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Morphology of lead sulfide crystalline
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Monocrystalline PbS particles of cubic structure ranging in size from 3 to 500 nm,
were obtained. Influence of growth conditions on the final particles size and dispersion of
lead sulfide nanocrystals, as well as effects of nanocrystals size on their shape have been
studied. It was found that increasing of monocrystalline particles size more than 12 nm
leads to transition of shape from spherical to cubic; that indicate predominance of surface
energy influence on equilibrium geometry of nanocrystals.

IlonyueHbl MOHOKpHCTALINUYecKHe uvacTUILl PbS pasmepamu 8-500 M ¢ KyOudecKoit
KPUCTANINUECKOIT cTpyKTypoit. HcciemoBano BAMSHUE YCJOBUH pocTa Ha IUCIEPCUIO, KO-
HEUYHBIH pasMep HAHOKPHUCTAJJIOB CYJL(UIa CBUHIA. ¥YCTAHOBJIEHO, UTO TPU YMEHBIITEHUUW
pPasMepoB MOHOKPUCTAJIMYECKUX HacTUI] 70 12 HM HabarogaeTcsd TepeXoa OT KyOuuecKoil
GopMEI K cdepuuecKoil, UTO CBUJETENLCTBYET O JOMUHUPOBAHUUN BJIUAHUA TTOBEPXHOCTHOI
9HEPTHUU HA PABHOBECHYIO T€OMETPUI0 HAHOKPHCTAJJIOB.

Mopdoaoria kpucradidyHMx 4YACTHHOK Cyab@igy CBUHIIO y PpO3MipHO-O0OMeEREeHOMY
crani. O.C.Beskposnuii, I0.B.€pmonacea, O.M.Bosx, M.B.JJobpomseopcvra, M.A.Yaiika,
O.B.Toamawos.

Orpumano moHOKpHuCcTaniuHi vactuaku PbS posmipamu 8—500 am is KyGiunorw Kpucrasiu-
HOIO CTPYKTypolo. IlocaifsKeHO BILIMB YMOB POCTY Ha AUCIEPCilo Ta KiHIeBUH PO3Mip HAHOK-
pucranxis cyasdiny cBuHI0. BeTaHoBieHO, [0 IPpU 3MEHIIEHH] PO3MipiE MOHOKpHUCTAJIIUHUX
yacTHHOK 10 12 HM cmoocrepiraerbesa mepexin Bix wryGiumoi dopmu g0 chepudunoi, o
CBigunTh PO IOMiHYBAHHSA BILJIMBY IIOBEPXHEBOI eHeprii Ha piBHOBa'KHY reoMeTpilo HAHOK-
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pucraixis.

1. Introduction

One of the top innovative developing
field in materials science is obtaining and
testing of 2D and 3D consolidated materials
using methods of directed self-assembly,
where agglomerated semiconducting
nanocrystals constitute basic structure-
forming units [1-8]. Lead sulfide among
great number of semiconductors attracts
special attention due to strong size depend-
ence of band gap. It opens broad prospects
for its use in photovoltaic converters [2],
photodetectors [4] infrared detectors [5],

Functional materials, 21, 4, 2014

and electroluminescent and photolumines-
cent phosphors of IR emission [6, 7].

It is well known that an implementation
of self-assembly of close-packing structures
requires monosized spherical structural
units of low agglomeration [8, 9].

The feature of the sulfides particles for-
mation is low energy of metal-anion bond
formation. This lead to the crystalline prod-
uct formation in growth solution. Hence,
varying growth conditions give rise to a
possibility of obtaining the crystalline prod-
uct with given morphology directly from a
solution. This approach was implemented in
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the literature on the example of cadmium
and zinc sulfides particles, which were ob-
tained in plurality of morphological forms
by crystallization from aqueous solutions
[10-12].

However, a problem of PbS spherical
particles formation remains poorly investi-
gated. Comparing to cadmium and zinc sul-
fides lead sulfide has higher dissociation en-
ergy (337 kJ/mol for PbS, while 205 and
208 kJ/mol for ZnS and CdS, respectively)
[13]. Because of this difference in metal-
sulfur energy bond formation, growth rate
of lead sulfide is significantly lower com-
paring to particles of ZnS and CdS. Thus,
the formation of independent single crystal-
line PbS particles of cubic shape is possible
[14]. It is reasonable to assume that it is
necessary to increase growth rate for the
formation of polycrystalline spheres. It can
be achieved by increasing temperature of
the growth medium. Similarly to ZnS and
CdS, formation of great number of crystal-
lization centers and their agglomeration
into spheres to minimize surface energy
takes place in the growth solution. It was
shown [14] a possibility of PbS monocrys-
talline particles formation of different mor-
phology including spheres by crystallization
from organic salts melts. However, a disad-
vantage of this approach is the difficulty of
controlling of particles size distribution in
the final produect.

An alternative approach in obtaining of
crystalline spherical particles is the transi-
tion to nanoscales. Obviously, due to high
curvature of surface of isolated nanoparti-
cles there is large excess of surface energy,
that may result distortion of crystal struc-
ture. It was shown in [15] that the differ-
ence in the lattice parameters may reach
17 % on the periphery comparing to the cen-
ter of the nanoparticles. As a result of such
distortion of the crystal lattice, it becomes
possible to obtain spherical shaped isolated
nanocrystals. This was observed on the exam-
ple of 2-5 nm Y,03 nanocrystals [16].

It is known that monodisperse isolated
2-3 nm nanocrystals of sulfides may be pre-
pared by "explosive nucleation” method
with sudden isolation of particles being
formed [17-20]. However, despite a number
of publications on sulfide nanocrystals ob-
taining and their properties testing, there
are no special studies of size-limited condi-
tions influence on morphology of nanocrys-
tals. And the aim of the study presented is
to investigate the influence of particle size
of PbS on their morphology and determina-
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tion of size limitations of existence of
spherical shaped particles.

2. Experimental

PbS crystalline submicron particles have
been obtained by precipitation method from
aqueous solution. The synthesis was carried
out by quick mixing of three solutions in
500 ml flask and further stirring at
25+0.05°C during 30 min in presence of
gelatin (0.1 wt.%.) as stabilizing agent. In
this method solution 1 (50 ml) contains
0.053 mol/1 of Pb(NO3); and 0.22 mol/l of
HNO3, solution 2 (50 ml) contains
0.053 mol/]l of thicacetamide and 0.22 mol/1
of HNOg3, and solution 8 (100 ml) contains
0.22 mol/]1 of HNO3. Aging time for each so-
lution was 16 h prior using.

PbS nanocrystals synthesis is based on
the procedure described in [21]. Variable
synthesis parameters were: temperature and
duration of the synthesis and reagents con-
centrations. The synthesis is carried out in
nitrogen atmosphere to avoid oxidation.
First, a stock solution of 0.16 g of S in
15 mL of oleyl amine (OLA) was heated
until 80°C for 30 min under stirring and
afterward cooled to room temperature. In a
three-neck flask 0.56 g of PbCl, was mixed
with 10 mL of OLA and heated until 150—
225°C. After 30 min the solution of S (in a
required molar ratio to PbCl,) was injected
into the three-neck flask. When desired
growth time was reached, the reaction was
quenched by pouring the growth solution
into cold hexane. Excess of PbCl, and PbS
agglomerates was then removed by centrifu-
gation with following redispersion. The su-
pernatant was precipitated by ethanol and
redispersed in hexane. Latter two opera-
tions were repeated three times. The struc-
ture and morphology of nanoparticles were
investigated by transmission electron mi-
croscopy (EM-125) and scanning electron
microscopy (JSM-6390LV). Chemical compo-
sition was examined by X-ray photoelectron
spectroscopy (XPS) with XPS-800 Kratos
spectrometer.

3. Results and discussions

It is known that significant problem of
sulfide nanocrystals obtaining is their oxi-
dation giving sulfate anions [20, 21]. That’s
why chemical composition of the obtained
nanocrystals was investigated. Fig. 1 shows
the X-ray photoelectron spectrum of 4f
level of lead ion. The spectrum contains two
lines — 137.4 eV (4f7,5) and 142 eV (4f5,9)

Functional materials, 21, 4, 2014



O.S.Bezkrovnyi et al. /| Morphology of lead sulfide ...

Pb4f72

08f PbS (95%)

Phdfs),

aB PbSO, (5%)

a.u.

0,4

)

0,2

e
— 0

0,0
134 132

142 140 138 136
Binding energy, eV.

144

Fig. 1. Pb 4f X-ray photoelectron spectra of
nanocrystals.

related to Pb2+ associated with sulfide ani-
ons S2-. At the edge of these lines the weak
lines at 139.4 eV and 144 eV are observed.
They relate to Pb2*, associated with sulfate
anions 8042_. Analysis of the area under
the curve shows that content of the main

substance in PbS nanocrystals is not less
than 95 % . Content of PbSO, as the most
likely product of sulfide oxidation does not
exceed 5 %.

Typical image of different sizes (3—
500 nm ) of PbS ecrystals is shown on
Fig. 2. It should be noted that the morphol-
ogy of the PbS particles varies from spheri-
cal to cubic. Such changes are due to the
influence of surface energy at the early
stages on the particle growth. Consequently,
the shape of <10 nm size crystalline parti-
cles is sphere (Fig. 2a). For large particles
impact the surface energy becomes smaller
and shape of the particles is determined by
the growth rate of the planes. Planes that
have a minimal growth rate are absorbed by
planes with higher growth rate. That leaves
only the planes with prime indices (100,
010, 001) and the particle acquires the
cubic shape (Fig. 2b). That’s why we inves-
tigated only nanometer scale particles in
further to find a size range of spherical
shape of PbS crystalline particles. Analysis

Fig. 2.
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Fig. 3. Average diameter of PbS crystals depending on the S/PbCl, mass ratio (synthesis tempera-
ture 200°C) (a) and synthesis temperature (S/PbCl, mass ratio = 10/1) (b).
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Fig. 4. Average diameter and size dispersion of
PbS crystals depending on the synthesis time.

of electron diffraction of PbS particles dis-
plays that the obtained particles are
monocrystalline with cubic structure
(JCPDS No0.05-0592).

It is known that size of nanocrystals
formed during explosive nucleation is deter-
mined by the ratio of phase-forming ions in
the reaction mixture. This affect to crystal-
lization centers number in the growth solu-
tion. As it shown on Fig. 3 the minimum
size of PbS nanocrystals is observed for
weight ratio of PbCl,:S = 1:40. Apparently,
at this weight ratio of starting reactants
the crystallization centers number is maxi-
mal. This leads to the minimum size of ob-
tained PbS crystals. Deviations from the
said ratio of starting reactants leads to in-
creasing of PbS nanocrystals average size.

It should be noted that crystallization
centers formation and crystal growth is dif-
fusion-controlled process. As a result, the
size of nanocrystals is being strongly influ-
enced by synthesis temperature. It was
found that increasing of the synthesis tem-
perature leads to decreasing of nanocrystals
size. The latter occurs due to increasing of
number of nucleus, that in turn caused by
increasing of probability of phase-forming
ions collision (Fig. 3b). By taking into con-
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sideration the known fact of change of dis-
persed nanocrystals composition during the
growth process we were investigated the
time evolution of PbS nanocrystals size and
their dispersion. Conditionally, growth of
nanocrystals can be divided into three
stages (Fig. 4). At the "nucleation” stage
there is particle growth by secondary nu-
cleation. It is due to high degree of super-
saturation at this stage. As a result, there
is a great dispersion of nanocrystals size
observed. At the stage of "active growth”
the supersaturation is lower and there is
only growth of particles , which are already
formed at the previous stage. This is fol-
lowed by focusing of particles sizes. How-
ever, during further increasing of the
growth time (at the Ostwald ripening stage)
the larger nanocrystals occur as a result of
dissolution of smaller ones. This is followed
by defocusing of the particles size. Thus, we
can distinguish the optimal time for
nanocrystals formation with a minimal dis-
persion of size.

On the example of isolated nanocrystals
of PbS we have shown the change in parti-
cles shape from spherical to cubic for
nanocrystals bigger than 12 nm (see Fig. 5).
A possible reason of this effect is deforma-
tion of the crystal structure of the parti-
cles. This may by the result of the exces-
sive surface energy influence due to Laplace
pressure Ap = 26/r, created by surface ten-
sion "0". The value of which increases with
decreasing of particle size "r". Apparently,
in such circumstances, in order to minimize
surface energy the formation of spherical
shape nanocrystals takes place.

4. Conclusions

3—-500 nm Monocrystalline PbS particles
with cubic structure and content of the
basic substance not less than 95 % were
obtained. The influence of the synthesis
conditions on PbS nanocrystals size and
their dispersion have been investigated. The
optimal synthesis conditions for obtaining

Fig. 5. Size evolution of PbS crystals morphology.
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PbS nanocrystals with minimal dispersion
in size (less than 10 %) were found. It was
found, that increasing of the monocrys-
talline particles size more than 12 nm leads
to transition of the nanocrystals shape from
spherical to cubic. It indicates the domi-
nance of the surface energy influence on the
equilibrium geometry of the nanocrystals.
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