals'™, nanorods", nanowires!", star-shaped"®, hi-

8]

erarchical nanostructures!"”, nanotubes ", hollow nan-

ospheres™ etc.
of PbS

nanosheets in large quantities with well crystalliztion

Herein, we report the synthesis
by a mild hydrothermal decomposition of single-source
precursor-Pb (I)-thiourea complexes at low tempera-
ture. Under such conditions, toxic solvents such as
ethylenediamine, pyridine and benzene can be
avoided. Desired morphologies of materials with
excellent optical properties have been obtained. A
possible formation mechanism of nanosheets was
method is favorable for

proposed.  This green

environmental protection without use of any toxicant

organic solvents and surfactants.
1 Experimental

Preparation of single-source precursor-Ph(Il)-thio-
urea complexes: Analytical grade purity (A.R.) Pb(NO;),
and SC(NH,), were purchased from Sinopharm Chemi-
cal Reagent Co. Ltd. In a typical procedure, Ph(NO;),
and SC(NH,), with a molar ratio of 1:2 were used as
starting materials. At first, Pb(NOs), was dissolved in a
small amount of distilled water in order to improve its
solubility. Then the obtained solution was mixed with
a solution of thiourea in 60 mL ethanol. After stirring
for 3~4 days at 60 °C, the solution was filtered and a
gray-color crystalline solid obtained. The solid was
washed with absolute ethanol several times, and then
dried in vacuum at 60 °C for 8 h.

Preparation of PbS single-crystal nanosheets:
0.25 g single-source precursor was loaded into a 50
mL Telfon-lined stainless steel autoclave, which was
then filled with distilled water up to 90% of the total
volume. The sealed autoclave was maintained at 130
°C for 12 h, cooled to room temperature naturally. The
flake-like products with metallic light-gray color and
high reflective luster were collected by vacuum
filtration, washed with absolute ethanol and distilled
water several times to remove the impurities, then dried
in vacuum at 60 °C for 8 h before further characteriza-
tion.

The obtained single-source precursor was charac-
terized by FTIR spectroscopy operating on a Bruker
Vector-22FTIR spectrophotometer with KBr pellets in
the 4 000~400 cm™ region. The final products were
determined by XRD using a Japan Rigaku D/max r-A
X-ray diffractometer with graphite monochromatized
Cu Ko radiation (A =0.154 06 nm). The morphology
and size of as-prepared products were observed by
TEM and SEM images, which were performed on a
Hitachi model H-800 and an X-650 scanning electronic
microanalyzer, respectively. XPS spectra were recorded
on a VGESCALAB MKII X-ray photoelectron spectro-
meter, using a non-monchromatized Mg Ka X-ray as

the excitation source to investigate the surface
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constituents. The binding energy data were calibrated
(284.5 eV). UV-Vis absorption

spectrum was recorded on a Shimadzu UV-2100

with reference to Cls

spectrophotometer with ethanol as the reference.
Photoluminescence (PL) spectrum was carried out on

a Hitachi 850 fluorescence spectrophotometer.

2 Results and discussion

2.1 FTIR spectra of the single-source precursor
In the FTIR spectrum of the single-source
precursor, there are three characteristic absorption
peaks of the -NH, stretching vibration of Pb(Il)-thiourea
complexes at 3404, 3300 and 3 195 ¢cm™, which do not
shift to lower frequencies on the formation of the
metal-thiourea complexes™?!. It is suggested that nitro
gen-to-metal bond is not present. Comparing with the
FTIR spectrum of pure thiourea, the frequency of the
C-N stretching vibration is blue-shifted from 1 473
em™ to 1525 em™ due to the greater double bond
character of the C-N bond on complex formation; and
the frequency of the C=S stretching vibration is red-
shifted from 730 cm™ to 694 cm™ attributed to the
reduced double bond character of C=S bond. Mean-
while, a strong absorption of thiourea at 1 083 c¢m™
disappears on the complex formation. In addition, the
two strong bands at 1 383 em™ and 817 ecm™ are
assigned to the nitrate ion™*. A conclusion can be
drawn that the thiourea uses sulfur atom to coordinate
with metal Ph(Il) cation.
2.2 Characterization of the as-prepared products
The XRD pattern of the sample is shown in Fig.
1. All the diffraction peaks can be indexed to face-

centered cubic phase PbS with calculated cell constant
@=0.593 9 nm, which is in agreement with the literature
datum ¢=0.593 6 nm (PDF2 05-0592). No evidence of
other impurities can be detected in the pattern. The
intense diffraction peaks suggest that the sample be
well crystallized. The (200) and (400) reflections are
relatively strong compared with the standard stick
pattern for bulk PbS, indicating that the obtained
sheet-like PbS product probably have a preferential

growing facet.
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Fig.1 XRD pattern of the as-prepared products

Fig.2 gives the XPS spectra of the sample. A
typical survey spectrum of PbS is shown in Fig.2a.
The peaks of Pb and S can be clearly detected as well
as those of C and O, which are attributed to the
gaseous molecules from the air absorbed on the
surfaces of the products. Fig.2b and 2c¢ reveal the
photoelectron spectrum of Pb4f core level and S2p
core level, respectively. The peaks at 137.10 eV and
142.15 eV correspond to the binding energy of Pbdfs,
and Pb4fs,. Meanwhile, the corresponding binding

(b) Pbf,,, (C) S2p
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(a) typical survey spectrum; (b) Pb4f core level; (c) S2p core level

Fig.2  XPS spectra of the as-prepared products
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energy of S2p is 160.10 eV. After quantitative calcul-
ation from the peak areas of Pb4f and S2p, they give
the molar ratio of the product as 0.951:1.000 for Pb:S.
The result is in good agreement with the given
formula for the as-prepared product.

Surface topographies of the as-prepared products
(Fig.3a, 3b) clearly
show that the PbS nanoparticles are sheet-like with

are shown in Fig.3. TEM images

rectangle lateral dimensions in the range of 0.6 ~3
pm. The selected area electron diffraction (SAED)
patterns  (Fig.3¢) from one nanosheet crystallite
display a cubic array of sharp spots, which indicates
single-crystal quality as well as the high crystallinity
of the PbS nanosheets. Two typical diffraction spots

can be indexed as the (200) and (220) lattice planes,

Fig.3

respectively, which are similar to the diffraction peaks
indexed in the XRD pattern and the zone axis is
[001]. Tt is suggested that the
nanosheets should be (002) lattice plane and the
nanosheets of as-prepared PbS grow along the a and b

surface of the

axes in two-dimensional (2D) direction simultaneously.
SEM image

nanosheets

(Fig.3d) shows that quantities of single-

layer are self-assembled together to
multiple layered structures via weaker Vannder Waals
interaction. This phenomenon can be attributed to
comparatively higher surface areas and higher surface
energies of the ultra thin nanosheets. Based on TEM

and SEM results, the thickness of PbS nanosheets is

estimated to be 2~4 nm.

1 230 mm

(a, b) TEM images of the as-prepared products; (¢) ED pattern of the as-prepared products;

(d) SEM images of the as-prepared products

2.3 Optical properties

The photoelectrochemistry of small semicondu-
ctor particles has been an area of active research. Of
particular interest is their property of photoinduced
blue shifts in the absorption spectra®. Bulk PbS has
a very small direct band gap of 0.41 eV at 298 K,
with an absorption onset at 3 020 nm. When the

crystallite size is reduced to the nanometer size range,
the absorption edge of PbS will exhibit a large blue-
shift under photoinduction. The origin of the blue-shift
has been attributed to the quantum confinement of
charge carriers in the nanoparticles™. The absorption
spectrum of the sample is shown in Fig.4a. Three

(5.52 €V), 280 nm (4.44

excitonic peaks at 225 nm
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Fig.4 (a) UV-Vis absorption spectrum of PbS nanosheets; (b) Photoluminescence spectrum of PbS nanosheets
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eV) and 325 nm (3.82 eV) are apparently observed. mater ials, keeping other conditions unchanged,

The presence of excitonic effects can be due to the
carrier confinement produced through the correlation
between the confined electron and hole™. The large
blue shift results from quantum size effects of the PbS
2D nanosheets. The photoluminescence (PL) spectrum
of the sample is given in Fig.4b. The spectrum shows
a sharp emission peak at 335 nm and a shoulder peak
at 345 nm (A,=235 nm). Other study is worth to be
noticed that PbS colloids with D, ~2 nm show two
emission peaks at 436 and 600 nm"". In the present
case, the marked blue shift of the emission band
position may be due to the utra thin nature of the as-
prepared nanosheets, and it may have potential
applications for the photoelectrochemistry.
2.4 Reaction mechanism

In the present case of the formation of PbS
nanosheets, we believe that there are several kinds of
affecting factors. First, the flake-like precursor orig-
inated from lead salts and thiourea may act as a
structure-directing agent for the maintenance of lam-
(Fig.5a). If using Pb(NO;), and SC(NH,),

rather than Pb (I)-thiourea complexes as stating

ellar shape

dendrite-shaped PbS crystals and a small amount of
nanosheets are obtained (Fig.5b). It is suggested that
the preparation of the flake-like precursor in advance
is helpful for the obtainment of PbS nanosheets.
Second, solvent water plays an important assistant role
in the formation of nanosheets. The precursor can be
easily dispersed in water under stirring, forming a
homo-geneous  solution which is beneficial for
homogeneous nucleation. The effects of hydrogen
bonds between -NH, in thiourea and -OH in water
should be considered. A 2D network array may be
formed through the action of the hydrogen bonds, which
acts as a “soft template”, leading to the growth of PbS
nuclei into nanosheets. The explanation can be proved
by further experiment. If using solvent containing
hydroxyl groups such as ethanol, the as-product can be
obtained as well as some small cube-shape nanocrystals
(Fig.5¢). These cubic crystals may result from the poor
solubility of the precursor in ethanol. The amount of
“soft template” is small before the beginning of
decom-position.  In  the

hydrothermal present

hetero-geneous

experimental

system, system is

L 000 o

Fig.5
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(a) SEM image of the single-source precursor; (b) TEM image of solvothermal reaction using Ph(NO5), and SC(NH,),;

- ¥ |

1000 nm

(c) TEM image of solvothermal reaction in ethanol at 130 °C for 12 h; (d) TEM image of solvothermal reaction in

ethyenediamine at 130°C for 12 h; (e) TEM image of hydrothermal reaction in water at 150 °C for 12 h
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unfavorable for the formation of the as-desired product. 7215

While taking nucleophilic polar solvent ethyenediamine
instead of water, cubic particles, nanosheets and
symmetrical flake-like dendrites can be interestingly

found

different solvents have different effects on the precursor

(Fig.5d). These experiments indicate that

and further affect the process of hydrothermal
decomposition and ultimately influence the morphologi-
es of the final product. Third, temperature is another
critical factor for the growth of PbS nanosheets. Low
temperature (120~130 °C) is beneficial for the formation
of nanosheets. When the temperature is increased to
150 °C, dendrite-like particles will appear (Fig.5e). The
appearance of den-drites should be explained that the
precursor quickly decomposes at comparatively higher
temperature, a certain critical supersaturation concen-
tration is attained, and a dendritic array is expected to
appear™. Our present understanding of the mechanism
for the formation of the PbS nanosheets is still limited,

and more in-depth studies are still needed.
3 Conclusions

2D semiconductor PbhS single-crystal nanosheets
with high yield (95%) have been synthesized by hyd-
rothermal decomposition of the lamellar precursor-Pb
(ID-thiourea complexes at lower temperature. UV-Vis
absorption and PL spectra reveal that the as-prepared
PbS nanosheets have considerably greater quantum
size effects due to the ultra thin nature of the
nanosheets. The parallel experiments suggest that
lamellar precursor is benificial to the formation of

two-dimensional nanoparticles.
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