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In order to improve the processing and performance of tellurium (Te), bismuth (Bi), and bismuth telluride (dibis-
muth tritelluride, Bi2Te3), which are valuable thermoelectric materials that operate near room temperature in the bulk
state, a nanometer scale synthetic method, in which the starting materials are reduced with NaBH4 in the presence of
protecting agents in solution under mild conditions, was used. Te nanorods having an average diameter of 10� 3 nm
(aspect ratio = 3.0) were prepared by reducing tellurium(IV) ethoxide in ethanol in the presence of poly(N-vinyl-2-
pyrrolidone) (PVP) under nitrogen. Although Bi nanoparticles prepared from bismuth(III) chloride by this method have
an average diameter of 29� 8 nm, PVP-protected Bi2Te3 nanoparticles have a really small average diameter (7� 5 nm)
and they are probably the smallest Bi2Te3 particles ever reported. Heat treatment of PVP-protected Bi2Te3 nanoparticles
in refluxing solvents was found to improve the stability.

Heat energy, generally produced by combustion of fossil
fuels, is commonly used in human society because of the high
density of energy. However, the waste heat energy exhausted
from automobiles and electric power stations as well as natu-
ral heat energy cannot be effectively utilized because of the
low density of energy. Effective and economical utilization
of these low density energies is needed to resolve the energy
problems for human beings.

Recently, much attention has been paid to the direct conver-
sion of heat energy to electric energy by using thermoelectric
materials. The proposed thermoelectric materials are usually
inorganic semiconductors.1–9 Among them bismuth telluride
(dibismuth tritelluride, Bi2Te3) is a thermoelectric material
that works effectively in a relatively low temperature region
from room temperature to ca. 250 �C. In addition, the thermo-
electric property of Bi2Te3 can be controlled as both p-type
and n-type characteristics depending on the chemical composi-
tion.10–12 Since these materials have a thermoelectric figure-of-
merit, ZT , of ca. 1.0, devices containing both p- and n-type
materials have been already used in practical thermoelectric
refrigeration, for example. However, the conventional method
for preparation of Bi2Te3 materials is based on co-sintering of
the corresponding metal elements at elevated temperatures
under special conditions, and the devices are fabricated via
various manufacturing processes like etching and polishing.13

Such severe reaction conditions and fine manufacturing proc-
esses result in high cost for these thermoelectric devices,
which is a disadvantage of the conventional bulk materials.

Thus, nanomaterials have received much attention. Nano-
materials or nanoparticles are expected to improve the process-
ability, because the structure of materials can be modified at
rather low temperature by taking advantage of the low melting
point of nanoparticles, and devices with various shapes can be
directly made by utilizing a template during the preparation
process without mechanical manufacturing processes.14 In

addition, Venkatasubramanian et al. reported that superlattice
structured films composed of alternatively layered Bi2Te3 and
Sb2Te3 on the order of a few nanometers show thermoelectric
performance twice as high as the bulk alloy materials.15 Chen
and Shakouri estimated that quantum size effects can improve
the thermoelectric properties of materials by controlling the
structure two- or three-dimentionally.16 Recently, Zhou et al.
reported that Bi2Te3 nanowires of 50–100 nm in diameter,
prepared by electrodepositions, had a Seebeck coefficient (S)
15–60% larger than the bulk ones at 300K.17 Thus, Bi2Te3
nanomaterials on the order of a single nanometer should have
a much larger Seebeck coefficient than the bulk ones.

However, there are only few reports of the preparation of
nano-scaled Bi2Te3 materials by chemical methods, which
have advantages for mass production compared to physical
methods. Yu et al. reported the preparation of the Bi2Te3 nano-
wires by the reaction of BiPh3 with Te nanowires, which were
prepared in advance by the decomposition of TeCl4 in the
presence of trioctylphosphine oxide (TOPO) in a polydecene
solution at 573K.18 These nanowires are uniform, but have a
large mean diameter (68� 17 nm) and a length of several mi-
crometers. In contrast, Deng et al. reported Bi2Te3 nanoparti-
cles19 prepared by the solvothermal reaction of BiCl3 and me-
tallic Te powder using KBH4 in a Teflon autoclave.20,21 In this
method, the Bi2Te3 nanomaterials were not uniform and had
various shapes, such as particles, rods, and square-plates, and
various sizes from 20 to 600 nm, which depended on the reac-
tion temperature and time.20 By addition of protecting agents,
such as disodium ethylenediaminetetraacetate, into the reac-
tion system, Bi2Te3 nanomaterials changed morphology, e.g.,
they became a sheet-rod, but still had a large size (about
100–200 nm).21 All of these nanomaterials often aggregated
in and precipitated from solution, and were difficult to control
the size. Therefore, a new preparation method for Bi2Te3
nanomaterials on the order of a single nanometer in size for
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improvement of thermoelectric properties and processability is
needed.

Here, we report the simple syntheses of well-dispersed
nanomaterials of Te, Bi, and Bi2Te3 on the order of a single
nanometer in size by NaBH4 reduction using poly(N-vinyl-2-
pyrrolidone) (PVP) or trioctylphosphine oxide (TOPO) as pro-
tecting agents under nitrogen.

Experimental

Chemicals. Bismuth(III) chloride (BiCl3), sodium tetrahydro-
borate (NaBH4), poly(N-vinyl-2-pyrrolidone) (PVP, K30, MW ¼
40000), and trioctylphosphine oxide (TOPO) were purchased from
Wako Chem. Ind. Ltd., and used as received. Tellurium(IV) eth-
oxide (Te(OC2H5)4) was purchased from Azmax Co. and used
as received. Ethanol was treated by bubbling with purified nitro-
gen (99.999%) for 3 h in advance to remove dissolved oxygen.

Preparation of Protected Tellurium Nanomaterials. During
the reaction and purification processes, the complete omission of
contaminating oxygen from nitrogen atmosphere was very impor-
tant. Thus, all of the reactions and purification processes presented
in this manuscript were carried out in a dry box filled with puri-
fied nitrogen. A typical experiment was carried out as follows:
Te(OC2H5)4 (12.0mg, 0.033mmol) and PVP (147mg, 1.32mmol
in monomer unit) or TOPO (510mg, 1.32mmol) were each com-
pletely dissolved in 10 cm3 ethanol. The two solutions were mixed
in a two-neck flask under nitrogen, and the mixture was stirred for
3 h after addition of 20 cm3 degassed ethanol. To the mixed solu-
tion (40 cm3), which had been cooled down to 273K with an ice
bath, 10 cm3 of ethanol solution of NaBH4 (20.0mg, 0.53mmol)
was added dropwise over 10min from a dropping funnel. After
allowing the temperature to increase from 273K to room temper-
ature over a few hours while stirring, the mixture was heated up
to the boiling point with an oil bath and refluxed for 5min. After
cooling the mixture to room temperature while stirring, the ob-
tained brownish black mixture was subjected to ultrafiltration
(Advantec Co., Ltd., Ultrafilter Q0100) and wash 3 times with
degassed ethanol under a pressure of nitrogen to remove any
remaining ionic species. The solvent was removed with a rotary
evaporator. The residue was dried at 353K under vacuum over-
night to form black powder, which was kept under nitrogen for
characterization.

Preparation of Protected Bismuth Nanoparticles. The same
procedures as the case of Te nanomaterials were applied to the
preparation of PVP- or TOPO-protected Bi nanoparticles, but
using BiCl3 (10.4mg, 0.033mmol) instead of Te(OC2H5)4. The
obtained powder was brownish black.

Preparation of Protected Bismuth Telluride. BiCl3 (4.2mg,
0.013mmol), Te(OC2H5)4 (7.2mg, 0.020mmol), and PVP (147
mg, 1.32mmol in monomer unit) were each separately dissolved
in 10 cm3 ethanol. The BiCl3 and Te(OC2H5)4 solutions were
mixed in a two-neck flask, and the mixture was stirred for 1 h.
To this mixture was added 10 cm3 solution of PVP or TOPO in
ethanol. The mixture was stirred for 3 h or more in a two-neck
flask after the addition of 20 cm3 degassed ethanol. The mixture
was cooled to 273K with an ice bath, and a 10 cm3 of ethanol so-
lution of NaBH4 (20.0mg, 0.53mmol) was added dropwise over
10min. The resulting mixture was heated to boiling point with
an oil bath and then allowed to reflux for 1 h. Because the heat
treatment was designed to be carried out at temperatures higher
than the boiling point of ethanol, 50 cm3 of ethylene glycol was
added to the residue after the ethanol was evaporated from the

mixtures, and the ethylene glycol solution was heated at the boil-
ing point for additional 1 h. The black mixture was purified by ul-
trafiltration, evaporation, and drying to give black powders by the
method similar to the case of protected Te nanomaterials.

Characterization. Transmission electron microscopic (TEM)
measurements were carried out using a JEOL JEM-1230 electron
microscope operated at 80 kV. The average sizes in diameter (dav)
and size distribution histograms of the nanoparticles were calcu-
lated by counting ca. 200 particles from the TEM micrograph.
The standard deviation (�) of nanoparticles were calculated by as-
sumption of normal distribution. The X-ray diffraction patterns
were obtained by using a Mac Science Co. M18XHF-SRA diffrac-
tometer with CuK� radiation (� ¼ 0:154187 nm) for the powder
samples at room temperature. The crystalline sizes of the samples
were calculated by Scherrer’s equation (D ¼ K��=� cos �) using
K ¼ 0:94 without correction due to the apparatus.22 The particle
composition was determined with an energy dispersive X-ray ana-
lyzer (EDX) attached to a JEOL JEM-1230 electron microscope.
An atomic emission spectroscopy using an inductively coupled
plasma (ICP) as the excitation source (Shimadzu ICPS-7500)
was also used for elemental analysis of the nanomaterials.

Results and Discussion

Synthesis of Tellurium Nanorods. In order to develop a
homogeneous system for the synthesis of Te nanomaterials
with uniform size and shape, we used Te(OC2H5)4, which is
commercially available and easily soluble in ethanol, as the
source of Te. When Te(OC2H5)4 in solution was reduced with
NaBH4 in the presence of PVP in ethanol at 273K and the so-
lution heated to reflux for a while under nitrogen, the colloidal
dispersions of Te nanorods were obtained.

When NaBH4 was added into an ethanol solution of Te-
(OC2H5)4 in the presence of PVP at room temperature, the col-
or of the solution changed to brownish black, indicating the re-
duction of the TeIV ions to form the Te nanomaterials. In order
to confirm the formation of nanomaterials, transmission elec-
tron microscopy (TEM) was used. In the beginning of experi-
ments, we could observe the nanomaterials by TEM operated
under low voltage and low current density, but failed to ac-
quire TEM photographs of the Te nanomaterials by operating
TEM under enough voltage and current density to take the
photograph. It is probably because the small Te nanomaterials
have a low melting point and, possibly, they may have an
amorphous structure. Thus, we successively heated at the mix-
ture at reflux in order to obtain large crystals. In TEM photo-
graph of Te nanomaterials obtained by successive heat treat-
ment in the presence of PVP (Fig. 1a), nanorods with consid-
erably uniform size and shape, (dav ¼ 10� 3 nm and average
length of 30� 9 nm (average aspect ratio of 3.0)) were ob-
tained. If the reaction was carried out with TOPO as the protect-
ing agent instead of PVP, the nanorods (Fig. 1b) were neither
small nor uniform (dav ¼ 24� 7 nm, average aspect ratio =
4.4) as those using PVP.23 Without any protecting agent, in
contrast, the same reaction resulted in large particles that were
more than a few micrometers in size as shown in Fig. 1c.

These results have demonstrated that heat treatment in re-
fluxing ethanol is very important for the synthesis of stable
Te nanorods and that PVP is a very effective protecting agent
in comparison with TOPO for Te nanomaterial synthesis. Both
PVP and TOPO are considered to coordinate to TeIV ions
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before reaction with NaBH4 because the size and shape of the
resulting nanorods are not so uniform without stirring the reac-
tion mixture long enough before addition of the NaBH4 solu-
tion. PVP coordinates to TeIV ions by chelate formation (poly-
mer effect)25,26 better than TOPO. The chelating polymer ef-
fect of PVP is maintained not only during but also after the
reduction, which could result in smaller size Te nanorods
due to effective protection (Scheme 1). A similar effect with
PVP on the formation of metal nanoparticles has already been
proposed.27,28

XRD patterns of Te with PVP and TOPO, and without a
protecting agent are shown in Figs. 2a, 2b, and 2c, respective-
ly. The three patterns are principally the same as each other
and consistent with that of the hexagonal close-packed struc-
ture of bulk Te except for broad peaks attributed to PVP at
2� ¼ 12 and 21� in Fig. 2a. The crystalline sizes, calculated by
Scherrer’s equation based on the half width of XRD peaks,
were 11, 7, and 33 nm for the three samples, respectively.
The crystalline sizes calculated by Scherrer’s equation were
smaller than the average sizes of Te nanorods observed direct-
ly by the TEM photographs (10� 30 nm, 24� 106 nm, and
more than 1mm, respectively). However, this is opposite to re-
lationship between the size calculated by Scherrer’s equation
and that observed by TEM photographs that is normally ob-
served.29 When Te nanomaterials were prepared without heat
treatment, we could observe small Te nanoparticles which
were unstable under the strong electron beam from the TEM,
as mentioned before. After heat treatment for 5min, however,

only large nanorods were observed by TEM. From these re-
sults, the crystalline size calculated from XRD measurement
is small compared to that observed by TEM, probably because
Te nanorods are produced by aggregation and/or co-melting of
the nanoparticles.

Synthesis of Bismuth Nanoparticles. Bi nanoparticles
were easily synthesized by the similar method to the case of
Te nanomaterials by using BiCl3 instead of Te(OC2H5)4 as
the starting material. Again, stable Bi nanoparticles were not

Fig. 1. TEM photographs of Te nanorods prepared by NaBH4 reduction (a) with PVP, (b) with TOPO, and (c) without a protecting
agent.
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Scheme 1. Proposed mechanism for the formation of Te nanorods in the presence of a protecting agent: (a) PVP and (b) TOPO.
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Fig. 2. XRD patterns of the Te nanorods or solid prepared
by NaBH4 reduction by using (a) PVP and (b) TOPO, and
(c) without a protecting agent.
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obtained without successive heat treatment. TEM photographs
of the Bi nanoparticles19 obtained by successive heat treatment
are shown in Figs. 3a and 3b, indicating formation of well-
dispersed nanoparticles with dav ¼ 29� 8 and 31� 14 nm
by using PVP and TOPO as the protecting agent, respectively.
By contrast, formation of aggregated nanoparticles with dav ¼
46� 22 nm is observed in Fig. 3c without protecting agents. In
the case of Bi nanoparticles, no large difference is observed in
size between the particles prepared by using PVP and TOPO as
a protecting agent, while aggregates form without protecting
agents (Fig. 3c).

It should be noted that PVP-protected Bi nanoparticles
(Fig. 3a) contain thin nanowires besides nanoparticles, and
that such wires do not exist when TOPO is used (Fig. 3b).
EDX spectra taken for both TEM photographs (Figs. 3a and
3b) showed only the presence of Bi. Thus, the nanowires ob-
served in Fig. 3a might be composed of Bi, although it is dif-
ficult to selectively prepare only Bi nanowires or to separate
nanowires from the mixtures. Yu et al.18 reported that Bi nano-
wires with dav ¼ 6� 3 nm and a mean length longer than 5mm
were prepared by thermal decomposition of Bi[N(SiMe3)2]3 at
476K in the presence of poly[(1-hexadecene)0:67-co-(1-vinyl-
pyrrolidinone)0:33] and NaN(SiMe3)2. The Bi nanoparticles
with dav ¼ 11� 2 nm were produced in this method besides
these wires. The dav of the Bi nanowires, which we have ob-
tained in the presence of PVP in the present work, is 6� 2 nm
and their average length is below 1mm. Thus, the present tech-
nique can easily provide Bi nanowires at a lower reaction tem-
perature than the method reported by Yu et al.18

Figures 4a, 4b, and 4c show the XRD patterns of the ob-
tained Bi nanoparticles. The broad peaks at 2� ¼ 12 and 21�

are attributed to the PVP protective agent. All other peaks of
Bi nanoparticles prepared with or without protecting agents
are observed at the same position as those of bulk Bi. Based
on the sharpness of the XRD peaks in Figs. 4a, 4b, and 4c,
average sizes of Bi nanoparticles were calculated to be 39,
37, and 42 nm, respectively. They are in relatively good agree-
ment with the average sizes observed by TEM.

Synthesis of Bismuth Telluride Nanoparticles. Bi2Te3
nanoparticles were synthesized by NaBH4 reduction of BiCl3
and Te(OC2H5)4 in ethanol in the presence of PVP or TOPO
as protecting agents in a manner similar to that of the Bi nano-
particles and Te nanorods. In the beginning, a protecting agent

and metallic precursors were dispersed in solution, and the
mixtures were treated by NaBH4 to prepare the Bi2Te3 nano-
particles. In the first trial, BiCl3, Te(OC2H5)4, and PVP were
each separately dissolved of 10 cm3 ethanol, respectively, and
the three solutions were simply mixed in a two-neck flask. To
the mixed solutions, a 10 cm3 NaBH4 solution was added drop-
wise over 10min. In this case, the composition and the particle
diameter of the obtained Bi2Te3 were not uniform. Based on
previous results, both BiIII and TeIV ions must strongly interact
with protective agents before reduction with NaBH4 in order to
prepare small, uniform Bi2Te3 nanoparticles.

Finally, we discovered the appropriate mixing procedure of
metal ions and the protective agent. The ethanol solutions con-
taining the BiIII and TeIV salts were mixed in a two-neck flask
under purified N2 and stirred for about 1 h. To these mixtures,
the ethanol solution of PVP was added, and the resulting mix-
ture was stirred for over 3 h so that PVP could fully coordinate
to the metal ions. An ethanol solution of NaBH4 was then add-
ed dropwise to the mixture at 273K over a 10min period, and
the mixture was gradually heated up to the room temperature
and then to the boiling point with an oil bath. Reflux was main-
tained for 1 h. The Bi2Te3 nanoparticles prepared by this meth-
od are stable as a dispersion for over one year under nitrogen.
In other words, PVP must be coordinated to both BiIII and TeIV

Fig. 3. TEM photographs of Bi nanoparticles prepared by NaBH4 reduction (a) with PVP, (b) with TOPO, and (c) without a pro-
tecting agent.
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Fig. 4. XRD patterns of the Bi nanoparticles prepared by
NaBH4 reduction by using (a) PVP and (b) TOPO, and
(c) without a protecting agent.
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ions and heating of the material in solution is required.
Growth and Characterization of Bismuth Telluride

Nanoparticles. Figure 5a shows the TEM photograph of
the obtained Bi2Te3 nanoparticles prepared by NaBH4 reduc-
tion and successive heat treatment in refluxing ethanol. The
average particle size is 7� 5 nm. These nanoparticles had a
composition of 2.00:3.00 in molar ratio of Bi:Te based on
ICP analysis. The same procedures were applied to the prepa-
ration of Bi2Te3 using TOPO as a protective agent instead
of PVP. Based on the TEM photograph of TOPO-protected
Bi2Te3 nanoparticles, shown in Fig. 5c, dav of the separated
particles was calculated to be 23� 9 nm, since the particles
were strongly aggregated because of poor protecting ability
of TOPO. Based on ICP analysis, the composition is 2.00:
2.95 of Bi:Te. Without protecting agent, only aggregates were
produced, as shown in Fig. 5d.

In the synthesis of Bi2Te3 nanoparticles described above,
the mixture of Bi precursors, Te precursors and PVP in ethanol
was stirred well for 3 h before addition of NaBH4 solution for
reduction. When the NaBH4 solution was added immediately
after mixing the metal precursor solutions with the PVP solu-
tion, only Bi2Te3 nanorods formed as shown in Fig. 6a. It is
thought that the strong crystalline properties of small Te nano-
rods could promote the growth of Bi2Te3 nanomaterials along
the shape of Te nanorods. The EDX spectrum of these nano-

rods showed that they were composed of Bi2Te3, although
the shape might be attributable to Te nanorods or nanowires
described previously. Heating the nanorods in refluxing etha-
nol for 1 h gave Bi2Te3 nanorods shown in Fig. 6b. The length
of the nanorods is between 50 to 150 nm which is similar to
those without heat treatment. However, the width of the nano-
rods after heat treatment is 30 to 80 nm, which is wider than
those without heat treatment (20–30 nm). In other words, the
nanorods only grow wider upon heating.

In order to clarify the effect of heat treatment on the growth
of nanomaterials, dispersions of PVP-protected Bi2Te3 nano-
particles were heated in refluxing ethylene glycol. From TEM,
dav of the nanoparticles is 37� 7 nm, as shown in Fig. 5b.
Thus, heating at higher temperatures causes aggregation.

The effect of heat treatment can be summarized as follows
(Table 1). If the NaBH4 reduction was carried out for the mix-
tures after the contact of precursor metal ions were allowed to
react fully with PVP, the nanoparticles obtained without heat
treatment at room temperature were 5 to 10 nm in size, which
was directly observed by TEM using a low voltage and current
density. An attempt to take a TEM photograph by using
enough voltage and current density was unsuccessful because
the nanomaterials disappear from the grid, i.e., they probably
melted under the strong electron beam used to take the photo-
graph. When heated in refluxing ethanol, in contrast, a TEM
photograph was acquired, as shown in Fig. 5a (see above).
However, the Bi2Te3 nanoparticles that were heated in reflux-
ing ethanol were nearly the same size as those prepared with-
out heat treatment, but were apparently more stable against
electron beam irradiation. Heating at higher temperatures in
ethylene glycol afforded larger particles as mentioned above.

In order to measure the crystalline size of the obtained nano-
particles, XRD patterns were measured. The measured XRD

Fig. 5. TEM photographs of Bi2Te3 nanoparticles prepared by NaBH4 reduction (a) in the presence of PVP with successive heat
treatment at 351K in ethanol, and (b) at 471K in ethylene glycol, (c) in the presence of TOPO with successive heat treatment at
351K in ethanol, and (d) in the absence of a protecting agent with successive heat treatment at 351K in ethanol.

Fig. 6. TEM photographs of Bi2Te3 nanoseeds prepared
by NaBH4 reduction immediately after addition of PVP
(a) without successive heat treatment, and (b) with succes-
sive heat treatment at 351K in ethanol for 1 h.

Table 1. Effect of Heat Treatment of Bi2Te3 Nanoparticles
in a Refluxing Solvent upon the Size

Protecting agent Heat treatment/K
Average diameter/nm

TEM XRD

PVP 351 7� 5 ca. 2
PVP 471 37� 7 35
TOPO 351 23� 9 24
None 351 aggregated 6
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patterns are shown in Fig. 7. The PVP-protected Bi2Te3 nano-
particles after heat treatment in refluxing ethanol have very
broad peaks (Fig. 7a), beside the peaks at 2� = ca. 13 and
17� that are attributed to PVP based on the patterns with TOPO
(Fig. 7c) and without a protecting agent (Fig. 7d). The broad
peaks were attributed to the small size and/or low crystallinity
of PVP-protected Bi2Te3 nanoparticles. Higher crystallinity of
PVP-protected Bi2Te3 nanoparticles is desirable for high ther-
moelectric performance because the thermoelectric properties,
in general, are improved by increasing the degree of crystallin-
ity of the materials. Thus, we tried to control the crystallinity
by heating the dispersed Bi2Te3 nanoparticles in the refluxing
solvent. The very broad peak at 2� = ca. 27� in Fig. 7a shows
that the Bi2Te3 nanoparticles have a low crystallinity after heat
treatment at 351K in refluxing ethanol. When Scherrer’s equa-
tion was used to analyze the XRD peaks, the crystalline size of
Bi2Te3 nanoparticles was calculated to be about 2 nm. This
value is much smaller than dav obtained from TEM photograph
(7� 5 nm). In contrast, from analysis of the XRD peaks for the
PVP-protected nanoparticles prepared by heating in refluxing
ethylene glycol (Fig. 7b) the size is 35 nm, which is consistent
with the value calculated from TEM photograph (37� 7 nm).
In the case of TOPO-protected nanoparticles, the size observed
by TEM photograph (23� 9 nm) is near that calculated from
the XRD peaks (24 nm), as summarized in Table 1.

Only in the case of PVP-protected Bi2Te3 nanoparticles
treated by refluxing ethanol was the size that was calculated
from XRD peak much smaller than that from the TEM photo-
graph. This difference is due to either the small size of crystal-
line parts in amorphous Bi2Te3 or the aggregation of small
crystalline grains. It should be noted again that the Bi2Te3 par-
ticles prepared without heat treatment were very unstable un-
der strong electron beam and TEM photograph could not be

taken. We thought the disappearance of Bi2Te3 nanomaterials
under strong electron beam was due to melting and evapora-
tion of Bi2Te3 because of the rather amorphous structure of
the nanomaterials without heat treatment. However, we have
succeeded in taking HR-TEM of Pd/Te alloy nanomaterials
recently,30 i.e., even small particles have a crystalline structure
and large nanomaterials have polycrystalline structures. From
these findings, we could extrapolate that the large nanomateri-
als of Bi2Te3 prepared by heat treatment are polycrystalline
materials formed by aggregation and/or co-melting of small
nanoparticles. Thus, heat treatment in refluxing ethanol and
ethylene glycol improves the crystallinity of the nanoparticles
with the growth of crystalline size by aggregation and/or
co-melting of small nanomaterials. In other words, the crystal-
linity as well as the size of Bi2Te3 nanoparticles may be con-
trolled by heat treatment in refluxing solvents at various tem-
peratures.

Conclusion

Though there are some reports on the Bi2Te3 nanowires and
nanorods, the syntheses of Bi2Te3 nanoparticles

19 on the order
of a single nanometer in size have not been reported to the best
of our knowledge, probably because Bi2Te3 nanoparticles are
easily oxidized by air. Here, we have successfully synthesized
Bi2Te3 nanoparticles on the order of a single nanometer by re-
duction with NaBH4 under nitrogen in the presence of PVP
and successive heat treatment. For the syntheses of Bi2Te3
nanoparticles, the solutions of both Bi and Te precursors were
mixed with a PVP solution and the mixture was stirred for long
time, ca. 3 h, to ensure that both metal ions are fully coordi-
nated by PVP. The importance of the strong chelating coordi-
nation of PVP is supported by the fact that use of PVP affords
smaller nanoparticles than TOPO, which is a low molecular
weight protecting agent. Heat treatment also improved the sta-
bility of Bi2Te3 dispersions by suppressing oxidation in solu-
tion via growth of the particles and by increasing the crystal-
line size, which is suggested by comparing the sizes calculated
from XRD peaks and those observed in TEM photographs. Us-
ing a similar method, Te nanorods and Bi nanoparticles have
also been synthesized by slightly altering the heating time.
In order to synthesize the protected Bi, Te, and Bi2Te3 nano-
meter-sized materials, it was shown that the protecting agent
must strongly coordinate to the metal ions before the reduction
reaction, and that the nanomaterials must be heated after the
reduction reaction. The dispersions of PVP-protected Bi2Te3,
Te and Bi nanoparticles can be cast on a glass plate to form
self-standing films. In other words, parts of devices containing
Bi2Te3, Te, or Bi nanomaterials can be fabricated. Investiga-
tions of the thermoelectric properties of such films are now
in progress.

References

1 R. Funahashi, I. Matsubara, H. Ikuta, T. Takeuchi, U.
Mizutani, S. Sodeoka, Jpn. J. Appl. Phys. 2000, 39, L1127.

2 Y. Kawaharada, K. Kurosaki, M. Uno, S. Yamanaka,
J. Alloy. Comp. 2001, 315, 193.

3 L. T. Zhang, M. Tsutsui, K. Ito, M. Yamaguchi, Thin Solid
Films 2003, 443, 84.

4 T. Kawahara, S. M. Lee, Y. Okamoto, J. Morimoto, K.

5 10 15 20 25 30 35 40 45 50 55 60 65 70

a

b

c

d

2θ / °

In
t. 

 / 
a.

 u
.

Fig. 7. XRD patterns of the PVP-protected Bi2Te3 nano-
particles prepared by NaBH4 reduction (a) with successive
heat treatment at 351K in ethanol and (b) at 471K in eth-
ylene glycol, and (c) that of TOPO-protected Bi2Te3 nano-
particles, and (d) that of Bi2Te3 prepared without a pro-
tecting agent.

N. Watanabe et al. Bull. Chem. Soc. Jpn. Vol. 80, No. 1 (2007) 213



Sasaki, T. Hata, Jpn. J. Appl. Phys. 2002, 41, L949.
5 Z. H. Dughaish, Physica B 2002, 322, 205.
6 J. P. Fleurial, L. Gailliard, R. Triboulet, H. Scherrer, S.

Scherrer, J. Phys. Chem. Solids 1988, 49, 1237.
7 J. P. Fleurial, L. Gailliard, R. Triboulet, H. Scherrer, S.

Scherrer, J. Phys. Chem. Solids 1988, 49, 1249.
8 E. Koukharenko, N. Frety, V. G. Shepelevich, J. C.

Tedenac, J. Alloy. Comp. 2000, 299, 254.
9 M. P. Singh, C. M. Bhandari, Solid State Commun. 2003,

127, 649.
10 H. Zou, D. M. Rowe, G. Min, J. Cryst. Growth 2001, 222,

82.
11 M. Carle, P. Pierrat, C. Lahalle-Gravier, S. Scherrer, H.

Scherrer, J. Phys. Chem. Solids 1995, 56, 201.
12 J. Yang, T. Aizawa, A. Yamamoto, T. Ohta, J. Alloy.

Comp. 2000, 309, 225.
13 T. S. Oh, D. B. Hyun, N. V. Kolomoets, Scr. Mater. 2000,

42, 849.
14 W. Wang, F. Jia, Q. Huang, J. Zhang, Microelectron. Eng.

2005, 77, 223.
15 R. Venkatasubramanian, E. Siivola, T. Colpitts, B.

O’Quinn, Nature 2001, 413, 597.
16 G. Chen, A. Shakouri, J. Heat Transfer 2002, 124, 242.
17 J. Zhou, C. Jin, J. H. Seol, X. Li, L. Shi, Appl. Phys. Lett.

2005, 87, 133109.
18 H. Yu, P. C. Gibbons, W. E. Buhro, J. Mater. Chem. 2004,

14, 595.
19 Here, we use the term ‘‘nanoparticle’’ only for the spherical

particle in a nanometer scale, as commonly used recently in the
field of nanoscience and nanotechnology.

20 Y. Deng, C. W. Nan, L. Guo, Chem. Phys. Lett. 2004, 283,
572.
21 Y. Deng, G. D. Wei, C. W. Nan, Chem. Phys. Lett. 2003,

368, 639.
22 P. Gallezot, Catalysis: Science and Technology, ed. by

J. R. Anderson, M. Bondart, Springer-Verlag, Berlin, Hidelberg,
New York, 1983, Vol. 5, p. 221.
23 In the case of Te nanomaterials, nanowires (the aspect ratio

of larger than 200)18 or nanorods (the aspect ratio of larger than
3)24 were reported, though they had a width of 10–100 nm orders.
In these cases, the nanowires or nanorods are predominant prob-
ably because the growth rate of the crystal in the direction of
[001] is much larger than that of other directions.18,24

24 Z. Liu, Z. Hu, J. Liang, S. Li, Y. Yang, S. Peng, Y. Qian,
Langmuir 2004, 20, 214.
25 Tailored Metal Catalysts, ed. by Y. Iwasawa, D. Reidel

Publishing Co., 1986, pp. 87–140.
26 Editorial Committee of Kobunshi-jiten, Kobunshi-jiten

(Dictionary of Polymer), ed. by The Polymer Society of Japan,
Asakura, Tokyo, 1988, p. 154.
27 N. Toshima, Fine Particles—Synthesis, Characterization,

and Mechanisms of Growth—, ed. by T. Sugimoto, Marcel
Dekker, New York, 2000, pp. 430–459.
28 N. Toshima, Macromolecular Nanostructured Materials,

ed. by N. Ueyama, A. Harada, Kodansha, Tokyo, Springer, New
York, 2004, pp. 182–196.
29 S. Calvin, S. X. Luo, C. C. Broadbridge, J. K. McGuinness,

E. Anderson, A. Lehman, K. H. Wee, S. A. Morrison, L. K.
Kurihara, Appl. Phys. Lett. 2005, 87, 233102.
30 N. Watanabe, M. Sannomiya, N. Toshima, to be published.

214 Bull. Chem. Soc. Jpn. Vol. 80, No. 1 (2007) Nanomaterials of Te, Bi, and Bi2Te3


