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ABSTRACT: Antimony telluride (Sb,Te;) and its based alloys are of importance to p-type
semiconductors for thermoelectric applications near room temperature. Herein, we report a
simple, low-energy intensive, and scalable surfactant-assisted reflux method for the synthesis
of Sb,Te; nanoparticles in the solvent ethylene glycol (EG) at low temperatures (120—180
°C). The formation mechanism of platelike Sb,Te; nanoparticles is proposed. Also, it is
found that the size, shape, and chemical composition of the products could be controlled by
the introduction of organic surfactants (CTAB, PVP, etc.) or inorganic salts (EDTA-Na,,
NaOH, etc.). Additionally, the collected Sb,Te; nanoparticles were further fabricated into
nanostructured pellets using cold-compaction and annealing techniques. Low resistivity
[(7.37-19.4) X 107° Q m], moderate Seebeck coefficient (103—141 xV K'), and high
power factor (10—16 X 10™* W m™" K™2) have been achieved in our Sb,Te;-nanostructured
bulk materials. The relatively low thermal conductivity (1.32—1.55 W m™" K™') is attained
in the nanobulk made of PVP-modified nanoparticles, and values of ZT in the range of
0.24—0.37 are realized at temperatures ranging from 50 to 200 °C. Our researches set forth
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a new avenue in promoting practical applications of Sb,Te;-based thermoelectric power generation or cooling devices.
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1. INTRODUCTION

Thermoelectric effects realize the inverse transformation
between heat and electricity with the help of the directional
drift of electrons or holes from the hot side to the cold one in the
solid-state conductors.' > The conversion eficiency of thermo-
electric materials is related to the dimensionless figure of merit
ZT = S*T/pk, where T, S, p, and « are the absolute temperature,
Seebeck coeflicient, resistivity, and thermal conductivity,
respectively.'~” Unfortunately, the wide and extensive practical
applications of thermoelectric materials are limited by their low
ZT values. However, recent studies show that the ZT value of
telluride-based thermoelectric materials can be remarkably
improved through suppression of the lattice conductivity by
the engineered point defects and grain boundaries to strengthen
the phonon scattering.®

Antimony telluride (Sb,Te;) and its based alloys are the well-
known p-type thermoelectric materials for near room temper-
ature applications because of their narrow band gaps, their
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indirect multivalley band structures, and the existence of heavy
elements.”">'* However, the thermodynamic self-generation of
antisite defects, Sbr,’, creates a large number of holes in the bulk,
generally resulting in low Seebeck coeflicients and ZT
5718 In addition to restricting these kinds of antisite
defects or reducing the hole concentration in the Sb,Te; matrix
by the incorporation of appropriate elements (bismuth,”'
sulfide," indium,***' etc.), grain boundary engineering is also an
indispensable approach for low-energy carrier filtering.

As mentioned above, microstructures and nanostructures are
generally applied in thermoelectric materials with the purposes of
enhancing the phonon scattering and reinforcing the low-energy
carrier filtering by the designed boundaries. Therefore, it is
necessary to explore simple and low-cost synthetic approaches to
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synthesize nano/microparticles with controlled and regulated
chemical composition, shape, and size. Many chemical strategies,
involving a microwave-assisted solvothermal route,”> > a
hydro/solvothermal method, >3 a heating reflux method, ¥~

electrochemical deposition,” ™ thermal decomposition‘”_%
and others,*” " have been employed for the synthesis of Sb,Te,
nanoparticles. However, many of these methods are not suitable
for the preparation of Sb,Te; nanoparticles on a large scale owing
to the high cost or bad reproducibility. Also, the pure phase of
Sb,Te; nanostructures has not been easily attained so far because
of the spontaneous occupation of partial Sb atoms at Te lattice
sites and the effortless separation of the Te element from the
Sb,Te; matrix."> The existence of a large amount of Te may
remarkably reduce the electrical conductivity of the Sb,Te,
matrix, resulting in the degradation of ZT. On the contrary, a
small amount of Te uniformly located in the Sb,Te; matrix can
probably act as a low-energy carrier and phonon scattering
center, facilitating enhancement of the Seebeck coefficient and
depression of the thermal conductivity without doing much harm
to the electrical conductivity.

Here we report a simple and low-energy consumption reflux
method for the synthesis of Sb,Te; nanostructures in the solvent
EG at low temperatures (120—180 °C), with which it is much
easier to obtain Sb,Te; powder on a large scale. Because of the
advantages of the reflux method such as low cost, easy
manipulation, and better contact of the reactants, it is a very
convenient to extend this method for the commercial fabrication
of nanoparticles with well-defined size, shape, and chemical
composition. As an alternative, thanks to the strong dissolving
capability of low polyhydric alcohol with regard to some metal
salts (chlorides or nitrates) and oxides as well as the reasonable
evolution mechanism of Sb,Te; nanoplates that we proposed, we
have successfully synthesized a crop of chalcogenides (M—X,
where M = Sb, Bi, Pb, Sn, etc, and X = Te, Se, S) with good
crystallization by employing this excellent reflux method.
Synthesizing these chalcogenides under the same condition
may be beneficial to obtaining the doped or alloyed targets
through a one-pot reaction, extending the routes to achieve the
multicomponent thermoelectric materials. Furthermore, the
organic surfactants (CTAB, PVP, etc.) and inorganic salts
(EDTA-Na,, NaOH, etc.) were introduced for modulation of the
size, shape, and chemical composition of the resultant products,
which has not yet received much concern in the EG reaction
system. In addition, low electrical resistivity and moderate
Seebeck coeflicient have been achieved in our Sb,Te;-nano-
structured bulk materials. The PVP residues decorated on the
surface of Sb,Te; nanoparticles can effectively strengthen the
phonon scattering and enhance the low-energy carrier filtering by
the boundaries, leading to the remarkable decrease of the thermal
conductivity and the evident increase of the Seebeck coefficient,
respectively. As a result, the nanobulk made of the PVP-
decorated Sb,Te; nanoparticles achieves the highest ZT of 0.37
at 200 °C, having a potential for thermoelectric applications. Our
surfactant-assisted reflux method enables effective tailoring of the
morphology, size, and chemical composition of the resultant
Sb,Te; nanoparticles, which opens a new horizon of controlling
the property of the relevant devices. Hence, our work shortens
the distance of Sb,Te;-based thermoelectric applications toward
low-temperature power generation and system cooling for
improved energy conservation.

2. EXPERIMENTAL SECTION

2.1. Chemical Reagents. Antimony trichloride (SbCly), tellurium
dioxide (TeO,), ethylene glycol (EG), hydrazine hydrate (N,H,-H,O,
98%), cetyltrimethylammonium bromide (CTAB), poly-
(vinylpyrrolidone) (PVP; K-30), ethylenediaminetetraacetic acid
disodium salt (EDTA-Na,), and sodium hydroxide (NaOH) were
purchased from Aladdin Industrial Corp., Shanghai, China. All of the
chemicals were analytical grade and were used without further
purification.

2.2. Synthesis of Sb,Te; Nanostructures. In a typical synthesis
process, 1.3950 g (6.12 mmol) of SbCl; was dissolved into S0 mL of EG,
which formed a clear and transparent solution by heating at 50 °C and
stirring. Then the as-prepared SbCl; solution was poured into a one-
neck round-bottom flask, containing 1.4364 g (9 mmol) of TeO, and a
given amount of organic surfactants or inorganic salts (such as CTAB,
PVP, EDTA-Na,, NaOH, etc.). Similarly, a transparent solution was also
formed after another 100 mL of EG was added into the flask, which was
put on a heating mantle and heated at 150—180 °C. Then 4 mL of N,H,-
H,0 was added to the obtained transparent solution after cooling to
~120 °C, and the solution quickly became dark in a few seconds.
(Attention! It is too dangerous to add N,H,-H,O at higher temperatures,
>150 °C, because a large amount of gas (or foam) can be generated as soon
as hydrazine is added.) Finally, the solution was maintained at 120—180
°C for 24 h and cooled to room temperature naturally. The gray
precipitates were collected after washing using absolute ethanol and
drying under vacuum at 80 °C for 6 h.

2.3. Fabrication of Sb,Te; Nanobulk Materials. Sb,Te;
nanobulk pellets (3 mm X 1S mm X 15 mm) were fabricated from
the collected gray powder via cold compaction (~1000 MPa) and
annealing under mixed gas (8% H, + 92% Ar) protection at 350 °C for
12 h (~80%, relative density). The flow rate of protective gases was 0.15
L min~', and the heating rate of the tubular furnace was 5 °C min™".
Prisms of 2.5 mm X 3 mm X 15 mm were cut from the as-annealed
pellets for electrical resistivity and Seebeck coeflicient measurements,
and the rest of the pellets were polished into cuboids with sizes of ~2
mm X 12 mm X 15 mm for thermal diffusivity measurement; other
batches of Sb,Te; nanopellets were fabricated under the same
conditions and processed into thin pellets with sizes of ~0.6 mm X
10 mm X 10 mm for the Hall measurements.

2.4. Characterization. The crystal structures of the powders were
examined by powder diffractometry (PANalytical X’pert Pro MPD
operated at 40 kV and 40 mA, Cu Ka, 4 = 0.154 nm). Their morphology
was observed by field-emission scanning electron microscopy (SEM;
Hitachi S-4800, Japan) and field-emission transmission electron
microscopy (TEM; JEOL-2100F, Japan). The crystal structure and
composition were examined by selected area electron diffraction
(SAED) and energy-dispersive spectroscopy (EDS; Genesis 2000,
Edax Instrument, USA), respectively. The Fourier transform infrared
(FTIR) spectra of the collected Sb,Te; samples were measured using a
KBr tablet method by a FTIR spectrometer (TENSOR 27, Bruker,
Germany) at room temperature. The electrical resistivity (p) and
Seebeck coefficient (S) were measured by the static direct-current (dc)
method (ZEM-3, ULVAC RIKO, Japan) in a low-helium (99.999%)
atmosphere with a temperature gradient from 20 to 40 °C in a step of 10
°C. The carrier mobility and concentration were determined using a dc
Hall measurement system at excitation currents of up to 100 mA and
magnetic fields of up to 1.5 T (model 8404, Lake Shore Cryotronics,
USA). The thermal conductivity (k) is calculated from k = Dp’C,,, where
D is the thermal diffusivity, C, is the specific heat, and p” is the volume
density. The thermal diffusivity (D) was measured by a laser flash
method (TC-7000, ULVAC RIKO, Japan), the specific heat was
determined by differential scanning calorimetry (DSC; DSC-8270,
Rigakuy, Japan), and the volume density (p’) was calculated from the
mass and volume of the Sb,Te; pellets.

3. RESULTS AND DISCUSSION

3.1. Structure, Morphology, and Reaction Mechanism.
Figure 1 shows the typical X-ray diffraction (XRD) pattern of the
Sb,Te; powder prepared via a heating reflux method in the

DOI: 10.1021/acsami.5b02504
ACS Appl. Mater. Interfaces 2015, 7, 14263—14271


http://dx.doi.org/10.1021/acsami.5b02504

ACS Applied Materials & Interfaces

Research Article

Sb2Tes

(015)

(1010)

(006)

Intensity (a.u.)

t(:

roiacos)

09)
(104)

| ‘ JCPDs No. 071-0393
—L I T |u‘|1| 'I-'”I.' ||_||||
10 20 30 40 50 60 70

Figure 1. XRD pattern of Sb,Te; nanoparticles synthesized at 120 °C
for 24 h. The black square (M) stands for Te.

solvent EG at 120 °C for 24 h, which can be readily indexed to the
rhombohedral phase of Sb,Te; (JCPD No. 071-0393). The sharp
diffraction peaks indicate that our samples have a good
crystallinity. Just an extremely weak diffraction peak at 27.55°
is indexed to Te (JCPD No. 004-0555). The composition of our
Sb,Te; powder has been confirmed by EDS analysis. The atomic
ratio between Sb and Te is around 41:59, which is close to the
stoichiometric ratio of Sb,Te;. This conflicting result of EDS and
XRD detection can be attributed to the spontaneously formed
antisite defects of Sby,’.

SEM and TEM have been used to characterize the morphology
and structure of our Sb,Te; nanoparticles. Low-resolution SEM
images (Figure 2a,b) show that the irregular Sb,Te; nanoplates
have a wide size distribution. It is estimated that the plane size of
Sb,Te; nanoplates is in the range of 1—3 ym and the thickness is
from 100 to 350 nm. High-resolution TEM (HRTEM) studies
(Figure 2c) corroborate that the Sb,Te, sheets have a preferential
growth direction perpendicular to the ¢ axis, which originated

Figure 2. Morphology and structure of Sb,Te; nanoparticles
synthesized at 120 °C for 24 h: (a) low-magnification SEM image;
(b) high-magnification SEM image; (c) HRTEM image; (d) SAED
pattern taken from an individual Sb,Te; nanoplate.

from the highly anisotropic crystal structure of Sb,Te;. The
SAED pattern collected on a single Sb,Te; nanoplate is shown in
Figure 2d. The spot pattern clearly shows the single crystalline
nature of our Sb,Te; nanoplates, which is consistent with the
result of HRTEM.

To demonstrate the formation mechanism of the Sb,Te;
nanosheets, systematic time-dependent experiments were
carried out. The phase structure and morphology of the samples
prepared at 120 °C for different reaction times (30 min and 6 and
12 h) were characterized by XRD and SEM, respectively. As
illustrated in Figure 3a,b, nanowires with diameters of 100—200

d190=0.38 pm

=
\
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Figure 3. SEM, TEM, and HRTEM images of the products synthesized
at 120 °C for different reaction times: (a and b) 30 min; (c—f) 6 h; (g
and h) 12 h. Notably, parts e and f are the TEM and HRTEM images
taken on the Te nanostructures intentionally.

nm and lengths of 2—5 ym are formed at the first step. The XRD
result shows that it is the element of Te with a hexagonal
structure (JCPD No. 004-055S), as shown in Figure 4a.
Obviously, Te*-EG is easily reduced by hydrazine, resulting in
the formation of Te. Also, Te in one-dimensional morphology
can be attributed to its anisotropic crystal structure, which prefers
to grow along with the [001] direction. As the reaction proceeds
for 6 h, Te nanowires are likely to grow into nanoribbons and
become much longer (>10 ym) but without obviously changing
in diameter, as illustrated in Figure 3c,d. Also, their morphology
and structure are further characterized by TEM, as displayed in
Figure 3e,f. The lattice fringes with a spacing of 0.38 nm confirm
that these one-dimensional nanoparticles are the Te element. At
the same time, a certain number of irregular hexagonal Sb,Te;
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Figure 4. XRD patterns of the products synthesized at 120 °C for
different times: (a) 30 min; (b) 6 h; (c) 12 h.

nanoplates generate, which has been confirmed by XRD
detection, as indicated in Figure 4b. As the reaction time
increases to 12 h, the product is dominated by the irregular
nanoplates, with the plane size ranging from 500 nm to 2 ym and
a thickness of about 50 nm, as seen in Figure 3g,h. All of the peaks
of the XRD pattern are indexed to Sb,Te; in the rhombohedral
structure (Figure 4c) except a weak peak at 27.55° belongs to Te.
As the reaction goes a step further, the Ostwald ripening process
will undergo.>">* As a result, both the thickness and plane size of
the Sb,Te; nanoplates will increase, as shown in Figure 2a,b.

On the basis of the above experimental results, we can readily
propose the whole morphology evolution process of the Sb,Te;
nanosheets. SbCl; and TeO, are initially dissolved by EG and
form complex ions of Sb**-EG and Te*-EG at 150—180 °C,
respectively. Element Te is generated immediately once
hydrazine is added into the above solution. According to the
previous reports, it could be generally accepted that the
disproportionation reaction of Te (3Te + 60H™ = TeO;* +
2Te*” + 3H,0) only takes place in strong alkaline solutions (pH
> 13.8) 272328303440 Judging from the low pH (8—9) value of
our weak alkaline reaction system, it is hard for the
disproportionation of Te to occur in this situation. Furthermore,
the characteristic pink color of Te®” will appear as Te is added
into hydrazine hydrate directly. Thus, Te can be reduced to Te*~
by the hydrazine.”® On the other hand, no element of Sb was
obtained by mixing SbCl; or its EG solution with hydrazine
hydrate, suggesting that it is difficult to reduce Sb** to element Sb
by hydrazine in the EG system. Hence, the as-generated Te might
be further reduced to Te®” ions and react with Sb**-EG for the
formation of Sb,Te; nanoparticles until most of the element Te
disappears. Thereby the reaction mechanism could be
formulated as

4+ hydrazine hydrazine ’_
TeOZ + EG - Te"-EG ——— Te == Te (1)
A
SbCl, + EG — SB'*-EG )
SB’T-EG + Te’™ — Sb,Te, 3)

From the previous reports concerned with the growth
mechanism of Bi,Te; nanoparticles, the morphology of the
nanowire and nanoplate can be obtained by employing the
element diffusion and ion reaction mechanism, respectively.>>>*
For example, the synthesis of Bi,Te; in nanowire morphology
involved two steps in which nanowires of Te were first prepared
and then the element of Bi diffused into the Te nanowire

templates to form the compound nanowires. A similar diffusion
reaction mechanism can be also found in the synthesis of
nanowires of PbTe,>*® Ag,Te,” etc. Except for the proper
reaction temperature and time, we believe that there also exist
two critical factors for the successful synthesis of these
compound nanowires. One is that the metal colloids must be
easily formed at the template surfaces by reduction of the
corresponding metal ions. The other is that they keep the Te
nanowires relatively stable. Bi,Te; nanoplates could be obtained
via the direct ion reaction between the thiolate-protected Bi**
and the tri-n-octylphosphine-coordinated Te?~ in oleylamine.>*
Obviously, the two-dimensional morphology of the final Bi,Te;
product is determined by its intrinsic rhombohedral crystal
structure.

However, the platelike morphology of the Sb,Te; nanoparticle
is mainly determined by its own crystal structure. As mentioned
above, it is difficult for hydrazine to reduce the Sb*" ions to the
element Sb in a polyhydric alcohol reaction system. In addition to
the low standard redox potential of the Sb**/Sb pair (E§b3+ ssb =
—0.66 eV, alkaline), the role of hydroxyl in chelating with Sb**
leads to a further decrease of the redox potential of the Sb>*/Sb
pair. In our case, EG molecules act as ligands and keep Sb** from
being reduced. As a result, growth of the Sb,Te; nanoparticle is
dominated by the ion reaction mechanism. Also, the platelike
morphology is determined by the layered crystal structure of
Sb,Te;, which is composed of periodic stackin§ sheets of
covalent bonding layers (Te)—Sb—Te® —Sb—TeV) with weak
van der Waals interaction in Te!)—Te). This unique layered
structure results in preferential growth parallel to the ab plane of
Sb,Te; nanocrystals. Therefore, platelike Sb,Te; nanoparticles
will be formed naturally in our EG reaction system.

3.2. Effect of Organic Surfactants and Inorganics. The
synthesis of nanomaterials with well-defined size, shape, and
chemical composition appears to be one of the most popular
research subjects over the past 2 decades.*® ™ Also, introducing
the complexing agents into the reaction system is an effective way
to control the growth rate and exposed crystallographic planes of
the nanoparticles, leading to a specific morphology of the target
nanomaterials.>® In this section, we will investigate the effect of
the organic surfactants (CTAB, PVP, etc.) and inorganic salts
(EDTA-Na,, NaOH, etc.) on the size, shape, and composition of
the resultant Sb,Te; nanoparticles. It is worth noting that some
capping agents, such as PVP, can adhere strongly to the surface of
the subtle particles and slow down the reaction rate rapidly,
usually resulting in a certain amount of Te residues in the Sb,Te;
products at low reaction temperatures, i.e., 120 °C. Thus, a batch
of experiments was carried out at a higher temperature of 180 °C
to ensure the purity and reproducibility of our Sb,Te; products
with or without surfactants. The XRD detection results (Figure
S) confirm that all of the products are dominated by
rhombohedral Sb,Te;.

Parts a and b of Figure 6 show irregular Sb,Te; nanoplates with
lengths of 700 nm to 3 ym and thicknesses of 50—150 nm
synthesized at 180 °C without capping agents. In comparison
with the products synthesized at 120 °C, the Sb,Te; nanoplates
obtained at 180 °C have a similar range in length and are nearly
half decreased in thickness because of the ease with which the
surface atoms escape from the lateral planes of the nanoplates
during the Ostwald ripening process. Additionally, it is found that
the verge of each plate is not sharp-cut and the number of plate
edges is also decreased, demonstrating that the nanoparticle with
sharp edges is inclined to transform into the one with a sphere
surface at high temperatures. As a result, the particle becomes
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Figure 5. XRD patterns of Sb,Te; nanoparticles synthesized at 180 °C
for 24 h without or with surfactants: (a) without surfactant; (b) CTAB;
(c) PVP. The black square (M) stands for Te.

Figure 6. SEM images of Sb,Te; nanoparticles synthesized at 180 °C for
24 h without or with surfactants: (a and b) without surfactant; (c and d)
CTAB; (e and f) PVP.

thermodynamically stable because of the reduced surface Gibbs
energy. However, with the addition of a long chain of capping
agent (CTAB, 8.0 g), amass of elongated Sb,Te; nanoplates with
lengths of 3—7 um, widths of 1—2.5 um, and thicknesses of 150—
350 nm were formed (Figure 6c,d). To be different, the
prominently anisotropic growth of Sb,Te; nanoplates occurred
in the presence of PVP (0.6 g). PVP is a polymeric capping agent
and has a strong binding affinity with the nanoparticle surface,
effectively hindering the atoms from continuously aggregating
onto the lateral plane of the Sb,Te; nanoplate. Therefore, the
thickness of the nanoplate is below 100 nm and the decreased
lateral length is in the range of S00 nm to 1.5 um (Figure 6Ge,f).
Additionally, it is a hard work to remove the organics from the
surface of nanoparticles via washing. The FTIR spectra show that

the surface of these collected Sb,Te; nanoparticles is
contaminated by the newly generated organics, which may
come from the reaction of EG, N,H,-H,0, and CI". Also, there
still exist some PVP residues or derivatives on the surface of the
corresponding collected Sb,Te; nanoparticles (Figure SI in the
SI). However, only the PVP residues decorated on the surface of
the Sb,Te; nanoparticles could significantly modify their
electrical and thermal transport properties; the details will be
given in the next section.

As an alternative, it is found that the composition of the
products can be conveniently tuned by alteration of the
inorganics content, such as NaOH, EDTA-Na,, etc. (Figure S2
in the SI). For example, the atomic percentage ratio of Sb:Te in
the collected products varies from 41.97%:58.43% to
37.40%:62.60% as the amount of EDTA-Na, increases from
1.0 to 4.0 g, respectively. These inorganics, which contain
hydroxyl or amino, play a strong role in chelation with Sb** ions,
leading to a decrease of the redox of the Sb*>"/Sb pair. Also, the
redox of the Sb*>*/Sb pair also has an intimate relationship with
the addition amount of these inorganics. As a result, the
composition of the Sb,Te; products is variable in the presence of
different amounts of these inorganics.

3.3. Thermoelectric Properties. To investigate the
thermoelectric properties, the Sb,Te; nanobulk materials were
made of the powders synthesized at 180 °C without surfactant
and with CTAB and PVP, denoted as ST-0, ST-CTAB, and ST-
PVP, respectively. The cross-sectional images of the as-annealed
Sb,Te; nanobulk materials are shown in Figure 7. From Figure
7a—d, it is clearly seen that the size of the grains in the as-
annealed nanobulk materials (ST-0 and ST-CTAB) is much
larger than that of their corresponding powders and grains are
inclined to grow together. Also, there exist a lot of voids in these

Figure 7. SEM images of the as-annealed Sb,Te; nanobulk materials: (a
and b) ST-0; (c and d) ST-CTAB; (e and f) ST-PVP.
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bulk materials, as indicated by the arrows. To be different, the
grain growth is not evident in the nanobulk of ST-PVP compared
with the size of the corresponding powder, and each of
nanoplates is clearly separated because of the PVP residues
decorated on the surface of nanoparticles, as shown in Figure
7e,f. It should be noted that lots of voids also present in the ST-
PVP nanobulk. As a result, all of these nanobulk materials have a
low relative density, ~75% for ST-0, ~81% for ST-CTAB, and
~80% for ST-PVP.

Room temperature Hall measurements were taken on these as-
annealed pellets. The results show that the carrier concentration
increases from 4.93 X 10" to 5.00 X 10" to 5.13 X 10" cm™;
meanwhile, the hole mobility increases from 93 to 162 to 192 cm?
V! s7! for ST-PVP, ST-0, and ST-CTAB, respectively, as given
in Table 1. Considering the slight variation in the carrier

Table 1. Relative Density, Hole Concentration 1, and Hall
Mobility p of the Sb,Te; Nanobulk Materials (ST-0, ST-
CTAB, and ST-PVP) at Room Temperature

relative density (%) n(10Y cm™3)  p(em? V'S
ST-0 74.2 5.00 167
ST-CTAB 81.8 5.13 192
ST-PVP 79.7 4.93 93

concentration, the remarkable difference in the hole mobility can
be ascribed to variation of the barrier potential of the boundaries.
When the grain boundaries are the dominant mechanism of
. . 1. 61,62
carrier scattering, the mobility can be expressed as follows:

u = (el/|8kyTm* ) exp(—Ey/ksT) (4)

where e is the carrier charge, / is the average grain size, kg is the
Boltzmann constant, T is the absolute temperature, m* is the
effective mass of the carrier, and Ejy is the potential barrier of the
boundaries. From this formula, it can be seen that the lowest
mobility in the ST-PVP nanobulk is attributed to the high
potential barrier of the boundaries (Ej), which is a result of the
existence of PVP residues on the surface of particles. Also, the
highest mobility in the ST-CTAB nanobulk is due to the larger
grain size and greater density compared with those of the other
two samples (ST-PVP and ST-0).

The thermoelectric properties of the as-annealed Sb,Te;
nanobulk materials were investigated at temperatures ranging
from 40 to 200 °C, and the temperature-dependent resistivity
(p), Seebeck coefficient (S), power factor (S?/p), and thermal
conductivity («) are plotted in Figure 8. Figure 8a reveals that the
three Sb,Te;-nanostructured bulk materials exhibit low electrical
resistivity in the range of 107°~107° Q m, which is comparable to
that of S-doped Sb,Te; reported by Mehta et al.'” but much
lower than that of other reports on Sb,Te;-nanostructured bulk
materials.”>****73° It is worth noting that the low carrier
mobility and concentration of the ST-PVP nanobulk lead to its
electrical resistivity being ~80% higher than those of the other
two nanobulk materials (ST-0 and ST-CTAB). For our three
samples, the electrical resistivity increases with the rise of
temperature. This increasing trend above room temperature
indicates a typical metallic behavior.

The temperature dependence of the Seebeck coefficient of
Sb,Te;-nanostructured bulk materials is in the range of 103—117
UV K" at around 47 °C, which is 20—40% higher than that of the
corresponding single crystal, 83 VK™ ,% as shown in Figure 6b.
It is generally accepted that the low-energy carriers can lead to a
decrease of the Seebeck coefficient and, in turn, their filtering

favors enhancement of the Seebeck coefhicient. In the case of ST-
PVP nanobulk, filtering low-energy carriers by the boundaries
with a high barrier potential ensures realization of the highest
Seebeck coefficient (117 gV K™ at ~47 °C) and the lowest
carrier concentration (4.93 X 10" cm™ at room temperature) at
the same time.

Because each of our Sb,Te;-nanostructured materials exhibits
alarge concentration of free holes, higher than 2.5 X 10" cm™ o4
all of them can be reasonably regarded as degenerated
semiconductors. Therefore, the linear temperature dependence
of the Seebeck coefficient can be explained using the semi-
classical Mott—Jones formula:*®

87k 2 2/3
S = ﬂ 132 m*T(l)
3eh 3n

©)

where kj is the Boltzmann constant, 4 is the Plank constant, m* is
the effective mass of carrier, and e is the charge of the carrier.
Additionally, from this equation, we can see that the Seebeck
coefficient is inversely proportional to the carrier concentration,
S ~ n™*/3, which is well demonstrated by the inverse variation
trend of the Seebeck coefficient and the hole concentration in
our Sb,Te;-nanostructured bulk materials.

Naturally, we obtain the high power factor [(10—16) X 107*W
m~' K™?] in our Sb,Te;-nanostructured bulk materials as a result
of the relatively low electrical resistivity and the moderate
Seebeck coefficient, as shown in Figure 8c. Such high power
factor of Sb,Te; nanobulk materials is slightly lower than that of
the S-doped Sb,Te;-nanostructured bulk material,"” but much

reater than that of other reports on Sb,Te; nanocryst-
ol 23243436

The total thermal conductivity (k) is calculated using the
formula of k = Dp’C,, where D is the thermal diffusivity, p" is the
density, and C, is the specific heat. It should be noted that the
thermal conductivity and electrical resistivity were measured in
the orthogonal directions, which are perpendicular to the
compaction direction. However, because of the random
orientation of the nanoparticles and the strong effect of the
boundaries on the electrical and thermal transport properties in
the nanostructured materials, the anisotropies of the thermo-
electric properties can be significantly reduced.” With the strong
effect of PVP residues in a ST-PVP nanobulk, the thermal
conductivity is significantly decreased from 2.50 W m™" K™' for
ST-CTAB to 1.55 Wm™" K" for ST-PVP at 50 °C (Figure 8e).
The total thermal conductivity of our annealed Sb,Te; nanobulk
materials is strikingly lower than that of the single crystal (5.6 W
m~! K™ parallel to the ab plane)®® and the polycrystalline bulk
(47 Wm™ K at room temperature)66 but much larger than
that of the other reports on the Sb,Te, nanomaterials (~1 Wm™!
K™")'9?*3% mainly because of the long-time annealing. It is
believed that the long-time annealing can result in the grain
growth and density of the boundary decrease, which, in turn, lead
to the thermal conductivity increase. In addition, the thermal
diffusivity measurement results also demonstrate that the
decrease of the total thermal conductivity of ST-PVP mainly
originated from a decrease of the thermal diffusivity compared
with that of ST-CTAB; e.g., the thermal diffusivity significantly
drops from 1.66 X 107 m* s™! for ST-CTAB to 1.07 X 10~° m*
s™! for ST-PVP at 50 °C, as shown in Figure 8d.

The total thermal conductivity (k) usually consists of the
electronic thermal conductivity («,, ), lattice thermal conductivity
(Kiatt.), and bipolar thermal conductivity (ky; ); i-€., Kior, = Kel, + Kiaee,
+ K. Considering the monotonic increase of the Seebeck
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Figure 8. Temperature-dependent thermoelectric properties for different Sb,Te; nanobulk materials (ST-0, ST-CTAB, and ST-PVP): (a) resistivity;
(b) Seebeck coefficient; (c) power factor; (d) thermal diffusivity; () total thermal conductivity and lattice thermal conductivity; (f) figure of merit, ZT.
Error bars indicated in parts a, b, and d are plotted on the basis of the measurement uncertainties of resistivity (+10%), Seebeck coefficient (+7%), and

thermal diffusivity (+5%), respectively.

coefficient with the temperature, the contribution of bipolar
thermal conduction to the total thermal conductivity (k) can
be ignored. As an alternative, the electronic thermal conductivity
(k) is estimated from the Wiedemann—Franz law, k,, = LT/p,
where L is the Lorentz number. The Lorentz number is
calculated using the Fermi integration (see the detailed
calculation in the SI). The values of L at 50 °C are obtained as
1.90 X 1078 1.89 x 1078, and 1.83 x 1078 V> K for ST-CTAB,
ST-0, and ST-PVP, respectively. Therefore, the lattice thermal
conductivity (k) is calculated by subtracting the electronic
conduction from the total thermal conductivity (k). Owing to
the strong phonon scattering by the boundaries in ST-PVP, the
lattice thermal conductivity (ki) decreased from 1.61 W m™"
K™! for ST-CTAB to 1.08 W m™" K" for ST-PVP at 50 °C, as
shown in Figure 8e.

Finally, the temperature dependences of ZT values for our
Sb,Te; nanobulk materials at temperatures of 50—200 °C are
displayed in Figure 8f. The ST-PVP sample exhibits the best
thermoelectric performance; a maximum value of ZT as high as
0.37 is achieved at 200 °C, which is about 25% enhanced by
comparison with that of ST-CTAB. The ZT value in the range of
0.20—0.37 is comparable to that of other reports on undoped
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Sb,Te;-nanostructured materials®**® but much lower than S-
doped Sb,Te;-nanostructured bulk materials’® and BiSbTe
alloy." Tt should be noted that the relatively low ZT of our
Sb,Te; nanobulk materials is mainly due to the high thermal
conductivity, nearly doubled in comparison with that of other
Sb,Te;-nanostructured materials. It is believed that the long-time
annealing after cold pressing is the main reason leading to the
high thermal conductivity of our Sb,Te;-nanostructured
materials. The advanced molding technologies, i.e., spark plasma
sintering, will be tested for further enhancement of the
thermoelectric performance of our Sb,Te;-nanostructured
materials in future work.

4. CONCLUSIONS

In summary, we synthesized the good crystalline Sb,Te;
nanoplates for thermoelectric application via a simple, low-
cost, and scalable reflux method in the solvent EG in the low-
temperature range of 120—180 °C. Also, the formation
mechanism of platelike morphology was proposed, and the
effect of organic surfactants or inorganic salts (CTAB, PVP,
EDTA-Na,, NaOH, etc.) on the size, morphology, and purity of
the resultant Sb,Te; product was investigated. Subsequently,
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Sb,Te;-nanostructured bulk materials were fabricated via cold
compaction followed by the annealing process for investigation
of the thermoelectric properties. The results show that our
Sb,Te; nanobulk materials exhibit low resistivity [ (7.37—19.4) X
107% Q m], moderate Seebeck coefficients (103—141 pV K™'),
and high power factors [(10—-16) X 107* W m™' K7].
Furthermore, the highest ZT value of 0.37 is obtained in the
ST-PVP sample at 200 °C. On the basis of this work, it is worth
noting that some organic residue coating on the surface of the
particles could tune the barrier potential of the boundaries and, in
turn, remarkably vary the electrical and thermal transport
properties of the nanostructured materials; as an alternative,
some inorganic salts that contain hydroxyl or amino can play a
role in chelating with metal ions, making the composition of the
products controllable. Our research provides a simple and
economic surfactant-assisted reflux method to fabricate Sb,Te;
nanoplates with enhanced thermoelectric properties for the
applications of low-temperature waste heat recovery or cooling
devices.
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