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ABSTRACT Bismuth—antimony—telluride alloy, Biy 5Sb; sTes, nanocrystals (NCs) have been synthesized by direct chemical solution
synthesis, in which the bismuth and antimony precursors, dissolved in a phenyl ether solution and coordinated with dodecanethiol,
directly reacted with tellurium in trioctylphosphine. Transmission electron microscopy and X-ray diffraction (XRD) were used for the
structure and morphology characterization of these NCs. Their XRD pattern evolution indicated that the reaction temperature plays
a critical role in alloying and crystallization of Big 5Sb; 5Te; NCs. X-ray photoelectron spectrometry was used to study the alloy states
and surface oxidation. It is found that the choice of the capping ligands can be important and useful in protecting against the surface

oxidation of Bi,Tes-type thermoelectrical nanomaterials.
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INTRODUCTION
urrently, applications of thermoelectrical (TE) materi-

als are largely limited by low efficiencies compared

to the more traditional energy conversion schemes.
The TE energy conversion efficiency is directly related to the
dimensionless figure of merit expressed by ZT = S*Tolk =
S?Tlkp (S = thermopower or Seebeck coefficient, T = tem-
perature, o = electrical conductivity, p = electrical resistivity,
and « = thermal conductivity) (1—4). However, recent
theoretical and experimental studies have shown that nano-
structured TE materials could have higher ZT values com-
pared to the corresponding bulk materials (5—8). The prom-
ise of high ZT has inspired enthusiasm to develop different
techniques to prepare nanostructured TE materials (9—17).
The reported techniques included physical approaches such
as ball milling and chemical approaches like chemical alloy-
ing (9), surfactant-directed synthesis (10), hydrothermal (11)
and electrochemical deposition (12), and sonoelectrochem-
istry (13, 14). Bi,Tes and Sb,Tes; are well-known room
temperature TE materials. Nanostructured Bi,Tes thin films
have been prepared by electrochemical deposition (15, 16).
Nanoscaled Bi,Tes has been synthesized by surfactant-
directed synthesis (10) and hydro/solvothermal and ther-
molysis reduction methods (11, 17). However, the hydro/
solvothermal preparation needs high temperatures and high
pressures, and the particle sizes of these prepared nanoma-
terials are relatively large. The solid solution of Bi,Tes and
Sb,Tes, (Bi,Sb—,),Tes, could increase the ZT value by reduc-
ing the thermal conductivity after alloying (6, 11). Here, we
present the direct chemical synthesis of Biy sSb; sTes nano-
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crystals (NCs) through a chemical ligand-based approach
(18, 19) under mild conditions. The effect of the reaction
time and temperature on the crystallization and alloying of
BiosSb; 5Tes NCs and on the growth mechanism was inves-
tigated. In addition, the surface oxidation properties of these
NCs are presented.

EXPERIMENTAL SECTION

Synthesis of Bi,Tes and Bi, 5Sb; sTes NCs. Bi,Tes. A total of
0.6 mmol of bismuth acetate and 4 mL of dodecanethiol were
dissolved in 20 mL of phenyl ether. The solution was then
heated to different reaction temperatures for 60 min. The
reaction flask was flushed with argon. A total of 1 mL of a 0.9
M trioctylphosphinetellurium (TOPTe) solution, which was freshly
prepared by dissolving 0.9 mmol of tellurium powder (>99 %
pure) in 1 mL of TOP with moderate stirring for 12 h under the
protection of argon, was injected into the reaction mixture,
which was subsequently maintained at a constant reaction
temperature for different times (5, 10, 30, and 60 min). The
resulting black participate was washed and centrifuged with
toluene, chloroform, and ethanol, respectively, and then dried
under argon.

Sb,Tes. A total of 0.6 mmol of antimony chloride and 2 mL
of dodecanethiol were dissolved in 20 mL of phenyl ether. The
solution was then heated to different sets of reaction temper-
atures for 60 min. The reaction flask was flushed with argon. A
total of 1 mL of a freshly prepared 0.9 M TOPTe solution was
injected into the reaction mixture, which was subsequently
maintained at a constant reaction temperature for different
times (5, 10, 30, and 60 min). The resulting black participate
was washed and centrifuged with toluene, chloroform, and
ethanol, respectively, and then dried under argon.

Bi, sSb; sTes. A total of 0.15 mmol of bismuth acetate, 0.45
mmol of antimony acetate, and 4 mL of dodecanethiol were
dissolved in 20 mL of phenyl ether. This solution was then
heated at different sets of reaction temperatures for 60 min.
The reaction flask was flushed with argon, and then 1 mL of a
freshly prepared 0.9 M TOPTe solution was injected into the
reaction mixture, which was subsequently maintained at a
constant reaction temperature for different times (5, 10, 30, and
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FIGURE 1. (A) XRD pattern evolution of Bi,Tes NCs synthesized at different reaction temperatures for 30 min. The red bars are JCPDS standards
for rhombohedral Bi,Tes; (72-2036). (B) XRD pattern evolution of Bi,Te; NCs synthesized at 120 °C for different reaction times. The red bars
are JCPDS standards for rhombohedral Bi,Te; (72-2036). (C) XRD pattern evolution of Sb,Te; NCs synthesized at different reaction temperatures
and times. The red bars are JCPDS standards for rhombohedral Sb,Te; (71-0393). (D) XRD pattern evolution of BiysSb,sTes; NCs synthesized
at different reaction temperatures and times. The red bars are JCPDS standards for rhombohedral Biy 5Sb, sTes (49-1713).

60 min). The resulting black participate was washed and
centrifuged with toluene, chloroform, and ethanol, respectively,
and then dried under argon.

Characterization. The crystal structures of these NCs were
examined with a Scintag X-1 Advanced powder X-ray diffrac-
tometer (2.4 °/min, Cu Ka radiation), and their morphology was
characterized by using a transmission electron microscope,
JEOL 1200CX (accelerating voltage = 80 kV). The binding
energy and surface oxidation of the prepared NCs were ex-
plored on the X-ray photoelectron spectrometer (PHI 5600 XPS
system).

RESULTS

X-ray Diffraction (XRD). The XRD patterns with
broad peaks indicated that rhombohedral Bi,Tes, Sb,Tes, and
BipsSb sTes NCs were produced. The XRD pattern evolution
of Bi,Tes NCs in Figure 1A shows an increase of the peak
intensity and a narrowing of the peaks of Bi,Tes NCs with
an increase of the reaction temperature for the same reac-
tion time. From the XRD pattern evolution of Bi,Tes NCs in
Figure 1B, it can be found that Bi,Tes NCs were formed very
quickly almost at the start of the reaction. The XRD peaks
became more intensive and narrower with an increase in
the reaction time, which indicated that Bi,Te; NCs became
more crystallized and larger with time. Bi,Tes NCs synthe-
sized at 140 °C for 30 min in Figure 1A and Bi,Tes NCs
synthesized at 120 °C for 60 min in Figure 1B have very
similar XRD patterns, which implies that the growth and
crystallinity of Bi,Tes NCs can be controlled by the reaction
temperature or reaction time.
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The XRD pattern evolution of Sb,Te; NCs in Figure 1C also
indicates that the crystallinity of these products is also
related to the reaction temperature and time. Interestingly,
a tellerium impurity was found at the 120 °C reaction.
However, pure Sb,Tes NCs, based on the XRD result, formed
at the 140 °C reaction for 30 min. From the evolution of the
XRD pattern of Sb,Tes NCs in Figure 1C, the Sb,Tes NCs
formed relatively more slowly compared to the tellerium
impurity at the 120 °C reaction. With an increase in the
reaction time, the Sb,Tes XRD peaks at 28.2° and 42.4°
became more intense and narrower. On the other hand, the
XRD intensity of the tellerium impurity, whose peaks are
located at 27.6° and 40.4°, did not show significant varia-
tion. The results indicate that the reaction temperature plays
an important role in the formation and crystallization of pure
Sb,Tes NCs.

The XRD pattern evolution of Biy 5Sb; 5Tes NCs in Figure
1D shows that the alloying process is dependent on both the
reaction temperature and time. When synthesized at 120
°C, the XRD peaks at 27.8° and 41.6°, corresponding to
(Bip5Sbo 5).Tes, were already found at the beginning of the
reaction and moved to 28.1° and 42.1°, the standard peak
position for BigsSb; sTes, and the peak intensity increased
as the reaction progressed, which revealed that the (BiSb)Tes
alloy crystal structure was formed and then more Sb,Tes
units alloyed into the alloy crystal lattice to form the final
Bip5Sby sTes crystal structure, as result of the alloying pro-
cess. When the reaction was carried out at 140 °C for 30
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FIGURE 2. TEM micrographs of Bi,Te; (A), Sb,Tes (B), and Big sSb, sTes (C) NCs synthesized at 140 °C for 30 min.
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FIGURE 3. XPS for bismuth in Bi, 5Sb, sTes bulk, Bi,Tes NCs, and Bi, 5Sb, sTes NCs (A), antimony in Sb,Te; bulk Bi, 5Sb, sTes bulk, Sb,Te; NCs,
and Bi, 5Sb, sTes NCs (B); tellerium in Bi, 5Sb, sTe; bulk, Bi,Te; NCs, Sb,Te; NCs, and Big 5Sb sTe; NCs (C). The measured graphs are arbitrarily

offset for clarity.

min, the XRD pattern of the product showed relatively pure
Bio5Sby 5Tes peaks, which indicated that the reaction tem-
perature also accelerated the alloying process for Bip 5Sb 5
Tes alloy NCs.

Transmission Electron Microscopy (TEM). The
TEM micrographs in Figure 2 show the morphology of these
Bi,Tes, Sb,Tes, and BiysSb; sTes NCs. The particle sizes of
these NCs are within a range of 40—80 nm. The particle
shapes of these Bi,Tes, SbyTes, and BigsSb, s5Tes NCs are
similar. For Bi,Tes NCs (A), the particle sizes are 58.9 & 7.8
nm. For Sb,Tes NCs (B), the particle sizes are 49.4 £ 9.0 nm.
For Bip5Sb; 5Tes NCs (C), the particle sizes are 43.6 £ 10.1
nm. The average sizes and size distributions were calculated
by Image J software.

X-ray Photoelectron Spectrometry (XPS). The
XPS results of Bi,Tes, Sb,Tes, and BiysSb; sTes NCs, which
were synthesized at 140 °C for 30 min, are shown in Figure
3. The element stoichiometric ratios for Bi,Tes, Sb,Tes, and
Big5Sby sTes are 39:61, 42:58, and 12: 31: 57, respectively,
which are in reasonable agreement with the XRD stoichio-
metric assignments. The Bi 4fs;, and 4f7, peaks located at
around 162.6 and 157.2 eV indicated that there is no
metallic Bi, and the alloying of Bi,Tes; and Sb,Tes in
Bip 5Sb 5Tes did not show significant changes in the binding
energies of bismuth compared to the Bi,Tes NC; just about
a 0.2 eV shift was observed, which is less than the 0.4 eV
energy resolution of the instrument. Also, the Bi 4f;, binding
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Table 1. Bi 4f;, and Te 3ds5, Oxidation Peak
Percentages (%) in Bi,Tes and Big sSb, sTe; Bulk
Material and Bi,Te; and Bi 5Sb; sTes NCs, Capped
with Dodecanethiol or Oleic Acid, after Exposure to
Air for 24 h*

Bi 4f;,/ Te 3dsp,/
Bi 4f;,/ 158.5eV  Te3ds,/ 575.7eV
157.2 eV (oxide) 572.0 eV (oxide)
Bi,Tes bulk 51 49 48 52
Bi,Tes NCs 89 11 51 49
Bio 5Sb, sTe; bulk 58 42 55 44
Bip5Sb; sTes NCs 92 8 57 43
(dodecanethiol)
Bip5Sb; sTes NCs 82 12 69 31
(oleic acid)
BiysSb; sTesbulk (fresh)” 91 9 92 8
Sb 3dsp,/ Te 3dsp/
Sb 3ds,/  540.2eV  Te3dsp/  575.7 eV
538.6 eV (oxide) 572.0 eV (oxide)
Sb,Tes bulk 59 41 52 47
Sb,Tes NCs 90 10 56 44

(dodecanethiol)

“Also presented are Bi 4f;, and Te 3ds, oxidation peak
percentages in freshly prepared BipsSb;sTes bulk material (italics)
and Sb 3ds, and Te 3ds;, oxidation peak percentages in bulk Sb,Tes
and Sb,Tes; NCs. The percentages were obtained by devolution of the
XPS peak by Multipak software. b Freshly prepared BiosSb, sTes bulk
ingot was just taken out of a vacuum-sealed tube and exposed to air
for about 1 h during the XPS measurment sample preparation.
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FIGURE 4. XRD for Bi, 5Sb;sTes NCs synthesized by using oleic acid (A). XPS peaks of bismuth, antimony, and tellerium in Bi, 5Sb; s5Te5 NCs

synthesized by using oleic acid (B).

of Bip 5Sb 5sTes shifted from 157.4 eV in bulk to 157.2 eV in
NCs, as indicated in Figure 3A. The Bi 4f5, and 4f;, peaks
have shoulders at higher binding energy, which indicates
surface oxidation, as shown in Figure 3A,D. The Sb 3ds,, and
3dsp, peaks located at 529.2 and 538.4 eV suggest that there
is no metallic Sb. The alloying of Bi,Tes and Sb,Tes in
Bio 5Sb, 5Tes did not significantly affect the binding energies
of antimony. The Sb 3ds, and 3ds, peaks all have high-
binding-energy shoulders, indicating surface oxidation, as
shown in Figure 3B. However, the O 1s peak was also located
at around 529.0 eV, and it will interfere with the Sb 3ds,
signal for analysis, so the Sb 3ds, peak is more suitable than
the Sb 3ds), peak for quantification. The Te 3ds, and 3ds,
peaks were located at 572.0 and 582.3 eV, which indicated
that there is no metallic tellerium impurity, which should
appear at lower binding energy. In these samples, consistent
with the XRD data, the tellerium shows almost the same
binding energies in Bi,Tes, Sb,Tes;, and their alloy
Bio5Sby 5Tes NCs. Oxidation peaks at 575.6 and 586.2 eV in
Figure 3C show surface oxidation of Te atoms as pointed out
previously (10, 20).

DISCUSSION

Crystal Structure and Growth Mechanism. The
presence of tellerium impurity could be related to the growth
mechanism of these NCs. The crystal growth mechanism of
the CdTe (CdSe) NCs has been carefully studied by Alivisatos
et al. (21) In their proposed mechanism, the cadmium
precursors will first react with TOPTe (TOPSe) to form
Cd—Te (Cd—Se) bonds and then cleave the TOP—Te (Se)
bond to form CdTe/Se crystals during the ongoing reaction.
We propose a similar growth mechanism for the Bi,Tes,
Sb,Tes, and BiysSby sTes NCs synthesized in this reaction.
When M (M = Bi, Sb) precursors react with TOPTe, at first
MTe or MTe, intermediates are formed, and these MTe and
MTe, units crystallize to form the M,Tes crystal structure at
high temperature. If the reaction temperature is not high
enough, the MTe or MTe, precursors slowly react with each
other and form atomic Te, resulting in the measured telle-
rium impurity. The proposed mechanism suggests that the
alloying process of the bismuth—antimony—telluride alloy,
(Bi,Sb—),Tes, depends on both the reaction temperature
and time, which was confirmed by XRD evolution from
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(Bip 5Sbg 5)»Tes to Big 5Sb, 5Tes. However, the formation of the
tellerium impurity is mainly dependent on the temperature.
Also, the phase diagram of bulk Bi,Sb,_,Tes shows that there
will be a tellerium impurity at lower temperature (22, 23).
The tellerium will also be formed at lower temperature
for the bulk SbTe system when the Sb/Te ratio is near 2:3
(24). The reason that no tellerium impurity was found in
Bi,Tes and BiysSb;sTes NCs at low reaction temperature
could come from their lower crystallization temperature
compared to that of Sb,Tes. The melting point of bulk Sb,Tes
(617 °C) is higher than those of Bi,Tes; (586 °C) and
Big5Sby 5Tes (605 °C) (23).

Surface Oxidation. Bando et al. have studied the
surface oxidation process on bulk Bi,Tes single crystals and
found that a 2-nm-thick saturated oxide layer was formed
on the surface upon exposure to an oxygen atmosphere for
more than 24 h (20). The vacuum-prepared and stored bulk
Bip sSby 5Tes ingot was also found to oxidize on its surface
even upon exposure to air just during the XPS sample
preparation process, as shown in Table 1. The oxidation of
Bi,Tes-type TE materials deteriorates their electrical conduc-
tivity, and their TE figure of merit ZT will deteriorate as a
result of that. The oxidation process could be an even more
serious problem for nanostructured materials because of
their high surface/volume ratio. However, Purkayastha’s XPS
data and our own XPS data show a disproportional oxidation
extent for the bismuth and tellerium in these nanoparticles
compared with Bando et al.’s bulk material. In the NC case,
the XPS data of bismuth or antimony just had a small
oxidation shoulder, while the tellerium showed a significant
oxidation peak. In comparison, in the bulk Bi,Tes, the
bismuth shows a similarly intense oxidation peak as telle-
rium. The surface oxidation percentages of bismuth and
tellerium in the bulk Bi,Tes and BigsSb, 5Tes ingot were
found to be almost the same as those shown in Table 1. It is
observed that the surface oxidation of bismuth is much
lower than the oxidation of tellerium in the case of Bi,Tes
and Bip5Sb; sTes NCs. This phenomenon suggests that the
oxidation of bismuth is slower than the oxidation of tellerium
in these NCs. This may be due to protection from the
surfactant-capping ligand dodecanethiol. To clarify this hy-
pothesis, we have synthesized Bij 5Sb; sTes NCs at 140 °C
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for 30 min using oleic acid as the capping ligand instead of
dodecanethiol. All other experimental parameters were kept
identical. We observed XRD patterns similar to those shown
in Figure 4A. The XPS in Figure 4B and surface oxidation
percentages for bismuth and tellerium in Table 1 also
showed that the tellerium oxidation percentage is much
higher than the bismuth oxidation percentage, similarly to
the Bip5Sb, sTes NCs capped with dodecanethiol. Moreover,
dodecanethiol showed a stronger protection effect for bis-
muth against oxidation in the BipsSb; sTes NCs than oleic
acid, which is a result of the higher binding affinity of the
thiol group to bismuth compared to the carboxylic group.
When the Bi 4f;, binding energies in Figures 3A and 4 are
compared, it is found that the binding energies of
Bio5Sby 5Tes NCs capped by dodecanethiol have the lowest
binding energy, or have the highest required oxidation
potential, and that the BiysSb; sTes bulk material has the
highest binding energy. This shows that the thermodynam-
ics is not the cause for protection but rather a kinetic and
steric hindrance.

CONCLUSION
Bismuth—antimony—telluride alloy Big 5Sb, sTes NCs have

been successfully synthesized by direct chemical solution
synthesis, by which the Bi,Tes and Sb,Tes NCs were also
successfully synthesized. It is found that the reaction tem-
peratures play an important role in the crystallization of
Bi,Tes; and Sb,Tes; NCs and the alloying process of
Bigs5Sb 5Tes NCs. The growth mechanism of the Bi,Tes,
Sb,Tes, and BipsSby sTes NCs is thought to be a stepwise
cleavage and nucleation mechanism, similar to the mecha-
nism proposed by Alivisatos et al. for CdSe(Te) quantum
dots, and not an atomic precursor mechanism. The surface
oxidation on these Bi,Tes, Sb,Te;, and BiysSb; 5Tes NCs
shows a disproportional oxidation of the Bi/Sb atom com-
pared to the Te atom, which is different from the bulk Bi;Tes
and BigsSb, sTes. Therefore, the choice of the capping
ligands can be critical to protecting against surface oxidation
of Bi,Tes-type TE nanomaterials.
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