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Flowerlike PbS Microcrystals: Citric Acid Assisted Synthesis, Shape Evolution,
and Electrical Conductivities
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Lead sulfide (PbS) with various morphologies including flow-
erlike, microsphere, multipod, six-armed star, and truncated
octahedron has been synthesized selectively under hydro-
thermal conditions. The synthesis procedure variables such
as concentration of the citric acid (CA), kinds of surfactant,
reaction temperature, and reaction time were observed to in-
fluence the resultant shape of PbS microstructures. The
structure and morphology of the obtained products were
characterized by means of X-ray diffraction (XRD), field-
emission scanning electron microscopy (FESEM), trans-

mission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDS), and Fourier transform infrared spec-
troscopy (FTIR) analysis. On the basis of the time-dependent
experimental data, the possible formation mechanism related
to facet-selective growth and dissolution-recrystallization
was presented. Furthermore, the electrical conductivities for
different morphologies of PbS were measured to investigate
the possible effect of morphology on the electrical conduc-
tivity.

Introduction

Recently, materials with different sizes and morphologies
have attracted more and more interest due to their novel
physical and chemical properties.!3 During the past few
years, many efforts have been devoted to the design and
synthesis of microcrystals and nanocrystals with various
shapes such as nanorods, nanowires, nanocubes, nanobelts,
nanotubes, hierarchical nanostructures, and star-shaped
nanocrystals.] Even now, the synthesis of multimor-
phology particles with controllable shape is still an impor-
tant and interesting topic. Binary lead chalcogenides are
particularly important because they can be used in many
aspects including thermoelectric (TE) and infrared (IR)
photoelectric devices.’l Thermoelectric devices are expected
to play an increasingly important role in solving the energy
crisis in the future. But their efficiency is low and cannot
compete with conventional refrigerators and power genera-
tors at present. To enhance the thermoelectric figure of
merit (ZT value) to achieve high-efficiency solid-state ther-
moelectric energy conversion, a decrease in the dimension
of the materials is a good method that has been suggested
by theoretical predications and experimental results.”] Re-
cent reports show that materials with different sizes and
morphologies have a significant effect on the ZT value.®-10]
Therefore, it is essential to develop an alternative approach

[a] Department of Chemistry, Harbin Institute of Technology,
Harbin 150001, P. R. China
Fax: +86-451-86413753
E-mail: gchen@hit.edu.cn

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201000725.

SWILEY g

5700 ONLINE LIBRARY

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to prepare different sizes and shapes of thermoelectric ma-
terials to meet the demand of high-performance thermo-
electric applications.

Lead sulfide, an important IV/VI semiconductor, has at-
tracted considerable attention for its especially small direct
bandgap (0.41eV) and a large exciton Bohr radius
(18 nm),['"1 which has the potential to be used in thermo-
electric devices,['?! infrared detectors,!'31 sensors,['* photo-
graphic equipment,!'*! and solar cells.['® Therefore, in re-
cent years, the synthesis of PbS nano- and microcrystals has
attracted intensive attention. For example, cube-shaped PbS
micro- and nanocrystals have been synthesized by a solu-
tion-reflux method and the decomposition of a single-
source precursor.!7-181 Rodlike PbS nanocrystals have been
prepared by using cation-exchange reactions and a combi-
nation of surfactant and polymer matrix as a template.[!*-20]
Star-shaped PbS microcrystals have been obtained by a
solution route.l!7?1:22l Pyramidal PbS nanocrystals have
been formed at the interface of toluene and water solu-
tions.?’] PbS cubes with a hierarchical pyramidal pit on
each face have been presented by a facile template-free sol-
vothermal approach.”*l However, to date, there have been
only limited reports on the synthesis of PbS three-dimen-
sional (3D) superstructures composed of self-assembled
low-dimensional (0D, 1D, 2D) nanostructures. In addition,
few reports have been focused on the morphology-depend-
ent electrical conductivity.

In this work, hierarchical flowerlike PbS microcrystals
that consist of some self-assembled cubic crystals as well
as microspheres, multipods, six-armed stars, and truncated
octahedra have been synthesized by a quick, environmen-
tally benign hydrothermal method. Some factors that affect
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the morphology of PbS crystals such as reaction tempera-
ture, the concentration of citric acid, kinds of surfactant,
and reaction time are systematically investigated. A forma-
tion mechanism different from the traditional growth
mechanism of fcc crystals is proposed. The mechanism re-
lated to facet-selective growth and dissolution—recrystalli-
zation is responsible for the surface energy controlled by
the selective absorption of citrate. Moreover, the electric
properties are investigated over the temperature range of
300-700 K to determine the impact of particle size and
morphology on the electrical conductivity.

Results and Discussion

Structure and Morphology Analysis

The XRD pattern of the product is shown in Figure 1.
All peaks can be indexed as face-centered cubic PbS with
space group Fm3m (JCPDS, 05-0592). No peaks of impuri-
ties are detected, thereby indicating the high purity of the
as-synthesized products. The apparent peaks are very
strong and sharp, which suggests that the crystalline struc-
tures of the samples are perfect.
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Figure 1. XRD pattern of PbS powder synthesized by a hydrother-
mal method at 180 °C for 1 h in the presence of citric acid.

The morphology and structure of brown PbS products
have been measured by field-emission scanning electron mi-
croscopy (FESEM), TEM, and high-resolution trans-
mission electron microscopy (HRTEM), Figure 2 demon-
strates the microstructures of PbS synthesized at 180 °C for
1 h in the presence of citric acid. The low-magnification im-
age in Figure 2a shows that the majority of the samples are
composed of flowerlike crystals, which are uniform in size.
The size distribution of the PbS microflowers has been
evaluated from an analysis of FESEM images of at least
450 particles, and the results present that the size of the
products is in the range of 0.7-3 um (Figure 2b). Figure 2¢
is the high-magnification FESEM image of a flowerlike PbS
microcrystal. Typically, this structure is composed of nu-
merous intergrowth PbS subunits (cubic crystals) with a size
of around 800 nm. The chemical composition of these PbS
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microflowers has been determined by energy-dispersive X-
ray spectroscopy (EDS). The EDS spectrum (Figure 2d)
demonstrates that the products are made of Pb and S only,
and the atomic ratio of Pb/S is 51:49.
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Figure 2. (a) Low-magnification FESEM image of flowerlike PbS
microcrystals. (b) Size distribution of flowerlike PbS microcrystals.
(¢) High-magnification FESEM image of PbS microcrystals. (d)
EDS spectrum of flowerlike PbS microcrystals prepared at 180 °C
for 1 h in the presence of citric acid.

TEM and HRTEM analysis provide more detailed struc-
tural information of the particles. Figure 3a exhibits the
TEM image of a single PbS microstructure, which is in ac-
cordance with the FESEM observations. This image dem-
onstrates that the flower-shaped structures are made by
some uniform cubic crystals, but the petals are not uniform
in size. The high-crystalline nature of the petals has been
determined by the HRTEM image (Figure 3b). The spacing
between two neighboring fringes is 0.354 nm, which corre-
sponds to the lattice spacing of the (111) planes in the face-
centered cubic PbS. Its corresponding fast Fourier trans-
form (FFT) pattern can be indexed to single crystalline, as
presented in the inset of Figure 3b. All of these results show
that the petal grows along the {111} plane.

a } b

Figure 3. (a) TEM image of flowerlike PbS microstructures. (b)
HRTEM image and its FFT pattern (inset) taken from the edge of
a single petal of flowerlike PbS.

Investigation of Influencing Factors

A hydrothermal (or solvothermal) reaction is a compli-
cated process, and a variety of factors can have an impact
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Table 1. Synthesis conditions and characteristics of the samples prepared by means of the hydrothermal method.

Sample no. Surfactant Amount [g] T [°CJ/t [h] Morphology Reference
1 citric acid 0.4 140/1 multipod and flowerlike Figure 4a
2 citric acid 0.4 180/1 flowerlike Figure 2a
3 citric acid 0.4 240/1 flowerlike Figure 4b
4 citric acid 0.1 180/1 microsphere Figure 5a
5 citric acid 0.2 180/1 microsphere and flowerlike Figure 5b
6 citric acid 0.6 180/1 hollow sphere Figure 5¢
7 no surfactant 0 180/1 eight-pod cubes Figure 6a
8 CTABH 0.2 180/1 truncated octahedron Figure 6b
9 PVPPI 0.2 180/1 cubic and irregular particles Figure 6¢
10 L-cysteine 0.2 180/1 six-armed starlike Figure 6d
11 citric acid 0.4 180/0.5 quasi-sphere Figure 8a
12 citric acid 0.4 18072 flowerlike Figure 8b
13 citric acid 0.4 180/4 flowerlike and microsphere Figure 8c
14 citric acid 0.4 180/8 microsphere Figure 8d

[a] CTAB = cetyltrimethylammonium bromide. [b] PVP = polyvinylpyrrolidone.

on the final morphology and structure of the products.*”]
The morphology of the PbS microcrystals depends on many
reaction factors, including synthesis temperature, the con-
centration of citric acid, and the kind of surfactant. All the
factors are found to be interdependent, thus resulting in
PbS microcrystals with different morphologies. The detailed
morphology evolution for the samples is shown in Table 1.
Among these factors, temperature is one of the most impor-
tant ones during the synthesis procedure. Thus, the reac-
tions have been carried out at 140, 180, and 240 °C, respec-
tively, whereas other conditions are unchanged. By compar-
ing the FESEM in Figure 4 and Figure 2a, one can see that
the samples prepared at 180 °C are composed of the flower-
like crystals (Figure 2a). When the reaction was performed
at a lower temperature (140 °C), multipod particles with hi-
erarchical structures and some flower structures similar to
the samples synthesized at 180 °C were obtained (Fig-
ure 4a). After increasing the temperature to 240 °C, only
the irregular flowerlike structures were fabricated, as shown
in Figure 4b. We speculate that the intensity of the coordi-
nation bond between Pb?* and citric acid may be weakened
at elevated temperatures, whereas the decomposition rate of
thioacetamide is accelerated, which results in a relatively
faster nucleation rate and growth rate of the particles.
Meanwhile, the raw materials are consumed quickly with
increasing temperature. As a result, PbS crystals with dif-
ferent morphologies and smaller size are obtained. A sim-
ilar mechanism has been involved in the fabrication of Cu,S
and ZnO.[26:27)

Citric acid, as a facet-selective absorption additive and
chelating agent in the present experiment, can subtly affect
the final morphologies of PbS microcrystals. Firstly, citric
acid can coordinate with lead cations; the controlled release
of lead cations from the lead citrate complex could decrease
the formation rate of PbS crystallites. Secondly, according
to the chelating properties of citrate, an increase in the cit-
rate amount will decrease the interfacial free energies of the
system.?8] In this work, we speculate that, during the
growth of PbS nanocrystals, the citrate anions can selec-
tively adsorb onto the different facets and change the
growth rate in different directions. The two aspects are dy-
5702
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Figure 4. FESEM images of PbS crystals synthesized in the pres-
ence of citric acid at (a) 140 °C and (b) 240 °C for 1 h.

namically helpful to the effective subtle control of the mor-
phologies of PbS microcrystals. We found that different
shapes of PbS microcrystals were obtained with various
concentrations of citric acid, as can be seen in Figure 5.
Evidently, the concentration of the citric acid plays an im-
portant role in determining the morphology of the PbS
microcrystals due to their preferentially selective adsorption
on the {100} and {111} surface, which results in the dif-
ferent growth rate along the <100> directions to the
<111> directions.”®! At the initial stage, a large amount of
PDbS nuclei grows into small seed particles, and as the reac-
tion time is prolonged, the quasi-sphere seed particles ag-
gregate thereby decreasing the surface energy.?” When 0.1 g
of citric acid is added, almost all of the citric acid coordi-
nates with the lead cations, and no excess amount of citric
acid adsorbs onto the PbS surface. It is reasonable to con-
clude that, in the current process, the seed particles prefer
to aggregate together to reduce the surface energy, and
microspheres of PbS are obtained. The SEM image of a
sample is presented in Figure 5a. From the image one can
see that the spherical particles with a rough surface are well
separated from one another. From the image it can also be
seen that the spherical particles are composed of many
small PbS subunits (nanocrystals) with a size of around
15 nm (inset in Figure 5a). When the amount of the citric
acid reaches 0.2 g, the remnant of that preferentially ad-
sorbs onto some of the {100} faces of the subunits that
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confine the crystal growth along the <100> directions;
thus, microflowers composed of nanocubes and micro-
sphere structures of PbS coexist (Figure 5b). When one con-
tinues to increase the amount of citric acid to 0.4 g, more
citric acid in the solution absorbs onto the {100} face,
which results in a higher growth rate along the <I111> di-
rections; then microcrystals composed of flowerlike PbS ap-
pear (Figure 2a). By further increasing the citric acid
amount to 0.6 g, enough citric acid molecules that exist in
the solution can bind to each crystal surface of the PbS
nuclei, which leads to an isotropical growth of PbS. Simul-
taneously, small nanoparticles of PbS could assemble to-
gether due to the hydrogen-bond and electrostatic effects of
citric acid anions. However, due to the steric effect of citric
acid molecules, the assembled nanoparticles are loosely
compacted, and many voids exist. In addition, the aggre-
gated PbS nanoparticles are not stable because of their high
surface energy.l*! Thus, the larger particles become thermo-
dynamically preferred, and then the conversion from
loosely packed spherical particles to hollow structures
through Ostwald ripening can be seen, as illustrated in the
SEM image of Figure 5c. Similar mechanisms have been
reported in the synthesis of Fe;O,4, Cu,O, and CdMoO,
hollow spheres.?>34 Different morphologies of the samples
with different concentrations of the surfactant were also re-
ported by Liang and co-workers.** They demonstrated that
oleic acid could selectively adsorb onto {100}, {111}, and
{110} surfaces with increasing concentration, thereby re-
sulting in different growth rates along different surfaces,
and therefore microcubes, microoctahedra, truncated octa-
hedra, and microrhombic dodecahedra of Cu,O were
formed. According to the above experimental results and
analysis, the formation of different shapes of PbS is as-
cribed to the strong interaction between the surface of PbS
particles and citric acid molecules. This observation sug-
gests that the concentration of citric acid is indispensable
to the formation of the PbS structures.

The kind of surfactant can also significantly affect the
shape of the final products. To ascertain the effect of the
surfactant on the morphology, a series of contrastive experi-
ments were performed. When no surfactant was added,
eight-pod cubes of PbS were gained, as can be seen in Fig-
ure 6a. In the absence of any surfactant, the preferential
growth orientation along <111> rather than <100> first
led to the formation of cubes. As crystal growth proceeded,
the size of the PbS crystal became larger, and thus the mass
transport became much more difficult, thereby resulting in
the formation of eight-pod cubes of PbS because of the
Berg effect,?% that is, the growth rate of the edge of the
{111} plane was faster than that of the {100} inner plane.
In the presence of CTAB, uniformly truncated octahedral
particles were obtained. Figure 6b presents a typical SEM
image of well-defined truncated octahedra of PbS synthe-
sized in the presence of CTAB. As shown in the low-magni-
fication SEM image, the as-prepared products consisted of
a large quantity of well-defined truncated octahedra of PbS
with a size of 0.5-1 pum. During the process, CTAB was in
fact used as a capping agent to stabilize the growth of PbS
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Figure 5. FESEM images of PbS crystals synthesized in different
concentrations of citric acid: (a) 0.1 g, (b) 0.2 g, and (c) 0.6 g.

crystals;*7! a strong interaction exists between the nitrogen
atoms of CTAB and the {100} and {111} facets, which indi-
cates that the PbS grows simultaneously along the <100>
and <111> directions. When polyvinylpyrrolidone (PVP)
was added into the solution instead of CTAB, a different
morphology of PbS formed. A typical image of the prod-
ucts is shown in Figure 6¢. It shows cubic PbS and some
irregular particles. As a polymer surfactant, PVP molecules
with long chains can be adsorbed onto the PbS particle
surfaces through physical and chemical bonding. It is be-
lieved that PVP tends to inhibit the growth rate of the {100}
facets more than that of the {111} facets, since it is expected
to absorb at the {100} facets of fcc geometry of PbS be-
cause of its carbonyl group.*® And then cubes of PbS are
obtained. On the other hand, as a weakly bound ligand to
the PbS crystal, desorption of PVP from the PbS surface
will form, and the nanocubes will assemble together to de-
crease the surface energy, thereby resulting in some aggre-
gated cubic shapes of PbS. Figure 6d is the SEM image of
PDbS crystals when using L-cysteine as the surfactant; the as-
prepared products are composed of a large quantity of six-
armed starlike PbS nanostructures around 1.5 um in length
and 600 nm in width. In fact, as a surfactant, L-cysteine
can adsorb onto both the {100} and {111} facets, because
different functional groups such as the nitrogen atoms and
carbonyl groups coexist in the L-cysteine molecule, which
may lead first to the formation of octahedra (or truncated
octahedra) of PbS. In addition, L-cysteine can be used as a
sulfur resource; the decomposition of L-cysteine and thio-
acetamide accelerate the nucleation and growth rate, and
octahedral (truncated octahedral) PbS continues to be in-
clined to grow along the <100> orientation, specifically
along the six apical directions of the octahedron (truncated
octahedron), which leads to a large size distribution of PbS
crystals and the interesting six-armed starlike structure.
5703
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Similar star-shaped structures formed by the growth of six
horns out along the [100] direction were reported by War-
ner et al. and Cheon et al.[3%40]

S5um
I

Figure 6. FESEM images of PbS products in the presence of (a)
no surfactant, (b) CTAB, (c) PVP, and (d) L-cysteine at 180 °C for
1 h.

To demonstrate the surface adsorption of the surfactant
on PbS microcrystals, FTIR spectral studies of PbS micro-
crystals, prepared in the presence of various surfactants,
were performed. Figure 7a shows the FTIR spectrum of
PbS with the assistance of PVP. From the image it can be
clearly seen that there is no obvious peak in the spectrum,
which indicates that the PVP molecules can be easily
washed away from the surface of PbS. And it further proves
that a desorption of PVP from the surface of PbS occurred,
which is in accordance with what has been discussed above.
When CTAB was used as surfactant, the obvious peaks in
Figure 7b at 1060 and 1172 cm™! match with the C-N*
stretching vibration, which clearly demonstrates that the
head groups of CTAB molecules are directed toward the
PDbS surface. Similar results have been reported in the syn-
thesis of PbS microcrystals by using DTAB as a surfactant
by Petersen’s research group.f*!! The weak peak in Figure 7b
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Figure 7. FTIR spectra of PbS crystals synthesized with various
surfactants (a) PVP, (b) CTAB, (c) L-cysteine, and (d) citric acid.
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at 2931 cm™' can be attributed to the C-H stretching vi-
bration. When L-cysteine is used as the surfactant, only one
weak peak at 2914 cm™! that belongs to the C—H stretching
vibration can be seen (Figure 7c). Figure 8d is the FTIR
spectrum of PbS, which was prepared by using citric acid
as surfactant instead of others. The interaction between cit-
ric acid and PbS microcrystals has also been verified by the
C-H stretching vibration at 2907 cm ' and the characteris-
tic peaks of the carboxy group (-COOH) around 3420 cm !
(Figure 8d) in the FTIR spectrum.
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Figure 8. FESEM images of samples prepared at different reaction
times: (a) 0.5h, (b) 2h, (c) 4 h, and (d) 8 h.

Growth Mechanism of PbS Crystals

To further understand the formation mechanism of the
PbS crystals, time-dependent experiments were carried out
at 180 °C for 0.5, 1, 2, 4, and 8 h in the presence of citric
acid. Figure 8 displays the FESEM images of PbS obtained
at different reaction times. When the reaction time was
0.5 h, aggregated quasi-sphere structures of PbS with an
average diameter of about 300-500 nm could be found (Fig-
ure 8a). The surface of the particles is rough, which indi-
cates that the quasi-spherical aggregates should be com-
posed of many small nanoparticles. As the reaction time
was increased, the quasi-spherical aggregates changed; Fig-
ure 2a shows that the samples prepared for 1 h are com-
posed of a flowerlike structure, and the size is in the range
between 0.7 and 3 pm. The structure is composed of densely
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packed nanocubes. By increasing the reaction time to 2 h,
the petals (Figure 8b) became smaller, and more petals
formed relative to Figure 2a. At the same time, the smooth
surface became rough again. By further increasing the reac-
tion time to 4 h, the petals of the flower almost disap-
peared, microspheres of PbS were obtained, and a few flow-
erlike structures were occasionally found, which can be seen
clearly in Figure 8c. When the reaction time reached 8 h,
well-defined microspheres formed (Figure 8d). The image
inset in Figure 8d shows that the surface of the PbS micro-
spheres is rough, which implies that the outside of the
sphere is composed of many nanoparticles. Figure 8e and f
represent the TEM image and size distribution of the as-
prepared samples. It can be seen here that the microsphere
structure of PbS is in agreement with the FESEM observa-
tions with an average size of 1.5 um. As a result, the forma-
tion equation of the reaction system may be formulated as
follows [Equation (1)].

Pb' + CA — Pb'(CA)
CH,CSNH, + H,0O — CH;CONH, + 2 H* + >
PbU(CA) + S> — PbS + CA (1)

Generally, the growth process of lead chalcogenide crys-
tals includes two stages:[*># the initial nucleating stage and
a subsequent growth stage. During nucleation, the seeds
crystallize as polyhedrons, which exposes six {100} and
eight {111} facets because of their highly symmetric cubic
rocksalt crystal structures. At the growth stage, growth rates
on different facets are determined by the surface energy. As
a facet-centered cubic structure, the energy of the {111} fac-
ets is higher than that of the {100} ones, thus resulting in
a faster growth rate along the [111] direction than in the
[100] direction. In a solution-phase synthetic process, impu-
rities and surfactants are often used to alter the surface en-
ergies through adsorption or chemical interaction, and thus
new shapes of the particles come into being. But on the
basis of the above investigation, the mechanism of the
growth stage is different. In our case, citric acid is used as
chelating agent and surfactant. In aqueous solution, car-
boxy groups can form complexes with lead cations through
coordination interaction, which greatly decreases the free
Pb?* ion concentration in solution. Such a low concentra-
tion of lead cations leads to a relatively slow nucleation rate
and facilitates the growth of PbS nanocrystals in view of
the dynamic process. During the growth stage, the reduction
in surface energy is believed to be the primary driving force
for simple particle growth; thus, the nuclei assemble to-
gether to form quasi-sphere nanoparticles; because of the
hydrogen-bond and electrostatic effects of the citric acid
anions,*¥ the quasi-sphere nanoparticles agglomerate. As
the reaction time is prolonged, the molar ratio of citric acid
to lead cations increases, which leads to a low free Pb>*
ion concentration in solution, thereby further slowing the
reaction rate and facilitating the preferential growth of PbS.
Furthermore, the carboxy groups can adsorb onto the
{100} facets more strongly than onto others, and thus ef-
ficiently inhibit the growth rate along {100} facets, which
leads to a faster growth rate along the <111> directions
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than along the <100> directions. Thus, flowerlike PbS is
obtained. A similar phenomenon was also observed in the
studies of star-shaped and rod-based multipod PbS nano-
crystals and Bi,S; nanoflowers.[*>40] As the aging time in-
creased, part of the corners and edges of the flowerlike
microcrystals dissolved into smaller nanocrystals and mini-
mized the surface energy. Crystal growth then followed, and
larger particles grew at the expense of smaller nanocrystals
with the assistance of citrate. The surface of the particles
became rough, and a surface recrystallization process took
place, thus leading to the formation of PbS microspheres.
From our experimental results and the above discussion we
consider that the time-dependent morphology-evolution
process of PbS can be illustrated in Figure 9.
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Figure 9. Morphology-evolution process of PbS crystals.

In summary, there are two key factors that determine the
final morphologies of PbS microcrystals. The first is the
citrate anions used as chelating agents and morphology
modifiers, which play a key role in controlling the nucle-
ation rate and suppressing the growth rate along different
directions. The second one is the dissolution-recrystalli-
zation process, which is responsible for the transformation
from microflower to microsphere.

Electrical Conductivity of PbS Crystals

Recently reported efforts to prepare thermoelectic (TE)
materials from chemically synthesized nanocrystals (NCs)
revealed serious challenges that were mainly associated with
the presence of organic molecules (surface ligands or molec-
ular capping agents) at the NC surface.*”4°1 Being vitally
important for NC synthesis, these organic molecules are
highly insulating and hamper the electrical conductivity of
NC solids.[*” Talapin et al. and Wang et al. also reported
that removing the fraction of the capping groups would re-
duce the interparticle spacing and yield a higher conductiv-
ity.[¥849 Therefore, in our studies, the annealing experi-
ments at 250 °C for 4 h under argon to remove the organic
molecules from the surface of PbS microcrystals were car-
ried out before electrical conductivity measurements. The
complete removal of the surface ligand was confirmed by
comparing the FTIR spectra for their flowerlike PbS NC
solids before and after the thermal treatments in Figure 10.
The obvious difference in the spectra is the absence of
the C—H stretching vibration at 2907 cm™!' and the charac-
teristic peaks of the carboxy group (-COOH) around
5705
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3420 cm !, which illustrates the pyrolysis of citric acid. The
other peak at about 1170 cm™' in the spectra corresponds
to PbS.5%31 Moreover, the microspheres of PbS annealed
under the same conditions. Additionally, the microflowers
and microspheres of PbS were pressed into a strip with a
rectangular shape of about 10X 4.6 X 1.2 mm for the mea-
surement of electrical conductivity. Figure 11 shows the
temperature-dependent electrical conductivity of the micro-
flowers and microspheres of PbS crystals. It can be clearly
seen that the electrical conductivity of the two samples
monotonically increases with increasing temperature, which
indicates the typical electrical conductivity of a semicon-
ductor. As is shown in the image, the electrical conductivity
of flowerlike PbS was 5.5Scm! at 690 K, whereas the
electrical conductivity of PbS microspheres was only
1.29 Scm ! at the same temperature. Recently, Toprak et al.
proposed that the size and grain boundaries have a sizeable
effect on the electrical conductivity.l’?l The electrical con-
ductivity is low for products with smaller particle size.

100

80

(2]
o

N
o= §

Transmittance/%

2907

3420

3000 2000
wavenumber/cm™!

1000

Figure 10. (a) FTIR spectra of flowerlike PbS microcrystals and
(b) FTIR spectra of flowerlike PbS microcrystals after annealing
at 250 °C under argon.

In our experiments, the surface of the PbS microspheres
was composed of many nanoparticles, which may have re-
sulted in more grain boundaries in the pressed strip. And
this may have led to the reduction of the carrier mobility

due to the scattering of the charge carrier by enhancing the
density of grain boundaries for smaller grains, which is in
accordance with the results reported by Liu et al. and Lu-
ther et al.[’33 To validate this argument, SEM images of
the fractured surface of PbS after annealing were measured;
they are shown in Figure 12. As indicated in the figure, the
grain size of the flowerlike PbS is above 5 pm (Figure 12a),
which is much larger then that of the microsphere PbS (Fig-
ure 12b). For the two different morphologies of PbS, sam-
ples with a larger grain size show higher electrical conduc-
tivity over the measured temperature range. A similar influ-
ence of grain size and grain boundaries on the electrical
conductivity has also been reported by Zhao et al.>*! and
our research group.’® Additionally, to determine whether
or not there is phase transformation during annealing, we
measured the XRD of PbS microspheres and flowerlike
crystals collected after the measurement of electrical con-
ductivity at a temperature of 700 K for about 3 h under
argon (Figure 11b). The results demonstrate that the above
samples after annealing are consistent with the PbS struc-
ture, which indicates that these samples have a good ther-
mal stability. To further understand the effects of mor-
phology on electrical conductivity, different shapes of PbS
such as nanocubes, six-armed stars, truncated octahedra,
and so on were also measured under the same conditions.
As shown in Figure S1 in the Supporting Information, the
temperature dependence of the electrical conductivities of
the above five samples is similar to those of PbS micro-
spheres and flowerlike crystals. According to the results de-
picted in Figure S1, the electrical conductivity of the sample
is proportional to the diameter (size). The diameter of
eight-pod cubes is obviously larger than that of six-armed
stars, truncated octahedra, and nanocubes. That is why it
possesses a higher electrical conductivity. From another
point of view, electrical conductivity is also dependent on
the density of the specimen; the higher the density a speci-
men has, the (slightly) higher electrical conductivity it will
have relative to that of the lower-density specimen.>”! In
our case, the petals of flowerlike PbS may have been more
fragile during pressing, and less void space existed in the
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Figure 11. (a) Temperature dependence of the electrical conductivities for flowerlike and microsphere PbS crystals. (b) XRD pattern of
microflower and microsphere PbS collected after the measurement of electrical conductivity at a temperature of 700 K under argon for

3h.
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strip, which led to the higher electrical conductivity of flow-
erlike PbS than that of the PbS eight-pod cubes and six-
armed star morphologies. According to the above dis-
cussion, the smaller size and the lower density of the sample
will obviously reduce the conductivity; thus, one can con-
sider that the electrical conductivity of the hollow structure
composed of nanoparticles is much lower than that of other
shapes. As shown in Figure S1, the experimental conductiv-
ity of the hollow sphere is in accordance with the prediction
and presents only 1.0 Scm™' at 690 K. Moreover, the mea-
sured electrical conductivities of all the samples at room
temperature are more than 10 times lower than those of the
PbS single nanowire of Lau et al. and Fardy et al.,’8>*1 and
100 orders of magnitude higher than those of quantum-
confined PbS nanocrystals.®?l A possible explanation for
the observed shape dependence of the electrical conductiv-
ity originates in the grain boundaries. The axial electrical
conductivity of PbS nanowires measured in the literature is
high, because no obvious grain boundaries are observed.
With an increase in the grain boundaries, the electrical con-
ductivities might decrease. According to the electrical con-
ductivity obtained in our experiments and that, which exists
in the literature, we posit that the bulk PbS may present a
higher electrical conductivity if no defects exist.

Figure 12. FESEM images of a typical fractured surface of PbS
after annealing: (a) microflower and (b) microsphere.

Conclusion

In this paper, different morphologies of PbS nano- and
microstructures have been synthesized by means of a quick,
citric acid assisted hydrothermal method. Unlike other
types of surfactant, it is found that the citric acid plays an
important role in the synthesis of flowerlike PbS, in which
it is used as chelating agent and capping agent. The shape
evolution of PbS microcrystals can be controlled by the dif-
ferent growth ratio between the [111] and the [100] direction
and the dissolution—recrystallization process. Evidently, the
electrical conductivity of PbS microcrystals is dependent on
the morphology. The flowerlike PbS offers a higher electri-
cal conductivity than that of other morphologies, which
may have potential use in the design of PbS crystals with
desirable shapes for the fabrication of advanced thermoelec-
trical devices.
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Experimental Section

Chemicals: All reagents were of analytical grade and used as re-
ceived. Lead nitrate, thioacetamide, citric acid, cetyltrimethylam-
monium bromide (CTAB), polyvinylpyrrolidine (PVP, K-30, M, =
40000), and L-cysteine were purchased from Shanghai Chemical
Reagent Co. Water used in the experiment was obtained with a
water-purification appliance.

Preparation of PbS Particles: In a typical procedure, lead nitrate
(0.19 g) and citric acid (0.4 g) were dissolved in distilled water
(10 mL). Under constant stirring, thioacetamide (0.075 g) was
added. After stirring for 5 min, the solution was transferred into a
40 mL Teflon-lined stainless steel autoclave, and distilled water was
added again up to 80% capacity of the total volume of the auto-
clave. The autoclave was sealed and heated at 180 °C for 1 h and
then cooled to room temperature naturally. Brown precipitates were
obtained by centrifugation, and then washed with ethanol and dis-
tilled water several times. After that, the products were dried in a
vacuum at 60 °C for 6 h. To study the growth mechanism of the
as-prepared products, the reaction time, temperature, concentration
of citric acid, and the kinds of surfactant (CTAB, PVP, and L-
cysteine) were systematically varied.

Characterization: The phase structures of the as-prepared samples
were measured with a powder X-ray diffractometer (XRD, Rigaku
D/max-2000) using monochromated Cu-K,, radiation. The X-ray
tube was operated at 40 kV and 50 mA. The scan speed was
4°min!. Scanning electron microscopy measurements were carried
out with an FEI Quanta 200F instrument using an accelerating
voltage of 20 kV. Transmission electron microscopy and high-reso-
lution transmission electron microscopy were performed with an
FEI Tecnai G2 S-Twin instrument operating at 300 kV. Infrared
absorption was performed with an FTIR spectrometer (Shimadzu)
in the range of 400-4000 cm™ in the form of KBr pellets.

Measurement of Electrical Conductivity: To measure the electrical
conductivity of the PbS powders, a pressed strip of samples
(10 X 4.6 X 1.2 mm) was prepared under pressure after annealing at
250 °C for 4 h with a flow of argon at 10 mLmin!. A similar
method can be found in our previous work.’®l The electrical con-
ductivities were tested by a computer-assisted DC four-probe tech-
nique with a 2400 sourcemeter (Keithley 2700, Keithley Instru-
ments Inc., America) under argon. The temperature was changed
from 300 to 700 K at a rate of 1.5 Kmin™".

Supporting Information (see also the footnote on the first page of
this article): Temperature dependence of the electrical conductivi-
ties for different morphologies of PbS crystals.
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