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ABSTRACT: Hierarchical cubelike submicrometer PbS par-
ticles consisting of truncated octahedrons, cuboctahedrons,
and cubes were prepared in ethylene glycol solution under
favorable high mole ratio of thiourea (Tu) to Pb(AC), (Rg/py)
via a pumping process. A qualitative analysis based on the
classical nucleation theory coupled with the crystal growth
theory is employed to interpret the observed experimental
phenomena. By varying the concentration of reactants, Rg,py,
and reaction temperature, it is possible to tune the local
supersaturation degree (LSD), which is determined by the

number of nuclei and overall growth unit (or concentration), surrounding each growing particle that dictates the branching and
faceting of PbS particle. Relatively high LSD that is required for branching growth could be achieved at lower concentration of
Tu and reaction temperature. Increasing the concentration of Tu and reaction temperature resulted in less LSD and yielded cubic

PbS particles.

B INTRODUCTION

Numerous findings showed that many physical properties and
practical applications of nano- and submicrometer scaled
materials relied on their particle size, monodispersity, and
shapes.! Polyhedral nano- and submicro structures were usually
highly symmetric particles with well-defined shapes. The
synthesis of polyhedral noble metal nano- particles via
solution-based processes caught the foremost attention and
has achieved substantial success due to their fascinating optical
properties and highly catalytic activities.”® The solution-based
approach has been then extended to the synthesis of binary or
tertiary polyhedral compounds such as Cu,O* and CulnS,,’
with their dimensional sizes below micrometer scale.

In solution-based methods, monodispersed colloids could be
arrested with the ;uideline of Lamer model.’® The vapor—
liquid—solid (VLS) # and dislocation-driven® mechanisms have
been deployed for the growth of one-dimensional nanowires or
nanotubes prepared from chemical/physical vapor deposition
or solution processes. For polyhedral nano- and micro-
structures synthesized in solution media, their formations
have been generally ascribed to the anisotropic growth of
different crystalline planes with various surface energies."'® The
resultant morphologies usually follow the Gibbs—Wulff
theorem.'""?

Besides regular polyhedral structures, branched and dendritic
materials have been also produced."*'* To understand the
growth habit and branching of particles with sizes in the
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micrometer range, Siegried and Choi systematically studied the
branching and faceting of Cu,O via electro-crystallization
processes.'>'¢ They found that both anions such as dodecyl
sulfate, CI7, NO,™ or SO,*~ and cation-like NH,* could be used
to control the growth habits of Cu,0."” The degrees of
branching and architectures of microsized Cu,O crystals could
be regulated by controlling the deposition potential/current or
changing the growth media.'® They were inclined to ascribe
their observations to the deployed electrochemical parameters.

Here, we report the synthesis of branched and faceted
submicrometer PbS particles with cubic growth habit also in
solution processes. As a traditional semiconductor material with
a very small direct band gap of 0.41 eV,'® PbS has a stable rock-
salt structure and becomes more important due to its promising
properties and applications.'”™>" A lot of efforts have been
made to synthesize PbS with diverse morphologies and sizes
varied from nano- to micrometer scale via either solution or
vapor-phase approaches.”> ° In this work, the synthetic
protocol was modified from our previous method”” through
decreasing the concentrations of precursors and reaction
temperature. Three kinds of hierarchical cubelike submicrom-
eter PbS particles consisting of truncated octahedrons,
cuboctahedrons, and cubes could be obtained. A qualitative
analysis based on the classical nucleation theory coupled with

Received: June 10, 2014
Published: October 23, 2014

dx.doi.org/10.1021/ic501368y | Inorg. Chem. 2014, 53, 11484—11491


pubs.acs.org/IC

Inorganic Chemistry

the crystal growth theory revealed that the observed
morphological evolutions of these three typical products were
mainly dictated by the local supersaturation degree (LSD)
surrounding each individual particle, which dominates the
growth mechanism during the growth process of the products.
It is concluded that at higher LSD and lower Rg,p, the kinetics-
controlled growth promotes branching growth and the
dominance of the {111} facets, whereas at less LSD and high
Rg/pp,y the more stable {100} facets are favored.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were commercially available and used as
received without further purification. Lead(I) acetate (Pb(Ac),:
3H,0), thiourea (Tu), ethylene glycol (EG), and poly-
(vinylpyrrolidone) (PVP-K30, 6.0 X 107> mol in terms of repeating
unit, molecular weight &~ S0 000) were obtained from Shanghai Lite
Chemical Technology Co., Ltd.

Synthesis of Submicrometer PbS Particles. Typically, a
mixture containing 0.66 g of PVP-K30, a certain amount of thiourea
(Tu), and 8.0 mL of EG was added into a 50.0 mL three-neck flask
and heated to 100 °C under magnetic stirring until a clear solution was
formed. To this mixture was added 76 mg of Pb(Ac),-3H,0 (2.0 X
107* mol) dissolved in 1.0 mL using a peristaltic pump (HL-2D,
Qingpu Huxi Instrument Factory, Shanghai) at a rate of 10.0 mL-h™".
The reaction was kept at the same temperature for desired duration.

To study the time-dependent evolutions of the product, the
reactions were interrupted by stopping the introduction of Pb(Ac),:
3H,0 at 3.0 or 5.0 min before the pumping was finished (6.0 min),
and then the flask was removed from the heating mantle; this was
followed with pouring 20 mL of double distilled (DD) water into the
flask. For the other cases, 1.0 mL aliquots of the reaction solutions
were taken from the reaction systems at different intervals after
finishing pumping the solution of Pb(Ac),-3H,0 and were injected
into a vial containing 5.0 mL of DDI water. The products were
collected after centrifugation, washed by ethanol and water three
times, and dried at 60 °C.

Characterization. Powder X-ray diffraction (XRD) measurements
were performed on a Bruker D8 Focus diffractometer with Cu Ka
radiation and a Lynx Eye detector at a scanning rate of 15.0°/min.
Field emission scanning electron microscopy (FESEM) images were
taken using Hitachi S-4800 scanning electron microscope operated at
an acceleration voltage of 10.0 kV. Transmission electron microscopy
(TEM) images were taken using an FEI Tecnai F20 transmission
electron microscopy operated at an accelerating voltage of 200 kV.

B RESULTS

The s7ynthetic protocols were adopted from our previous
work®” with some modifications. Both the concentrations of
reactants and reaction temperature were reduced to allow
slower reactions. The growth of submicrometer PbS particles
was synergistically controlled by many deployed synthetic
conditions.

The effect of the amount of Tu added on the
morphology. The preparation of submicrometer PbS particles
were fulfilled by pumping the solution containing 76 mg of
Pb(Ac),-3H,0 into the flask, in which 0.66 g of PVP-K30 and
different amounts of Tu were predissolved in 8.0 mL of EG.
The overall concentration of Pb(Ac),-3H,0 in this process is
about one-fifth of that used previously. More importantly, the
reaction temperature was lowered from 160 to 100 °C. With
these two modifications, the reaction became much slower, and
the reaction time was accordingly prolonged to complete the
reaction. Since the addition speed of Pb(Ac),-3H,O solution
was quite low and the tube length in peristaltic pump is about
1.0 m, it took a while for the Pb(Ac),-3H,O solution to be
transferred from its container to the flask. The reaction time

throughout this manuscript was counted once the first droplet
of Pb(Ac),-3H,0 solution was added to the flask.

Figure la—e shows the hierarchical structures of the obtained
products after reaction at 100 °C for 30 min by adding 57, 68,

Figure 1. FESEM images of branched cube-like PbS submicrometer
particles consisting of truncated octahedrons (a), cuboctahedrons (b,
¢, and d), and cubes (e) obtained at 100 °C after 30 min of reaction
using 57 mg (a), 68 mg (b), 76 mg (c), 100 mg (d), and 200 mg (e) of
Tu. Simulated structures of the three typical morphologies are given in
(f g and h). In all cases, the LSDs are kept at relatively high degree to
maintain their branching growth, and the morphologies of the
branched subunits are determined by the Rgp, ratio, similar to our
previous observation,?® in which we found that octahedral, truncated
octahedral, and cubelike particles were prepared with increasing Rgpy,
value.

76, 100, or 200 mg of Tu into the flask. Their average particle
sizes were in the range of 500 to 700 nm. When 57 mg of Tu
was used, the resultant product was dominated by hierarchical
particles consisting of eight truncated suboctahedrons (Figure
1a). Along with this, some particles were also presented and
appeared to be truncated octahedrons with their six {100} faces
or/and 12 edges unfilled. The hierarchical structure of the
dominant product could be depicted more clearly from its
simulated structure shown in Figure 1f. Each truncated
suboctahedron was connected with its three neighboring
truncated suboctahedrons via sharing three of the six {100}
faces. The coexisted truncated octahedral particles with unfilled
vertices and edges could be viewed as a result of partially filling
the gaps among eight small suboctahedrons.

Increasing the weight of Tu to 68 mg, the product became
cubelike particles with unfilled face-center, broken edges, and
truncated vertices (Figure 1b). Further increasing the amount
of Tu to 76 mg, some particles had similar morphology to those
in Figure 1b, while others were cubelike, and hierarchical
particles consisting of eight subcuboctahedrons (Figure 1c).
Actually, the product presented in Figure 1b could be also
viewed as a hierarchical structure, and its subunits were similar
to those in Figure lc except the truncation degree of the
vertices of the subcuboctahedrons, which correspond to the
{111} faces. The former one had a slight truncation degree,
while the latter one was bigger. Each subcuboctahedron fused
with its three neighborings via three of the six {100} faces,
similar to the suboctahedrons in Figure 1a. When 100 mg of Tu
was used, the cubelike particles in the product had more
obvious hierarchical structure with more severe truncation
degree for the eight {111} faces of each cuboctahedral subunit

dx.doi.org/10.1021/ic501368y | Inorg. Chem. 2014, 53, 11484—11491



Inorganic Chemistry

(Figure 1d). A simulated structure with half truncation of {111}
faces is illustrated in Figure 1g.

Further increasing the amount of Tu to 200 mg (Figure le),
the product had unfilled face-centers and broken edges and
presented inconspicuous hierarchical structure, similar to that
shown in Figure 1b except the morphology of the subunits.
Eight subunits in Figure le were nearly fully developed cubes
with seven of their eight vertices slightly truncated, differing
from subcuboctahedron (Figure 1b) in which all eight corners
are truncated. The simulated structure of product in Figure le
is presented in Figure 1h.

Time-Dependent Morphological Evolutions. To get
insights into the growth mechanisms of the three typical
morphologies (ie, the eight small subunits are truncated
octahedrons, cuboctahedrons, and cubes), time-dependent
products from different reaction intervals were harvested to
reveal their morphological evolutions. For the three products
prepared at 68, 76, and 100 mg, only the reaction using 76 mg
of Tu was chosen since they are all comprised of small
subcuboctahedrons and bear similar evolutions. All XRD
patterns (Supporting Information, Figure S1) of the three
typical products shown in Figure la,ce obtained at different
stages could be indexed to phase-pure cubic PbS (JCPDS Card
No. 05—0592). The products are well-crystallized. It should be
mentioned here that the intensities of the diffraction peaks are
arbitrary. The intensity variation among different peaks does
not mean that their crystallinities differ from each other,
especially for the products at early stages, for example, 3 and §
min, as their amounts for XRD characterization were different.
FESEM images shown in Figure 2 depict the growth histories
of these three kinds of particles. The panoramic images of the
products corresponding to those shown here are provided in
Supporting Information, Figures S2—S4. Initially, at the
reaction time of 3 min, all products were small and nearly
cubelike particles with distorted edges when viewed along
(100) directions. Tilted from this direction, it can be seen that

LI IDE]II

Figure 2. Time-dependent FESEM images of single hierarchical
cubelike PbS submicrometer particles consisting of truncated
octahedrons (a), cuboctahedrons (b) and cubes (c) obtained at 100
°C using 57 mg (a), 76 mg (b), and 200 mg (c) of Tu. For each case,
crystals viewed down on the (100) directions were shown in upper
rows, while those viewed from tilted directions were present in lower
rows. The reaction time was listed at the bottom for each column
(scale bar = 100 nm).
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the faces were concaved. The distortion degree increases along
with the increase of the amount of Tu as shown in the 3 min
column, suggesting that branching growth tends to occur when
higher concentration of Tu was used in the flask. After pumping
Pb(Ac),-3H,0 solution for S min, the eight corners of all three
kinds of particles tend to protrude further, and the branching
degree became more prominent.

The pumping of Pb(Ac),-3H,0 solutions was finished after 6
min. The concave areas of the branched particles were gradually
filled, and only slight enlargement of particle size could be
observed. That is to say, there are two different growth states
divided by stopping pumping Pb(Ac),-3H,0 solution, which is
also marked by the red line in Figures 2 and 3.With reaction
proceeding, such as between 8 and 15 min, some facets were
developed at the corners, while those interior parts remained
unshaped. The interior rough surfaces could be filled by
nutrient and became smooth faces or fused together in later
growth processes (after 15 min). Therefore, the branching
growth in the early stage was ceased after stopping the
pumping, and the faceting growth took control in the following
growth processes. The time-dependent products were also
characterized by transmission electron microscopy (TEM). At
lower magnifications, as shown in Figure 3a—c, the geometrical
contours of these samples are consistent with those observed
under FESEM. The nonuniform contrast within each particle
could be deduced from their morphologies. The high-resolution
(HR) TEM images taken from one corner of an individual
particle in both [100] and [211] zone-axes, together with their
corresponding electron diffraction (ED) patterns (Figure 3d—
g), confirm the highly crystalline nature of these intermediate
products (here only product prepared using 76 mg of Tu at 100
°C with reaction time of 5 min was taken and used as an
example). The interplanar distance of 0.30 nm corresponds to
the {100} face, while 0.22 and 0.34 nm correspond to the
{111} and {110} faces of the products. Insets in (d) and (f) are
their corresponding fast Fourier transform transformation
patterns, which are in good agreement with the ED patterns
shown in (e) and (g).

The first sample for each case was obtained by interrupting
the pumping of Pb(Ac),-3H,O solution at 3 min. In our
experiment, the nucleation should occur already before the
interruption and the nuclei could grow slightly during this early
stage. With the low concentration and slow addition of
Pb(Ac),-3H,0 solution, an instantaneous nucleation was
believed to occur in our processes. The continuous addition
of Pb(Ac),-3H,0 solution caused the branching growth of
these nuclei as evidenced in the first two columns in Figure 2.
The branching growth could not be sustained any longer once
the pumping was stopped. The growth habit of each branch on
all cubelike particles was then controlled by other factors. As
shown in Figure 2a, the growth of the subunits in sample was
favored by an octahedral growth habit. Such growth habit was
changed to cube favorable for sample in Figure 2¢, and the
intermediate sample in Figure 2b took the compromised habit
between them. In our previous work, we found that the growth
habit of PbS submicrometer particles was determined by the
mole ratio of Tu to Pb(AC), (hereafter abbreviated as Rg)pp).””
A lower Rg,p, favors octahedral growth habit, while higher R, p,
is beneficial for cube growth. In the early stage after nucleation
depicted in Figure 2, the growth for all particles was favored by
cubic habit since there were abundant Tu in the reaction flasks.
When there is not enough nutrient for branching growth, for
example, after 6 min of pumping the Pb(Ac),-3H,O solution,
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Figure 3. Time-dependent TEM images of single branched cubelike PbS submicrometer particles consisting of truncated octahedrons (a),
cuboctahedrons (b), and cubes (c) obtained at 100 °C using 57 mg (a), 76 mg (b), and 200 mg (c) of Tu. The reaction time was listed at the top for
each column (scale bar = 100 nm); HRTEM images (d and f) and electron diffraction patterns(e and g) of product prepared using 76 mg of Tu at

100 °C with reaction time of 5 min displayed in Figure 2b.

the growth habit was switched to be under the control of Rgpy,.
For the three reaction systems, the overall Rg,p, was increased
from 3.7 to 13.1, and the eight small subunits constituting the
three typical products consequently evolved from truncated
octahedrons to cuboctahedrons and cubes.

Effect of Rsp, Value on Morphology. The Rg/p, was
further tuned via three ways to study its effects on the
morphologies of PbS particles. First, we varied the amount of
Tu added into the flask or the volume of Pb(Ac),-3H,0
solution to be pumped to change Rg,p,. Second, we increased
the reaction temperature to allow a higher decomposition rate
of Tu that leads to higher Rg,p,. Finally the chemical to be
pumped was changed.

When the amount of Tu was reduced to 46 mg or the
pumped volume of Pb(Ac),-3H,0 solution was increased to
2.0 mL, 2.5 or 3.0 mL, the corresponding total amounts of
Pb(Ac),-3H,0 were 152, 200, and 232 mg, respectively, and
the Rgyp, values were 1.9, 1.5, and 1.2, accordingly, while
keeping the other conditions same to those for preparing PbS
particles in Figure 1. When the value of Rg/p, was 3.0, the
overall shape of the resultant product appeared to be octahedral
with partially unfilled vertexes (Figure 4a). This morphology is
similar to those highly grown particles in Figure la. The
calculated value of Rg/p, in Figure la is 3.7, which is slightly
higher than that used in Figure 4a. The morphological
transformation from cubic to octahedral growth habit was not
significant. When Ry p, was reduced to 1.9, concave octahedral
product was yielded as shown in Figure 4b. This result clearly
manifests that lower Rg/p, favors the octahedral growth habit.
Figure 4c shows that a mixture of hexapod-like particles and
unfilled octahedral particles was produced with Rg,p, = 1.5. The
hexapod-like structure became more prominent with the
decrease of Rgp, to 1.2 as shown in Figure 4d. In addition,
with the increase of the volume of Pb(Ac),-3H,O solution to
be pumped, the driving force could be maintained at a higher
level for longer time in the reaction system and caused more
branching28 as shown in Figure 4b—d.

The decomposition of Tu would be accelerated at higher
temperature. To further investigate the Rgp, effect on the
morphologies of PbS particles, a series of reactions were
performed at a higher temperature (120 °C) with increased
Rg/pp from 1.5 to 5.0. When 57 mg of Tu was used, the
resultant product was mainly comprised of cubic particles.
Compared with the product obtained at 100 °C (Figure 1a)

N
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Figure 4. FESEM images of products obtained at 100 °C after 30 min
reaction with different Rgpy: (), Rg/pp, = 3.0 using 46 mg of Tu and
1.0 mL of Pb(Ac),-3H,0 solution. (b), Rg/p, = 1.9 using 57 mg of Tu
and 2.0 mL of Pb(Ac),-3H,0 solution. (c), Rg/p, = 1.5 using 57 mg of
Tu and 2.5 mL of Pb(Ac),-3H,0 solution. (d), Rgp, = 1.2 using 57
mg of Tu and 3.0 mL of Pb(Ac),-3H,0 solution. The concentration of
Pb(Ac),-3H,0 solution and other conditions were same to those used
in Figure 1.

with same Rg/p, of 3.7, the hierarchical structure disappeared
(Figure Sa and Supporting Information, Figure SS). In addition,
the size distribution became broader suggesting a progressive
nucleation might also occur along with a shrink of particle size.
The average size is ~350 nm. Similar phenomenon could be
observed for the case when 68 (Rgp, =4.5, Supporting
Information, Figure S6) or 76 mg of Tu (Rgp, = 5.0, Figure
Sb and Supporting Information, Figure S7) was added into the
reaction flask. Cubelike particles consisting of eight cuboctahe-
dral subunits became cubic particles with average particle sizes
less than SO0 nm. Meanwhile, when the volume of Pb(Ac),:
3H,0 solution was doubled (Figure Sc), the Rgp, value was
halved from 3.7, and a similar morphology to the highly grown
particles in Figure la appeared. Further decreasing the Rg/p, to
1.5 by using 46 mg of Tu and doubled volume of Pb(Ac),-
3H,0 solution (Figure 5d), the particles have similar
hierarchical structure to those dominant product in Figure la.

When Pb(Ac),-3H,0 solution was added into the flask and
Tu solution was pumped into the reaction system, the growth
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Figure 5. FESEM images of the products obtained at 120 °C after 30
min reactions with Rg)p, values of 3.7 (a), 5.0 (b), 1.9 (c), and 1.5 (d).
The weight of Tu dissolved in the flask, the volume of Pb(Ac),-3H,0
EG solution pumped and the weight of Pb(Ac),-3H,O contained in it
are (a): 57 mg of Tu + 1.0 mL of EG containing 76 mg of Pb(Ac),-
3H,0, (b): 76 mg of Tu + 1.0 mL of EG containing 76 mg of
Pb(Ac),-3H,0, (c): 57 mg Tu +2.0 mL of EG containing 152 mg of
Pb(Ac),-3H,0, (d): 46 mg of Tu + 152 mg of Pb(Ac),'3H,0
dissolved in 2.0 mL of EG.

habit changed as well. In Figure 6a, the experimental condition
is almost identical to that used in Figure la except exchanging

Figure 6. FESEM images of the products prepared using different
pumping manner. (a) 1.0 mL of Tu/EG solution containing 57 mg of
Tu pumped into 8.0 mL of Pb(Ac),-3H,0 EG solution containing 76
mg of Pb(Ac),-3H,0, the other conditions were same to those in
Figure 1a; (b) the experimental conditions were same to (a) except
increasing the reaction temperature to 120 °C.

the chemicals in the flask or to be pumped. Similar change also
occurs for Figure 6b and Sb. For both cases, the octahedral
growth habit instead of cubic growth habit (Figure 1a and Sb)
played a dominant role here. Branching octahedral and nearly
perfect octahedral particles were obtained for reactions carried
out at 100 and 120 °C, respectively. Once the pumping of
either Tu or Pb(Ac),-3H,0 solution is finished, the reaction
conditions for two reactions with reversed addition of
chemicals were similar. Their different growth habit could be
attributed to the nucleation or growth process during the early
stage.

B DISCUSSION

On the basis of the above observations, the formation of
hierarchical structure of PbS micrometer particles can be
deduced as follows and explained by the theorems of Berg and
Sunagawa. First, cubelike nuclei were formed at high Rg/p,
favorite cube growth habit during the nucleation stage. Then,
the branches grew out from the nuclei due to diffusion-

dominated growth under high concentration of growth unit,
which were achieved by the continuous pumping of Pb(Ac),-
3H,0 solution. In such situation, the growth rate was faster
than the diffusion rate, and the corners most closed to the inner
solution would grow fast to form the branches.”” This is
consistent with the well-known Berg effect. Similar diffusion-
dominated growths were also applied in forming concave
palladium nanocubes and hopper PbTe structure.**>' Sunaga-
wa correlated the growth mechanism with driving force, that is,
the concentration of the growth unit. The driving force has two
critical values.”® When it exceeds the higher critical values, an
adhesive-type growth mechanism, which is also referred to as
branching growth, will be adopted, and the final products
usually take dendrite morphology. When it is less than the
lower one, the growth will be principally controlled by spiral
growth mechanisms. In between these two values, two-
dimensional growth (layer-by-layer) occurs. In our cases, after
finishing the pumping, the driving force in the system would
drop significantly, and further growth was mainly controlled by
the spiral growth mechanism. After branching, there were many
kinks or/and steps having high affinity toward growth unit on
the branches as well as within the gaps among the branches.
The following formations of flat facets first on the cusps, filling
the gaps, and fusing of neighboring small polyhedral particles,
all took place in these active sites via surface diffusion of growth
units. Finally each branch gradually developed into a
polyhedron, which fused with neighboring others to form a
hierarchical particle.

It was noticed that all the products shown in Figure 1
presented good monodispersity. In our synthesis, both the
concentration of reactants and reaction temperature were kept
at low levels to allow slow reactions between the two chemicals.
The continuous pumping of Pb(Ac),-3H,0 solution could
build up the concentration of PbS growing unit progressively
before the commencement of nucleation. The slow buildup
concentration of growth unit, along with the low concentration
of reactants in the system, made the instantaneous nucleation
process possible and hindered the progressive nucleation.
Therefore, the control of particle size could be achieved as we
showed in above experimental results.

At the early stages of the growth processes, all the branches
unanimously extended to the eight (111) directions, which
should be the result of cube-favorite growth habit and diffusion-
dominated growth, while at the late stages, that is, after
finishing the pumping, growth rate slowed down and became
decisive for the crystal growth. The growth rate difference
among the different planes distinguished and exerted its
influence to the morphologies of the products. Just as we
discussed earlier, the different values of R /py, led to the subunits
of the hierarchical structure having different shapes, such as
truncated octahedrons, cuboctahedrons, and cubes.

Though we have known the formation mechanism of the
products and the influence factors to the morphologies, there
are still two experimental phenomena that might be confusing.
First, comparing the products shown in Figure 1a,b with those
shown in Figure 1d,e, it was found that the hierarchical
structures turned more inconspicuous with increased concen-
tration of Tu. That is to say, branching growth happened more
easily at low concentration of growth unit. This observation
does not conform to general knowledge that branching growth
should occur at high concentration of growth unit due to
diftusion-rate controlled growth. Second, comparing the
products shown in Figure 2a—c, the particle with more

dx.doi.org/10.1021/ic501368y | Inorg. Chem. 2014, 53, 11484—11491



Inorganic Chemistry

obviously branched corners grown under high concentration of
Tu turned more inconspicuous as the growth proceeds, while
the particle grown under low concentration of Tu became more
branched.

To explain these observations, understandings of both the
nucleation and growth processes are required. Although some
in situ observations on the nucleation and particle growth of
noble metallic and semiconductor nanocrystals have been
achieved recently,’”*® it is still a challenge for current
instruments to precisely determine the nucleation and growth
rates based on quantitative investigation due to the short time
scale of nucleation and many hidden uncertainties for these two
processes. A qualitative analysis based on tradition nucleation
and growth theories may help us to understand the formation
mechanisms of PbS particles in our process.

In the classical nucleation theory, the nucleation rate could

be expressed as>*
] (1)

Here, ] is the number of nuclei formed per unit time per unit
volume, A is the nucleation constant, y is the interfacial tension
between the surface of nuclei and the supersaturation solution,
V is the volume of growth unit, k is the Boltzmann constant, T
is the temperature, and S is the supersaturation degree.

In growing single crystals from solutions, Sunagawa
correlated the growth rate of a specific facet with driving
force,”® which is determined by the supersaturation degree of
the growth unit and could be expressed as

167y°V*

=Aexp| —2 T
J=dew [ 30T (In 5)?

6o Co
T C ()
Ap

L =mhs

T (3)

Here Ay, C,, and C are, respectively, the difference of the
chemical potentials between the saturated solution and the
solid phase, concentrations of growth unit in the bulk solution
and on the surface of the growing facet. S, k, and T have their
normal meanings as shown above. Au/kT is the driving force.

From the equations mentioned above, it can be deduced that
both the nucleation and growth processes are related to S.
However, the S presented in eq 1 is not the same one as that in
eqs 2 and 3 though they have the same normal meaning as
supersaturation degree, for they represented different stages
during the formation of crystals. The homogeneous nucleation
process is instantaneous and hardly captured. At the moment of
nucleation, the value of S is special and cannot be changed any
more. By comparison, the growth process is long and easily
observed as we have done in Figure 2. The value of § is
changeable and can be adjusted such as by pumping the
reactants. Besides, the driving force for a single crystal nucleus
to grow during the growth process should be decided by the
supesaturation degree around each individual nucleus not that
for the whole reaction system, so here we introduced local
supesaturation degree (LSD) to describe the microenvironment
of an individual nucleus for crystal growth. Then, the
expression of S in eq 3 should be modified as LSD. Obviously,
LSD is related to the supersaturation degree for the whole
reaction system and the number of the crystal nuclei (N) in the
reaction solution.
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For the PbS particles prepared in our system, the increased
amount of Tu predissolved in the flask only means the
increased supersaturation during the nucleation stage instead of
during the whole growth process, while branching growth
occurs in the growth process. So the branch degree of the final
products does not have direct consequence with the amount of
Tu predissolved in the flask.

During the nucleation stage, the number of nuclei (N) is
approximately to be the product of | times the volume of the
reaction solution. For a homogeneous nucleation process, |
would increase rapidly with increasing S if the critical value of
supersaturation was exceeded.”” For the synthesis shown in
Figures 1 and 2, the only variable is the amount of Tu added
into the flask. In addition, compared with the amount of
Pb(Ac),-3H,0 solution pumped to the reaction system before
nucleation started, the amount of Tu is far in excess, and the
introduction time of nucleation for each reaction should be
comparable as it is determined from the amount of Pb(Ac),-
3H,0 solution pumped. Assuming the critical value of
supersaturation during the instantaneous nucleation process
was constant, N would be determined by the weight of Tu
added, or in other words the sulfur specie decomposed from
Tu. According to eq 1, fewer nuclei (also the number of
particles evolved from them) would be formed for the case
using 57 mg of Tu than the other cases using more Tu. As a
result, the LSD during the growth stage for the case using 57
mg of Tu might be larger than the other cases for the same
amount of Pb(Ac),-3H,O solution was pumped into the
reaction system. The LSD should be a compromise between N
and C,, and a larger C, before the nucleation process cannot
guarantee a higher LSD. On the other hand, for the case using
57 mg of Tu, there should be more growth units for each
individual particle to grow than other cases due to less N since
the total growth units are same in all the cases shown in Figure
1, which means more growth units are available to fill the gaps
among branched polyhedral subunits and increase their fusion
degree. So large LSD might result in more growth units for
individual particle, and the former unit favors the branch
growth, while the latter unit favors the fusion growth. The two
contrary factors exert their influence on the morphologies of
the products simultaneously. If the effect of LSD takes control
of product morphology, larger LSD would favor the products
with much obvious hierarchical structure as shown in Figure
lab,d,e; if the effect of the amount of growth units plays a
decisive role, more growth units would led to inconspicuous
hierarchical structure as shown in Figure 1b—d.

For reactions carried out at 120 °C, the decomposition of Tu
was favored, and reaction temperature was a plus for increasing
N according to eq 1 (Figure S, Figure 6b, and Supporting
Information, Figures S5—S7). This increase in N is fairly
significant and causes the LSDs to drop rapidly shortly after
nucleation processes. Supporting Information, Figures S5—S7
give the time-dependent FESEM images of the products
obtained under the same reaction conditions as those in Figure
la—c, respectively, except reaction temperature. Their
morphologies differ from those shown in Figures 1 and 2,
where massive kinks and steps were produced due to the
branching growth. It was only in the early stage (3 min) that
the products appeared slightly branched. A spiral growth
mechanism might be dominant, and the two-dimensional
growth could be unlikely attained since the LSDs were low. So
larger N and relatively lower LSD led to the formation of
cubelike particles with less branching (Supporting Information,
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Figures SS—S7). Similar suppression of branching was also
observed in the case of preparing octahedral particles in Figure
6b.

Let us come to the second conclusion. The particles prepared
using 200 mg of Tu appeared to have more obviously branched
corners than the others at the early stage of the growth process,
which reflected that the LSD in such case was highest for there
were maximum of Tu. With the growth proceeding and the
particles growing larger, the large amount of particles led to the
rapid consumption of the growth unit, and the LSD declined
more quickly than it did in other cases and turned out to be the
smallest to form most inconspicuous hierarchical structure.

Bl CONCLUSIONS

In summary, the morphological evolutions of submicrometer
PbS particles from small cubes to hierarchical cubelike ones
consisting of eight polyhedral subunits and to cubes again have
been demonstrated in solution processes. The formation of
these particles was synergistically controlled by the growth
habit and LSD of PbS particles. The cubic growth habit was
favored at high Rg/p,. The synthesis of hierarchical cubelike
particles consisting of different polyhedral subunits could be
delimited into two stages separated by the draining of the
Pb(Ac),-3H,0 solution. Branching of these cubelike particles
could be attained at comparatively higher LSDs with
continuous pumping of reactant, while faceting growth took
place at later stage of growth process after finishing pumping
Pb(Ac),-3H,0 solution. As a compromise between the number
of nuclei and bulk concentration, relatively higher LSD of the
growing particle might be achieved at less overall concentration
of reactant and lower temperature because there are fewer
nuclei formed during the nucleation process. This concept
could explain the different fusion degrees of hierarchical
cubelike particles consisting of cuboctahedral subunits and
less branching growth for particles obtained at 120 °C. Our
findings might be used to interpret the formation mechanism of
submicrometer particles.
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