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Sonochemical and Microwave-Assisted Preparations of
PbTe and PbSe. A Comparative Study
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Sonochemical and microwave-assisted polyol reduction methods were used to prepare PbSe
and PbTe. Products prepared by both methods were compared and analyzed by XRD, EDX,
TEM, HR-TEM, elemental analysis, FT-IR, and thermal methods (DSC and TGA). In both
methods almost pure lead chalcogenide phases were prepared, which were almost free of
carbon (<0.08%), but the morphology of the resultant nanoparticles was entirely different.
The mechanism of formation for the lead chalcogenide nanoparticles for both microwave

and sonochemical reactions is discussed.

Introduction

Tellurides and selenides have attracted considerable
interest because of their intriguing properties and
structural diversity.1=3 They find applications in fields
such as semiconducting devices, thermoelectricity, and
optoelectronics.*~8 In recent years a growth in publica-
tions related to the applications of the selenides and
tellurides is accounted. Emphasis has been devoted to
their preparation in the nanophased form. This is due
to the modern trend of miniaturization, on one hand,
and to the unique properties associated with the nano-
structure, on the other. Unfortunately, there is an
immense delay in the development of synthetic methods
for the preparation of these compounds. Several meth-
ods have been known for the preparation of chalco-
genides. They are as follows: (1) gas-phase reaction
between elements or compounds and gaseous H,Se and
H,Te, (2) solid-state reactions, (3) chemical bath deposi-
tion and precipitation, and (4) pyrolysis of single source
precursors.®~1* Generally, all these reactions require
high temperatures (~500 °C) and/or the use of toxic and
highly sensitive precursors. From our point of view one
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of the most promising methods applicable to the syn-
thesis of the nanoparticles is the solvothermal tech-
nique. Unlike most other synthetic processes, the sol-
vothermal synthesis involves much milder conditions
and softer chemistry conducted at relatively lower
temperatures.!® This technique (especially the hydro-
thermal method) is widely employed for the crystal
growth of many inorganic compounds.'17” An intriguing
achievement of this synthetic technique includes the
preparation of new phases, inaccessible at high tem-
peratures, because of their thermodynamic metastabil-
ity.3 Recently, a few reports have described the prepa-
ration of metallic and main group chalcogenides under
solvothermal conditions using ethylenediamine as a
solvent.1825 These reaction are conducted in autoclaves,
with temperatures kept in the range of 120—200 °C and
requiring relatively high pressures. Among the disad-
vantages of the solvothermal reaction we can mention
the high pressure, the prolonged reaction time (from few
hours to the days), and the solvent incorporation into
the product.26

In exploring the solvothermal method as a route for
the synthesis of metal chalcogenides, we have chosen
ethylene glycol as a solvent. Reactions were conducted
using either microwave heating or sonochemistry for the
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activation (of these reactions). In the 1980s, Fievet et
al. used ethylene glycol as a solvent and reducing agent
for the preparation of submicrometer particles of the
transition metals. This method is known as the polyol
process.2’~31 The mechanism of this reaction is still only
poorly understood. It is, however, known that the
reduction is based on the decomposition of the ethylene
glycol and its conversion to diacetyl. Recently, Tarascon
and co-workers demonstrated that in these reactions the
temperature is a dominant factor in affecting the
reactivity. The temperature itself influences three fac-
tors: (1) Reduction potential of ethylene glycol; (2)
rupture and creation of chemical bonds; (3) diffusion.3?
All these factors make the microwave heating and
sonochemistry techniques favorable methods for the
fabrication of chalcogenides using ethylene glycol as a
solvent. These techniques are specially known as high-
temperature activating methods. To the best of our
knowledge, this is the first time that the polyol process
is reported as being used for the preparation of the main
group telluride and selenide materials. The two methods
chosen for this reaction have different modes of opera-
tion. In the case of microwave irradiation there are two
main modes of action. The first occurring in the liquid
phase is a coupling between the oscillating electric field
(2.45 x 10° Hz) and the permanent dipole moment of
the molecule resulting in molecular rotations, which
bring to rapid volumetric heating of the liquid phase.
The ethylene glycol is an excellent susceptor of the
microwave radiation because of its high permanent
dipole. In the second mode, metallic particles, produced
as intermediates in the polyol reaction, are also good
susceptors of the microwave radiation and cause the
rapid heating of these particles. The temperature in the
reaction container will therefore be much higher than
the surrounding liquid. In addition to being an excellent
susceptor of the microwave radiation, ethylene glycol
serves also as a solvent. Mingos and Whittaker3? have
recently shown that high boiling point alcohols are
superior solvents in microwave-assisted reactions be-
cause of their property of preventing arching. The
arching is known to lead to the decomposition of solvents
in the microwave-assisted reactions, yielding carbon and
carbonaceous residues. Arching is considered the main
cause for the high level of impurities in the end product.

The chemical effect of ultrasound arises from acoustic
cavitation, that is, the formation, growth, and implosive
collapse of bubbles created in a liquid. The implosive
collapse of the bubbles generates a localized hot spot
through adiabatic compression or shock wave formation
within the gas phase of the collapsing bubble. The
conditions formed after the collapse of the bubble have
been experimentally determined, resulting in a tran-
sient temperature of ~5000 K, pressure of 1800 atm,
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and cooling rate in excess of 10° K/s. The equation
dictating the conditions resulting from the adiabatic
implosion show that the final temperature is inversely
proportional to the vapor pressure inside the collapsing
bubble. In the case of nonvolatile solutes the only gas
inside the collapsing bubble will be the solvent vapors.
Taking this into consideration will make ethylene glycol
an excellent solvent for sonochemistry. On the other
hand, the development of a bubble to its full size is
strongly dependent on the viscosity of the solvent.
Ethylene glycol in this respect is not a favorable solvent
for sonochemistry.34

In the current report we compare the influence of the
microwave irradiation and ultrasound methods in the
polyol synthesis of PbSe and PbTe.

Experimental Section

All reagents were of highest purity. Elemental Te, Se, lead
acetate, and ethylene glycol were all purchased from Aldrich
Co. and used without further purification. The X-ray diffrac-
tion patterns of the products were recorded by employing a
Bruker AXS D8 advance powder X-ray diffractometer (using
Cu Ko 2 = 1.5418 A radiation). EDX measurements were
conducted using an X-ray microanalyzer (Oxford Scientific)
built on a JSM-840 scanning electron microscope (JEOL). The
transmission electron micrographs (TEM) were obtained by
employing a JEOL-JEM 100SX microscope, working at 100-
kV accelerating voltage. High-resolution TEM (HRTEM) im-
ages were obtained by employing JEOL-3010 with 300-kV
accelerating voltage. A conventional CCD camera, with resolu-
tion of 768 x 512 pixels, was used to digitize the micrographs.
Image processing of these digital images was performed using
Digital Micrograph software. HRTEM image calculation and
electron diffraction indexing were performed using the EMS
package.3> Samples for TEM were prepared by placing a drop
of the sample suspension on a copper grid (400 mesh, electron
microscopy sciences) coated with carbon film and were allowed
to dry in air. Elemental analysis (carbon) was done by
employing an EA 1110 CHNS-O instrument. The differential
scanning calorimetric analysis (DSC) was carried out on a
Mettler Toledo TC 15, using nitrogen or argon gas as a purging
gas; the scanning rate was 5 °C/min. The IR spectra were
recorded on a Nicolet Impact 410 FTIR spectrometer using
KBr pellets.

Ultrasonic irradiation was accomplished with a high-
intensity ultrasonic probe (Misonix, XL Sonifier, 1.13-cm
diameter; Ti horn, 20 kHz, 60 W cm~2) immersed directly in
the reaction solution. Microwave-assisted reactions were con-
ducted in the Spectra-900 W, 2.45 x 10° Hz working frequency,
domestic microwave oven, modified with a refluxing system.
In all experiments the microwave oven worked in the following
cycling mode: on for 16 s, off for 4 s, the total power always
900 W. This cycling mode was chosen to prevent violent
“bump” boiling of the solvent. All reactions were conducted
under a flow of nitrogen.

Procedure for Microwave Synthesis. Lead acetate is
dissolved in the ethylene glycol by gentle heating in the
microwave oven for approximately 1 min. Stoichiometric
quantities of Te or Se powder are then added. The system is
purged for a few minutes with nitrogen and then the micro-
wave reactor is turned on. The reactions were conducted for 1
h.

Procedure for Ultrasonic Reaction. The procedure is the
same as that in the microwave reaction, the only difference
being that instead of a microwave oven, a sonicator is used.
The reaction flask is gently water-cooled to prevent evapora-
tion of the solvent. The reactions were conducted for 2 h.
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Table 1. Reaction Conditions with Evaluations of the
Particles Dimensions Obtained from TEM and XRD
Measurements, Elemental Ratio from EDS, and Carbon
Level in All Prepared Compounds
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Figure 1. XRD patterns of (a) PbSe(mw), (b) PbSe(sono), (c)
PbTe(mw), and (d) PbTe(sono).

The postreaction treatment procedure is the same for both
methods, namely, centrifugation one time with the mother
liquid, and a few times with EtOH, at 20 °C, 8000 rpm. Drying
is under vacuum overnight.

Results and Discussions

To study the nature and morphology of the resulting
product, techniques such as powder XRD, TEM, HR-
TEM, SEM, EDX, DSC, elemental analysis (carbon), and
FT-IR were employed.

The results of the powder XRD analysis are shown
in Figure la—d. The sonochemical and the microwave-
assisted methods yield the same solid phases for PbSe
and PbTe. We have observed the formation of the pure
Clausthalite phase for PbSe (PDF #06-0354) and the
Altaite phase for PbTe (PDF #38-1435). The only dif-
ference between the two methods is found in very small
impurities of unreacted Te (PDF #36-1452) that have
been detected in the as-prepared sonochemical product
of the PbTe synthesis. In both reactions, in the two
methods, highly crystalline products are obtained. This
is specially surprising for the sonochemical product,
where in numerous cases amorphous or semicrystalline
products are obtained due to the fast cooling rate that
does not allow crystallization of the products.36-42 The
intensities and positions of the peaks are in very good
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elemental

name dimensions dimensions ratio from  carbon
of the method from XRD from TEM EDS level
compd of prepn (nm) (nm) (Pb:chalcogen) (%)
PbSe mw 34.4 15-25 1.32:1 0.1029
PbSe sono 36 31 x 18 1.13:1 0.04
PbTe mw 45 30 1.1:1 0.058
PbTe sono 29.7 11.2 x 10.3 1:1.27 0.068

agreement with literature values. Both products have
a rock-salt (NaCl) cubic structure. The results of the
calculation of the crystallite sizes employing the Scher-
rer equation are shown in Table 1.

TEM micrographs of the PbSe and PbTe from
sonochemical (sono) and microwave (mw) reactions are
presented in Figure 2a—f. Figure 2a,b depicts well-
shaped rectangles of PbSe obtained by the sonochemical
method; their crystallinity and crystallography is proven
by selected area electron diffraction. A low level of
aggregation is detected for these particles, and these
aggregates further decompose to individual fine grains
under the electron beam. Higher magnification of these
particles reveals that some of them are partially elon-
gated rectangles (see Figure 2b). The mean dimensions
of these species are calculated from TEM micrographs
by averaging over a few hundred species. The values
obtained are as follows: length, 31 nm; width, 18 nm.
The TEM micrographs of the PbSe obtained by the
microwave synthesis is shown in Figure 2c. Spherical
aggregates with average dimensions in the range 50—
100 nm are observed. A closer observation of these
aggregates reveals that they are built from 15—25-nm-
sized aggregated particles. Figure 2d demonstrates the
TEM images of the PbTe obtained from the sonochemi-
cal synthesis. Similar to the observation of PbSe(sono),
nonagglomerated rectangles of PbTe are also detected.
The mean dimensions of these particles calculated from
TEM pictures are 11.2 x 10.3 nm. The PbTe particles
were less elongated and much smaller than the PbSe
(sono) particles. The structure of PbTe product obtained
from the microwave synthesis is shown in Figure 2e.
We have also obtained particles with rectangular shapes
having a face length of approximately 30 nm. Unlike
the sonochemical products, the particles were aggre-
gated in a complex fractal structure. It is possible to
detect in this picture rectangular “kinks” and stairs. We
have further investigated the structure of PbTe(mw) by
using HRTEM. The resulting micrograph is depicted in
Figure 2f. The perfect NaCl structure is observed; the
zone axis is [200] with d values between planes equal
to 3.233 A. This result is in agreement with HRTEM
image simulations. Electron diffraction patterns for all
these compounds are in good agreement with the XRD
data. In Table 1 a comparison between the particle
dimensions observed by TEM and calculated by XRD is
presented. The general features deducted from the table
are that the TEM observed size is smaller than the
Scherrer calculated size. We attribute the relatively

(42) Kumar, R. V.; Koltypin, Y.; Cohen, Y. S.; Cohen, Y.; Aurbach,
D.; Palchik, O.; Felner, I.; Gedanken, A. J. Mater. Chem. 2000, 10,
1125.
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Figure 2. TEM pictures of (a) PbSe(sono) (bar equal to 200 nm), (b) PbSe(sono) higher magnification (bar equal to 100 nm), (c)
PbSe(mw) (bar equal to 50 nm), (d) PbTe(sono) (bar equal to 50 nm), (e) PbTe(mw) (bar equal to 50 nm), and (f) HRTEM image

of PbTe(mw) (bar equal to 32.3 A), zone axis [200].

larger sizes of the XRD as originating from the internal
strain in the products. This strain causes the broadening
of XRD diffraction peaks without being reflected in the
true dimensions. The existence of the strain is also
demonstrated in the DSC measurements.

The stoichiometric ratios between the elements com-
posing the as-prepared products are evaluated using
EDX measurements and are presented in Table 1. In
all cases the measured stoichiometric values are close
to the expected theoretical 1:1 ratio, with some excess
of Pb. An exception is obtained for PbTe (sono) where

an excess of Te is measured. This excess can also be
observed in the XRD data in Figure 1d where small Te
diffraction peaks are observed.

Because of the high temperatures that developed in
the sonochemical process as well as in the microwave-
assisted reaction, it is always suggested that an elemen-
tal analysis be performed to learn about the extent of
the solvent involvement in the reaction. The carbon
analysis conducted reveals a very low level of carbon
impurities (<0.08%) in all samples. This is another
demonstration of the absence of arcing on the surface
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of nanoparticles in microwave-assisted reactions. It is
worth reporting that when following the microwave
reaction we could not observe any discharge in the
reaction cell. This observation contradicts early reports
on the polyol synthesis of metals where a layer of
chemisorbed ethylene glycol has been anchored on the
surface of the product.*® The FT-IR measurements (not
shown here) also (not shown here) failed to reveal the
presence of any chemisorbed ethylene glycol moieties.
This result was further confirmed by temperature-
programmed desorbtion mass spectroscopy (TPD-MS).
We were unable to identify any organic residue desorbed
from the surface of the powders when the temperature
was raised to 400 °C.

To compare the morphology of the as-prepared se-
lenides and tellurides, we have carried out SEM studies.
Polydispersed aggregates of PbSe(sono), shown in Fig-
ure 3a, reveal spherical or rectangular shapes in the
SEM image. The dimensions of these aggregates are
0.2—1 um. Especially intriguing is the presence of
aggregates with rectangular shapes because they look
like cubic monocrystals of PbSe. This kind of aggregate
is not observed in our TEM measurements despite the
identical sample preparations in both cases. In the case
of PbTe(sono) we observed smaller aggregates of par-
ticles (~100—300 nm), and the shapes of these were
mainly spherical. A discrepancy between SEM and TEM
images is observed also for PbTe. SEM micrograph of
the PbSe(mw) (see Figure 3b) reveals aggregates of
nanoparticles with a mean radius <100 nm. In this case
there is a good correlation between the TEM and SEM
results. The PbTe(mw) image depicts aggregates with
spongelike morphology.

To study the thermal properties of the as-prepared
compounds, DSC analyses were conducted. The DSC
examined the thermal stability of the powders. In all
cases a few heating runs were performed. For the PbTe-
(sono) (see Figure 4a) an exothermic peak at ~305 °C
is observed. This peak disappears when the sample is
cooled to room temperature and reheated in the same
temperature range. The presence of such an exothermic
transition may be result of the release of internal strain
energy due to mechanical influences of ultrasound.**
This stored energy is released in the form of an external
thermal effect. Two endothermic peaks at ~408 and
~440 °C are related to the eutectic transition between
PbTe and Te and to the transition PbTe + L — PbTe.
These thermal effects, perhaps, reflect the fact that the
resulting PbTe(sono) is enriched in unreacted Te. These
results are in very good agreement with XRD (see
Figure 1d) and EDX results (see table). Comparison of
this result with DSC analysis of PbTe(mw) (see Figure
4b) did not reveal the exothermic peak at 305 °C, which
has been assigned to a strain release process. Instead,
only very small endothermic peaks are observed. They
are assigned as proposed for the same endothermic
peaks observed for PbTe(sono). (No free Te was observed
in the XRD measurements because of the very weak
sensitivity of this method to low-level impurities.) In the
case of PbSe(sono) (see Figure 4c), we measure a very
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small endothermic peak (<11 mJ) observed at 220 °C.
This peak corresponds to the eutectic reaction PbSe +
Se — PbSe + liquid. This would require the observation
of a very small impurity of Se, which is undetectable in
the XRD measurements. On the contrary, the EDX
spectrum shows a small excess of Pb. This endothermic
peak is also present in the DSC spectrum of PbSe(mw).
An exothermic peak at 405 °C is observed (for PbSe-
(sono)); however, we cannot assign this peak without
further experimentation. This exothermic peak is not
detected in the DSC spectrum of PbSe(mw) (see Figure
4d).*®> The endothermic peaks at 440 °C (PbTe) and 220
°C (PbSe) disappear when the heated sample is cooled
and reheated. The disappearance of these peaks, which
occur at the melting temperatures of Te and Se,
respectively, is due to their small amounts. They
evaporate and are carried out by the argon (or Ny)
carrier.

Discussion

We consider the low level of carbon impurities in the
sonochemical as well as in the microwave-assisted
reactions as the most dramatic result in this study. This
is especially surprising for the sonochemical reaction.
Results that have been obtained for close to 100
sonochemical products in which organic solvents or
organic precursors were involved always show 1—-2 wt
% of carbon. This is due to the extreme conditions of
the sonochemical reaction, which result in the decom-
position of organic solvents. On this basis, it is expected
that residues of ethylene glycol will be found as impuri-
ties in the product. This will happen only if the bubble
indeed develops to its full capacity and efficient collapse
takes place. Moreover, it is expected that since the final
temperature reached after the collapse of the bubble is
inversely proportional to the vapor pressure of the
solvent, and since ethylene glycol has a relatively low
vapor pressure, very high temperatures will result as
the bubble collapses. However, we have to take into
account that perhaps because of the high viscosity of
ethylene glycol and the hydrogen bonds, a transient
bubble will not develop under these conditions. In other
words, to separate ethylene glycol molecules and to form
a cavity will require a much higher threshold than those
for water, decane, Decalin, or other favorite solvents.
It is therefore possible that the current reaction is a
thermal and not a sonochemical reaction. To check this
hypothesis, we have carried out the reaction at 200 °C
without ultrasonic waves. Indeed, the expected sellenide
and tellurides were obtained. However, the products
were approximately 800-nm- to 1-um-sized particles.
Another control reaction was sonochemistry at 10 °C,
which has not yielded products. This is further proof of
the fact that temperature is a driving force for such
reactions. This leads to the conclusion that moderate
temperatures are required for the reaction. However,
although the reaction yielded products when carried out
at 200 °C, the nanosized particles obtained when
ultrasound radiation is applied indicate the involvement
of bubbles in the process. Nanoparticles are a typical
product of a sonochemical reaction. Our interpretation

(45) Massalski, T. B.; Okamoto, H. Binary Alloys Phase Diagrams,
2nd ed.; ASM International: Materials Park, OH, 1996.
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Figure 3. SEM images of (a) PbSe(sono) (bar equal to 5 um) and (b) PbSe(mw) (bar equal to 1 um).

for the small percentage of carbon impurities is that
cavities are being formed, but grow only slightly. When
they collapse, a relatively low temperature is obtained.
At this moderate temperature ethylene glycol does not
decompose.

The low level of contaminants is detected not only in
the sonochemical products but also in the products of
the mw-assisted reactions. This is also considered as a
surprise because it is expected that as a result of the
arcing phenomenon occurring during the mw reaction

the rupture of the solvent's chemical bonds will be
facilitated, thus increasing the contamination level. The
arcing is usually explained as originating from the
interaction of the metallic nanoparticle with microwave
radiation. If the reaction would have been conducted
under oxygen, we could explain the low level of carbon
as resulting from the formation of CO,. However, our
reactions are carried out under argon, which cannot
explain the lack of carbon contamination. The arcing of
metal powders in liquid systems has been the center of
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Figure 4. DSC curves of (a) PbTe(sono), (b) PbTe(mw), (c)
PbSe(sono), and (d) PbSe(mw).

a recent study by the group of Mingos.33 We will adopt
few of the arguments mentioned in their manuscript for
the current case, although the two systems differ
considerably. The reasons for absence of a discharge
during the formation of the metallic particles can be
explained as follows: (1) the discharge is formed be-
tween the metallic particles, and due to the low con-
centration of the particles in the solvent, it does not
occur. The metallic nanoparticles are intermediate
products in the reaction and their instantaneous con-
centration is always small. (2) The nanosize of the
metallic particles formed does not favor arcing. (3) The
high boiling point of the solvent does not support arcing.
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(4) Preliminary results of a kinetic study of this reaction
show that while the formation of the Pb is a slow
process, its reaction with Te is very fast. This might be
another reason for the absence of arcing.

Another interesting point is the difference in the
morphology and microstructure of the products obtained
using microwave-assisted chemistry as compared with
that obtained sonochemically. The products of the
microwave reaction were more aggregated than those
obtained sonochemically. In fact, their mode of aggrega-
tion resembles the products of classical solid-state
reactions. The interpretation will follow our previous
argument that undeveloped cavities are collapsing. In
the sonochemical reaction the number of crystalline
seeds associated with each collapsing bubble is small,
and although the temperature might be higher than the
MW reaction, aggregation is reduced. It is also possible
that the strong stirring of the solution also prevents
aggregation.

The mechanism of the formation of the particles is
still under investigation but already at this stage we
know some of the conditions in order for such a reaction
to succeed. For example, the reagent must be both
soluble in ethylene glycol and independently reducible
by the solvent.

In summary, we have presented the microwave and
ultrasonically assisted polyol synthesis of the PbSe and
PbTe. Both products were obtained in nanometric
dimensions, with different morphologies, and very low
levels of carbon impurity. Possible explanations for such
low levela of C impurities and mechanisms for the
formation of the nanoparticles are presented.
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