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a  b  s  t  r  a  c  t

PbS  nanodendrites  were  prepared  by  a  simple  hydrothermal  process  from  Pb(NO3)2 and  thiourea
(NH2CSNH2)  at  120 ◦C  without  any  additives.  The  structure  and  morphology  of  obtained-samples  were
characterized  by  X-ray  powder  diffraction  (XRD)  and  field-emission  scanning  electron  microscopy  (SEM).
The effect  of  Pb  and  S source,  the  ratio  of  Pb/S  or  CTAB/EDA  and  pH  value  on  the  morphologies  of  the
vailable online 23 July 2011
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products  were  investigated.  A  possible  formation  mechanism  of  PbS  nanocrystals  was  discussed  based  on
their  shape  evolutions.  The  photocatalytic  property  of PbS  dendrites  was  also  investigated.  It was  found
that  the  novel  nanocrystals  have  high  catalytic  efficiency  for  the  degradation  of Rhodamine  B  (RhB)  under
visible  irradiation.

© 2011 Elsevier B.V. All rights reserved.

hotocatalytic

. Introduction

Lead sulfide (PbS), as an important IV–VI group semiconduc-
or, has attracted considerable attention owing to its especially
mall direct band gap (0.41 eV) and a larger excitation Bohr radius
f 18 nm.  It has been widely used in many fields such as Pb ion-
elective sensor, photography, IR detector, optical switch and solar
bsorber [1–5].

Because the morphologies have some influence on the
roperties, these years PbS nanocrystals with various morpholo-
ies, including dendrites, star-shaped, nanoclusters, nanowires,
anorods and flower-like structures, have been prepared [6–9].
ing et al. synthesized PbS nanowires [10], employing Pb(AC)2
nd thiourea as reactant and CTAB/SDS as capping agents. PbS
ano- and micro-crystals including nanocubes, comb-like den-
rites and cross-shaped crystals have been synthesized by Chen
nd his co-workers through changing the initial pH value of
he reaction solution [11]. PbS nanorods, nanobelts, nanovelvet-
owers and dendrites have been synthesized by Li and his
o-workers through surfactant-assisted method [12]. Marangoni
t al. studied the controlled-synthesis of PbS nano- and micro-
rystals, including star shape particles, diamond shape particles,

ubes and octahedrons, by chemical bath deposition method,
sing different surfactants (including N,N′-bis(dimethyldodecyl)-
,6-hexanediammonium dibromide; N,N′-bis(dimethyldodecyl)-

∗ Corresponding authors. Tel.: +86 0579 82283907; fax: +86 0579 82282595.
E-mail addresses: yingwu@zjnu.cn (Y. Wu), thwu@zjnu.cn (T. Wu).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.036
1,8-octanediammonium dibromide, etc.) [13]. Among the different
morphologies, PbS nanodendrites have been paid much attention
for the special geometric configurations and application prospects.
Qian and his co-workers used PbCl2, thiourea, triethylene glycol
as solvent to synthesize PbS nanodendrites by solvothermal pro-
cess [14]. Fenske and his co-workers synthesized PbS dendrites
using CTAB as template [15], and some organic reagents (such as
ethanol [2],  triethylene glycol [14], l-lysine [11], ethylenediamine
[16], ethylene glycol [17] and so on) as the solvent system. Although
PbS dendrites could be synthesized by different method, the tem-
plates or organic reagents had to be used during the synthesis
process, which is high cost route and makes against environment.
To the best of our knowledge, the synthesis of PbS dendrites by self-
template or without any organic reagents have not been reported
to date.

In this work, we present a simple, low cost, environment-
friendly, self-template hydrothermal method to synthesize PbS
nanodendrites and investigate the effect of some reaction condi-
tions (such as Pb or S sources, the ratio of Pb/S or CTAB/EDA, pH
value and so on) on the morphology of PbS. A reasonable mech-
anism is proposed, which might help to further understand the
shape-guiding processes of a wide range of novel PbS crystals.

2. Experimental

2.1. Preparation of PbS nanodendrites
All of the reactants were analytical grade and used without any further purifi-
cation. In a typical procedure, 0.025 mol (8.31 g) of lead nitrate and 0.025 mol
(1.91 g) of thiourea were dissolved into 30 mL  deionized water, respectively and
mixed under magnetic stirring at room temperature (25 ◦C). Then the mixture was

dx.doi.org/10.1016/j.jallcom.2011.07.036
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yingwu@zjnu.cn
mailto:thwu@zjnu.cn
dx.doi.org/10.1016/j.jallcom.2011.07.036
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ig. 1. XRD patterns of the as-synthesized PbS samples with different morphology.
a)  Nanoparticle, (b) dentrite, (c) nanoplate, (d) nanorod, and (e) nanoflower.

oured into a 100 mL  Teflon-lined stainless-steel autoclave and filled with deion-
zed water up to 70 mL.  The autoclave was sealed and aged at 120 ◦C overnight and
hen cooled to room temperature naturally. The black products were filtered and
ashed with distilled water and absolute ethanol. After drying in a vacuum at 80 ◦C

or 3 h, the final products were collected for characterization. To investigate the
ffect of reaction parameters on the morphologies of PbS nanocrystals, a series of
xperiments were carried out through changing the source of Pb (Pb(CH3COO)2,
PbCO3·Pb(OH)2–CH3COOH, PbSO4–CH3COONH4) or S (Na2S, Na2S2O3), pH value of
eaction environment(pH = 6, 8, 10, 12) and the ratio of Pb/S (1:1.5, 1:1, 1.5:1) or
TAB/EDA (1:1, 5:3, 3:5).

.2. Characterization of prepared samples

The as-prepared powder samples were characterized by X-ray powder diffrac-

ion (XRD) on a Philips X-ray diffractometer (PW3040/60) using Cu K� radiation at

 scan rate of 0.088◦/s. The accelerating voltage and current were 40 kV and 40 mA,
espectively. The morphologies of the products were examined by a Hitachi S-4800
canning electron microscope (SEM). The compositions of the samples were ana-
yzed by energy dispersive X-ray detector (EDS, Hitachi S-4800). The laser Raman

ig. 2. SEM and TEM images of PbS with different Pb/S ratio. (a) 1:1.5, (b) 1:1, (c) 1.5:1, an
RTEM  pattern.
pounds 509 (2011) 9356– 9362 9357

spectra were acquired on a RM1000 spectrometer made by Renishaw. The laser
wavelength was  514 nm (He–Ne laser 3.0 mW).  The FT-IR spectra of samples were
recorded on a FT-IR spectrometer (Nicolet Nexus 670) with a resolution of 4 cm−1.

2.3.  Photocatalytic activity measurements

The photocatalytic properties of PbS nanodendrites were also investigated, and
the general procedure was carried out as follows: a 500 W xenon long arc lamp
was  used as radiation source. The photocatalytic experiments were carried out
in  a reactor containing 50 mL of aqueous RhB (5 × 10−6 mol/L) and photocatalysts
(50 mg). At first, the suspension was  continuously stirred for about 1 h in the dark
to  ensure an adsorption–desorption equilibrium among the PbS, RhB and deionized
water before irradiation. A cutoff filter was used to completely remove any radiation
below 380 nm.  At given time intervals, the concentration of RhB was monitored by
measuring its peak absorbance at 554 nm.

3. Results and discussion

3.1. XRD studies

The phase composition and structure of as-obtained PbS sam-
ples with different morphology were examined by XRD. As shown
in Fig. 1, all peaks can be readily indexed as face-centered-cubic PbS
structure with a lattice constant a = 5.934 Å, in agreement with the
literature value (JCPDS card no. 5-592, a = 5.936 Å) except for the
peak intensities, especially for (2 0 0) to (1 1 1). The strong peaks
show that the material has good crystallization. No obvious impu-
rity phase was found.

3.2. Effect of Pb/S ratio

To investigate the effect of Pb/S ratio on the morphology of PbS,
we synthesized PbS using different Pb/S ratio. When the proportion
of Pb to S was 1:1.5 (mole rate), the images of PbS are mainly four-
pointed star like and each pointed is consist of tower structured
like (Fig. 2a). A typical SEM image of PbS with the ratio of Pb to S

of 1:1 clearly shows its dendrites three-dimensions (3D) structures
(Fig. 2b). It was  interestingly found that four dendrites were com-
posed starfish-like crystals in a certain angle. The individual PbS
dendrites have 3D structures with one trunk and four branches,

d (d) TEM image of PbS with Pb/S ratio 1:1, (insert-up) SAED pattern, (insert-down)
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ig. 3. SEM images of PbS synthesized by different Pb sources (thiourea as th
bSO4–CH3COONH4.

nd the nanorods in each branch are parallel to each other and
n the same plane. A typical high-resolution transmission electron

icroscopy (HRTEM) image recorded is shown in Fig. 2d (insert-
own), the fringe spacing is determined to be about 0.30 nm,  which

s close to the (2 0 0) lattice spacing of PbS, indicating that the crystal
rowth is preferentially in the [1 0 0] direction. From the electron
iffraction (ED) patterns (Fig. 2d, insert-up), it can be concluded
hat the individual PbS dendrite is a single crystal. When the pro-
ortion of Pb and S was 1.5:1, both the dendrites 3D structures and
ctahedral structure can be found (Fig. 2c). It is obvious that the
roportion of Pb and S has an effect on the morphologies of PbS,
ut have no effect on its dimensions. From a kinetic point of view,
igh supersaturation causes the three-dimensional growth of pre-

ormed nuclei and results in the formation of dendrite structure,
ven octahedral structure, while decreasing the supersaturation
avors the formation of concave structure and forms thermody-
amically favored bulk cubic morphology [17]. In the present case,
he trend of transformation is accord with it, although the dimen-
ions have not changed so clearly with Pb/S ratio. When Pb/S ratio is
maller, the morphology tends to be bulk tower other than dentrite
r octahedral structure.

.3. Effect of Pb sources

In order to investigate the effect of Pb source, we choosed four
ead salts (Pb(NO3)2, Pb(CH3COO)2, 2PbCO3·Pb(OH)2–CH3COOH,
bSO4–CH3COONH4) as the lead sources, fixing the thiourea as the

 source. As shown in Fig. 3 several different and special geomet-

ic morphologies can be obtained. When Pb(NO3)2 was  used as the
b source, the products exhibit mainly rod-based dendrites and
ave even size with good dispersion from the SEM observation
Fig. 3a). Using the Pb(CH3COO)2 as Pb source, the products still
ource). (a) Pb(NO3)2, (b) Pb(CH3COO)2, (c) 2PbCO3·Pb(OH)2–CH3COOH, and (d)

show dendrites morphologies (Fig. 3b). In this system, both the
primary and the secondary arms of the dendrites exhibit aggre-
gations of PbS nanoparticles with diameters about 40 nm rather
than single-crystalline rod-like morphologies, but the secondary
arms still show the tendency to form perpendicularly to the pri-
mary arms. When 2PbCO3·Pb(OH)2–CH3COOH was  used instead of
Pb(NO3)2 or Pb(CH3COO)2 (Fig. 3c), the products show one typical
morphology of PbS, having 3D structures with one trunk and four
branches and some nanorods in each branch are parallel to each
other and in the same plane. When PbSO4–CH3COONH4 was used
as the Pb source, the products show various morphologies (Fig. 3d),
including some crosses with different dimensions, dendrites and
cubes. In a word, although the lead source plays important role
in the morphology of PbS, the trend of crystal growth to special
geometric configuration has not been changed.

3.4. Effect of S sources

In order to investigate the role of S source, we used Na2S,
Na2S2O3 to replace thiourea and the other conditions were not
changed. The products images are shown in Fig. 4. Using Na2S as
S source, PbS nanoparticles could be obtained (Fig. 4a), which are
dispersed well and the grain diameter about 80 nm. When using
Na2S2O3 as the S source, the obtained products exhibit nonuni-
form size with more dimensions micro-cuboids (Fig. 4b). Through
the experiment we can find that only PbS with non special geomet-
ric configurations can be obtained with the absence of thiourea.
These results are in basic agreement with that reported by Fenske

et al. [15]. They figured that the main reason is likely to be that
the reaction rate of Pb2+ and S2− is too fast under this reaction
condition. However, according to Fenske’s results PbS nanoden-
drites could not be synthesized in the absence of CTAB surfactant
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Fig. 4. SEM images of PbS synthesized by different S sources (Pb(NO3)3 as the

Fig. 4d), while our experimental results indicate that dendrites
Fig. 4c) can be directly obtained only using Pb(NO3)2 and thiourea
ithout any surfactant. The main reason may  be that in their exper-

ment the concentration of thiourea is too low (0.075 mol/L) to be a
elf-template agent, while in ours thiourea concentration can reach
.25 mol/L. So it can be concluded that S source and the concentra-
ion of thiourea play the key role to synthesize PbS with special
eometric configurations.

.5. Effect of pH value

In order to further research the generation of PbS, we have reg-
lated the pH value of the reaction environment from 2 to 12 by
Cl and NH3·H2O. The results showed that no products could be
btained when the pH value is 2 or 4. Fig. 5b–d images show that
anoparticles can be obtained under alkaline conditions (pH = 8,
0, 12) and the higher alkality the smaller size can be obtained. It

s interesting that PbS nanodendrites can be obtained only under
he medium acidity conditions. From the experiment results, we
an speculate that the hydrolysis rate of thiourea plays the most
mportant role in the generation of PbS with special geometric
onfigurations as the following reaction equations:

H2CSNH2 + 2H2O � 2NH3 + H2S + CO2 (a)

b2+ + S2− → PbS (b)

In strong acidic conditions thiourea rapidly decomposes and
eleases hydrogen sulfide, and lead sulfide cannot be obtained. The
mmonia, which is used to be adjusted the basicity, may  inhibit the
hiourea hydrolysis, and the more concentration of ammonia, the
erious inhibition may  happen. So the smaller nanoparticles could

e gained as the pH value increases. Under the medium acidity
onditions, however, thiourea decomposes and releases hydrogen
ulfide with appropriate speed and the hydrogen sulfide reacts with
b ion that have been chelated with thiourea.
urce). (a) Na2S, (b) Na2S2O3, (c) (NH2)2CS, and (d) image from Fenske’s paper.

3.6. Effect of surfactant

It can be concluded from the quotations mentioned above
that the thiourea works not only as S source but also a template
agent. To further prove the point we did some experiments as
follows. The reaction took place under the same synthetic con-
ditions, except that N-cetyl-N,N,N trimethyl-ammonium bromide
(CTAB) and ethanediamine (EDA) were used as the co-surfactant.
The products morphologies are shown in Fig. 6. The flower-like
PbS consisting of many nanosheets with thickness of 20 nm was
obtained when the ratio of CTAB and EDA is 1:1. Nanorods and
nanoplates can be obtained when the CTAB/EDA ratio is 5:3 and
3:5, respectively. As we  know, CTAB and EDA are often used as the
structure directing agent. In this experiment CTAB/EDA may  bond
to PbS crystal seed, and so the addition of CTAB/EDA can have some
the effect on thiourea, which cause all the main PbS nanodendrites
change into different morphologies. According to the results from
Dong et al. [12], there exists three factors related to the formation
of PbS, including the selective adsorption of surfactant on PbS crys-
tal faces, the slow releasing rate of H2S on the interface of oil and
water, the initial formation of solid basic nitrate of lead. For the
reaction system without surfactant, only the last factor controlled
the rate of nucleation, so at the same time of the crystal growing
along the (1 0 0) axis to form the trunk, it also grew laterally to
form the primary branches even the second order branches. The
addition and adsorption of surfactants led the PbS crystal to grow
directionally along a certain crystal faces. In this reaction system,
mixed agents CTAB/EDA were used as “capping reagent” and had
cooperating function to bond with solid surface and adsorb on the
selective faces of PbS to control crystal growth direction conse-
quently. The equal amount CTBA/EDA can stabilize charged (1 1 1)
face rather than the uncharge (1 0 0) face, and accelerate the growth

of (1 0 0) faces relative to (1 1 1) face. When the ratio of CTAB/EDA
was  increased, the (0 1 0) and (1 0 0) faces were selectively adsorbed
and thus nanorod was  formed. In comparison, when CTBA/EDA was
higher, the capping agents were supposed to bond preferentially
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Fig. 5. SEM images of PbS synthesized at different pH value. (a) 6, (b) 8, (c) 10, and (d) 12.

Fig. 6. SEM images of PbS synthesized with different surfactants ratio of CTAB and EDA (in mol rate). (a) 1:1, (b) 5:3, and (c) 3:5.
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ig. 7. (A) EDS, (B) FT-IR, and (C) Raman analysis results for the complex precursor.

o the (0 0 1) face, resulting in the formation of lamellar micelle. Of
ourse, the exact mechanism of the morphologies evolution of PbS
anostructure is still not fully understood and further studies are
eeded to explain the observed phenomena.

.7. Complex precursor formation and determination

Is PbS produced from the decomposition of a complex of
b–thiourea or the direct reaction of Pb2+ and S2−? To investigate
he reaction route, we did elemental analysis, FT-IR measurement,
nd optical characterization. It is worthy of being mentioned that
hen Pb(NO3)2 was dissolved into an early formed white solution

f thiourea, the solution color changed from white to greyish white
radually. The changed color of the mixture reveals the formation
f a complex precursor in the solution. For determination, the
recursor was extracted and purified. The experimental details

ere as follows. Firstly, 0.025 mol  Pb(NO3)2 was  dissolved into a

queous solution (35 mL)  and mixed with 0.025 mol  thiourea in
5 mL  deionized water, and the solution was stirred for 25 min.
hen, the solution naturally formed two phases: an achromatous
pounds 509 (2011) 9356– 9362 9361

aqueous phase and a greyish white solid phase. The solution was
allowed to stand for another 25 min  to ensure complete separation
of the two phases, then the greyish white phase was  separated,
and washed several times with distilled water, dried at 60 ◦C
and a greyish white powder was obtained. Elemental analysis
(EDS) (shown in Fig. 7A)of the product deduces a formula of
Pb–(thiourea)2 for the complex, since the molar ratio of C:N:S is:
1.9:4:2.1, and a calculated molar ratio of S:Pb is 2:1. To further
confirm the structure of the precursor, it was characterized by
FT-IR with a pure thiourea for reference. As shown in Fig. 7B, it
is found that there are some changes between the as-prepared
precursor and the pure thiourea. Obviously, the frequency of the
C S stretching vibration in pure thiourea shifted from 1086 to
1099 cm−1 in Pb–(thiourea)2. The increased frequency of the C S
stretching vibration and new weak-absorption band of C–S (834,
814 cm−1) imply that sulfur atom of thiourea coordinate with the
metal ion [18]. At the same time, the strong absorption peaks of
pure thiourea at 1616 cm−1 and 3177 cm−1 of N–H bond in H–N–C
group are also shifted to 1620 and 3191 cm−1 [16]. The shifts can be
attributed to the change of bond character of the nitrogen to carbon
in N–H2 group bonding with the metal ion [19]. Meanwhile, the
characteristic bands of C–N stretching vibration 1474 cm−1 in pure
thiourea was  shifted to 1485 cm−1 in the complex, so it can be spec-
ulated that nitrogen atom of thiourea coordinate with the metal
ion. Some new absorption bands appeared in fingerprint region
(from 400 to 600 cm−1) are identified as the absorption of Pb–S
and Pb–N [20]. Fig. 7C is Raman absorption spectra of the complex
and thiourea. The spectra give an intensive absorption centered
at 150 cm−1 and 1050 cm−1 in the precursor, which is consistent
with that of Pb–(thiourea)2 [21]. From the above studies, the epi-
and bulk phase of the complex are homogeneous and consistent
with that of Pb–(thiourea)2 in the reaction system. The com-
plex precursor formed in solutions can be formulated as follows

:
Thus we  speculated that the formed Pb–thiourea complex

served as precursor for the growth of PbS crystals under an elevated
solvothermal synthetic route as shown in present experiments.

3.8. Photocatalytic activity of PbS dendrites

In this work, we probed reasonably simple reaction involving
the degradation of RhB under visible irradiation conditions in the
presence of PbS dendrites. We  noted a continual fading of the col-
oration of RhB with increasing reaction time, in the presence of PbS
dendrites or nanoparticles samples, implying a steady, continuous
degradation of the organic dyes.

The photocatalytic performance of PbS was estimated by moni-
toring the intensity of RhB’s characteristic absorption at 554 nm as
a function of reaction time. The data clearly showed that dendrites
and nanoparticles are active photocatalysts, as illustrated in Fig. 8A.
Obviously, PbS dendrites exhibited a higher photocatalytic degra-
dation activity compared with the nanoparticles (Fig. 5b) sample.
The photocatalytic decolorization reaction of RhB can be modeled
as a pseudo-first-order reaction with the kinetics expressed by the

equation, ln(C0/Ct) = kt, where C0 represents the initial concentra-
tion of aqueous RhB, Ct denotes the concentration of RhB at a given
reaction time “t”, and k is the reaction rate constant[21]. From the
linear extrapolations (Fig. 8B), the computed reaction rate con-



9362 W. Wu  et al. / Journal of Alloys and Compounds 509 (2011) 9356– 9362

F  Plot o
b .

s
a

R
(
d
s
r
o
m
c

4

t
n
l
r
p
P
b
t
d

A

d
D

[

[

[

[

[

[

[

[

[
[

ig. 8. (A) Photodegradation performance of RhB as a function of reaction time. (B)
lank  control, (b) as-prepared PbS nanoparticles, and (c) as-prepared PbS dendrites

tants of the PbS dendrites and nanoparticles are 2.07 × 10−1 h−1

nd 8.1 × 10−2 h−1, respectively.
The potential photocatalytic mechanism in the degradation of

hB has been previously described and may  involve several steps:
1) photoabsorption of the PbS catalysts, (2) generation of photoin-
uced electrons and holes, (3) transfer of charge carriers to the
urface, and (4) recombination of the available charge carriers with
eactive, reagent dye molecules [22]. The observed enhancement
f photocatalytic activity of as-prepared PbS dendrites herein is
ost likely correlated with the special geometric configuration as

ompared with the nanoparticles.

. Conclusions

In summary, by means of the proper control of the reac-
ion conditions, we have successfully prepared PbS nanodendrites,
anorods, nanoplates, and nanoflowers in aqueous solution at

ower temperature. It has been found that all factors of the Pb/S
atio, Pb or S source, pH value and the concentration of thiourea
lay important roles in the formation of various morphologies of
bS nanocrystals. Especially, thiourea works as not only S source
ut also template agent in the reaction. The photocatalytic activity
est has shown that PbS with special geometric configuration (den-
rites) has good photocatalytic activity under visible irradiation.
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