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Silver telluride nanotubes have been prepared by the hydrothermal process without a template or a surfactant. The
as-prepared sample was characterized by X-ray diffraction, transmission electron microscopy, X-ray photoelectron
spectra, and Raman spectra. The structural phase transition of the sample was observed. A rolling-up mechanism
is proposed to explain the formation of the silver telluride nanotubes based on the inherent crystal structure of
low-temperature â-Ag2Te. Raman spectra analysis revealed an interesting Raman scattering enhancement
phenomenon.

Introduction

Silver telluride exhibits some unique properties such as a
structural phase transition and superionic conductivity. At
about 145°C,1,2 silver telluride undergoes a structural phase
transition from the low-temperature monoclinic structure (â-
Ag2Te) to the high-temperature face-centered cubic structure
(R-Ag2Te). The low-temperatureâ-Ag2Te is a narrow band
gap semiconductor3 with high electron mobility and low
lattice thermal conductivity. While in the high-temperature
face-centered cubic structure (R-Ag2Te), tellurium anions
form a face-centered cubic sublattice through which Ag+

cations can move easily and show superionic conductivity.4,5

Recently, both silver-rich (n-type) and tellurium-rich (p-type)
silver telluride bulk samples6,7 or thin films8 have been
discovered to have large positive magnetoresistance, among
which n-type silver telluride has specially remarkable mag-
netoresistance effects at room temperature and its linear field

dependence is down to a few Øersteds.6,7 Therefore, silver
telluride could be a promising material for application in low-
magnetic-field sensors. Along with the increasing interest
in nanostructured materials and nanodevices, it becomes
essential to fabricate silver telluride into different tiny units,
such as 1D nanotubes, which are able to be applied on a
nanoscale field.

Conventionally, metal chalcogenide was prepared by
metallurgical processing by mixing appropriate amounts of
pure elements at high temperatures.9 More recently, some
studies have been reported on the thermoelectric properties
of silver telluride8,10 and the synthesis of silver telluride
nanofibers.5,11,12 However, previously there have been no
accounts of the synthesis and characterization of silver
telluride nanotubes. Here, we report the synthesis and
characterization of silver telluride nanotubes obtained by the
hydrothermal process, without any template and surfactant.
To the best of our knowledge, this is the first report of the
preparation of silver telluride nanotubes by the hydrothermal
method, which have emerged as powerful tools for the
fabrication of anisotropic 1D nanomaterials.13-17 The as-
prepared samples were characterized by X-ray diffraction
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(XRD), transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), X-ray photoelectron spectra
(XPS), and Raman spectra. The structural phase transition
of the silver telluride nanotubes was observed. The rolling-
up mechanism of the silver telluride nanotubes is also
discussed on the basis of the inherent crystal structure of
low-temperatureâ-Ag2Te.

Experimental Section

In a typical procedure, 2 mmol of silver nitrate was dissolved in
24 mL of distilled water, and 1 mmol of sodium tellurate (Na2-
TeO3) was added with stirring. To this resulting solution, 1.5 mL
of aqueous hydrazine solution (50%) and 0.5 mL of ammonia (25%)
were dropped quickly in turn, and the mixture was transferred into
a Teflon-lined autoclave (30 mL), heated to 120°C, and maintained
at this temperature for 12 h. After the hydrothermal treatment, the
precipitate was collected and rinsed with distilled water and ethanol
and then dried in air for further characterization.

The obtained products were directly subjected to scanning
electron microscopy characterizations (SEM, JEOL JSM-6700F at
an accelerating voltage of 5-15 kV) and powder-X-ray diffraction
(XRD, Philips PW-1830 and Bruker AXS D8 ADVANCE X-ray
diffractometer). The room-temperature Raman spectra of the Ag2-
Te nanotubes were recorded with a micro-Raman spectrometer
(Renishaw 1000, U.K.) equipped with a CCD detector and an Ar+

laser with a 514.5 nm excitation line (diameter of laser spot,∼3
µm) and 4.2 mW of power. Thermogravimetric analyses were
carried out on a NETZSCH TG 209 Instrument under flowing
nitrogen. Differential scanning calorimetry (DSC) analysis was
carried out up to a temperature of 250°C, using a Mettler DSC-
301 under a stream of nitrogen and a heating rate of 5°C /min.
X-ray photoelectron spectroscope (XPS) analysis was carried out
on a VGESCALAB MK II X-ray photoelectron spectrometer, using
non-monochromatized Mg KR radiation as the excitation source
and choosing C1 s (284.60 eV) as the reference line. For the
transmission electron microscopic (TEM, JEOL 2010F microscopes
operated at an accelerating voltage of 200 kV) observations, the
product was sonicated in ethanol for 20 min, and the suspension
was dropped onto a carbon-coated copper grid, followed by
evaporation of the solvent in the ambient environment.

Results and Discussion

Crystal structures and compositions of the products have
been determined by powder-XRD, and a typical result is
shown in part A of Figure 1. The XRD pattern of the as-
prepared sample can be readily indexed according to the
monoclinic Ag2Te crystal structure (JCPDS 34-0142) [space
group: P2/n (No. 13)]. The XPS spectra of Ag2Te (part B
of Figure 1) show that the binding energies of Ag3d5 and
Te3d are 368.52 and 573.08 eV, respectively. The molar ratio
of silver to tellurium according to the quantification of peaks
is 2.000:1.034, close to the stoichiometry of Ag2Te.

The morphology and structure of the samples were
examined with scanning electron microscopy (SEM) and
TEM. SEM images are shown in Figure 2. Numerous
nanofibers as an entangled mesh are formed. All of the
nanofibers are bendy and curled, with the diameters of 80-
250 nm and more than several tens of micrometers in length
(A and B). The nanofibers also show the characteristics of
tubular structures with open-ended (C and D) and uncovered
hollow interiors (E). More-detailed structural information
about the nanofibers of the as-prepared sample is obtained
from TEM studies. As shown in Figure 3, the curled
nanofibers have the characteristics of tubular structure (A,
C, and D) and always have at least one of the ends open.
These nanotubes are single-crystalline and free of dislocation
and stacking faults, as revealed by HRTEM analysis (B). A
typical HRTEM image (B) taken from the white square in
part A of Figure 3 exposes clear lattice fringes of{001}
planes perpendicular to the tube axis with a d spacing of
0.736 nm. The fast Fourier transform (FFT) pattern (inset
in part B of Figure 3) can be indexed to the monoclinic
â-Ag2Te, and the nanotubes grow along the [001] direction
of theâ-Ag2Te crystal. X-ray energy-dispersive spectroscopy
(EDS) gives an elemental ratio of silver to tellurium of about
2:1 and indicates that the nanotubes are made up of Ag2Te.

To examine the structural phase transition of the as-
prepared Ag2Te sample from the low-temperature monoclinic
structure (â-Ag2Te) to the high-temperature face-centered
cubic structure (R-Ag2Te), thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) curves of the
Ag2Te sample were recorded and shown in part A of Figure
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Figure 1. A) XRD pattern of as-prepared sample; B) XPS spectra of the as-prepared sample.
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4. TGA (dot line) ranging from 100 to 200°C did not show
significant weight loss, indicating that the composition of
the sample did not chemically change. From the DSC curve,

it can be seen that the phase transition during the heating
procedure occurred at 152.5°C, whereas the reversible phase
transition during the cooling procedure occurred at 140°C.

Figure 2. SEM images of as-prepared sample. (A) A lower magnification SEM image; (B) higher magnification SEM image; (C) and (D) tubular nanofibers
with open ends; (E) tubular nanofiber with uncovered hollow interiors taken from the white square (B).

Figure 3. TEM images of the as-prepared sample: (A), (C), and (D) individual nanotube; (B) HRTEM image recorded from the white square in (A) and
the corresponding FFT patterns (inset).
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The DSC curve shows that the phase transition is indeed
reversible, and there exists a hysteresis of∼12.5 °C. A
similar hysteresis phenomenon has also been observed
previously for the preparation and characterization of Ag2E
(E ) Se, Te) nanocrystals, where the phase transition (at
148°C) is also reversible but shows a hysteresis of 56°C.18

The temperature-dependent XRD patterns of the as-prepared
Ag2Te sample (part B of Figure 4) also show the structural
phase transition from the low-temperature monoclinic struc-
ture (â-Ag2Te) to the high-temperature face-centered cubic
structure (R-Ag2Te). From the temperature-dependent XRD
patterns, it can be seen that the phase transition during the
heating procedure occurred between 145 and 155°C, whereas
the reversible phase transition during cooling occurred
between 145 and 135°C. The temperature-dependent XRD
patterns show that the phase transition is indeed reversible,
and there exists a hysteresis of∼10 °C.

It is interesting that we observed the changed of the spectra
the Ag2Te nanotubes in the difference of the exposure time.
At the very beginning, the intensity of the Raman spectra of
Ag2Te samples were rather weak as shown in Figure 5;
however, as the samples were exposed to the laser for a
longer time, the intensity of the Raman spectra became
dramatically stronger, and the main peaks were sharpened
when the exposure time was increased. The initial spectrum
shows three weak peaks at 119, 145, and 641 cm-1. As the
exposure time is lengthened, two new peaks appear at 675
and 814 cm-1. However, none of the above observed peaks
are convincingly assignable to Ag-Te Raman vibrations.

Because silver chalcogenides are sensitive to laser beams,
which may induce the polymorphic transitions and result in
a redox reaction,19 no studies have reported on the Raman
spectra measurements of Ag2Te. Here, we propose a tentative
explanation of the Raman spectra. Upon exposure of the
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Figure 4. (A) TGA (dashed line) and DSC (solid line) curves of the as-prepared Ag2Te sample; (B) The temperature-dependent XRD patterns of the
as-prepared Ag2Te sample.

Figure 5. Raman scattering spectrum of the as-prepared Ag2Te products at different times of exposure.
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surface of Ag2Te to the laser, nanotubes may undergo a redox
reaction, resulting in trace amounts of TeO2 and silver. The
redox reaction takes place on the surface of the sample and
is expressed as

The legible Raman vibrations are possibly due to the
appearance of TeO2, with the peaks at low frequency (<200
cm-1) corresponding to the lattice vibrations of TeO2, those
at 395 and 641 cm-1 corresponding to the bending vibrations,
and those at 675 and 814 cm-1 corresponding to the
symmetrical stretching of Te-O.20 The Raman scattering was
weak at the beginning because such laser-induced decom-
position only produced very little TeO2. However, the
concomitant appearance of silver still made it detectable by
Raman. When the sample was exposed to the laser for a
longer time, more and more silver atoms were generated,
and the Raman intensity increased dramatically, which
exhibited a significant enhancement of the Raman spectra.
In the meantime, such Raman enhancement may be able to
activate some originally non-Raman active modes, account-
ing for the observation of two new peaks.

One way to further confirm the rationality of the tentative
explanation of the Raman spectra is based on TEM analyses,
which were carried out on the as-prepared Ag2Te sample
dispersed onto a carbon-coated copper grid, after the
exposure to the laser beam for 20 min during the Raman
spectra measurement. As shown in Figure S1 (Supporting
Information), it is very obvious that the Ag2Te tubular
nanostructures were destroyed by the laser beam, and a lot
of particles appeared on the surface of Ag2Te sample (A, B,
and C). The HRTEM image (D) taken from a particle in
part A of Figure S1 exposes clear lattice fringes of (1-11)
the plane of the fcc silver crystal with a d spacing of 0.236
nm. The FFT pattern (inset in part D of Figure S1) can be
indexed to the fcc silver crystal. X-ray EDS (F) also indicates

that the particle is a silver crystal. Another HRTEM image
(inset in part E of Figure S1) shows two-fringe spacing of
∼0.369 nm, which may be the spacing of the (111) plane of
TeO2 (JCPDF No. 75-0882). EDS analysis (G, H) reveals
that Ag2Te on the surface of sample may be oxidized after
the exposure to the laser beam for 20 min during the Raman
spectra measurement.

It has been well-known that some noble metallic nano-
structures can exhibit a surface-enhanced Raman scattering
(SERS) phenomenon in which the scattering cross sections
are dramatically enhanced for molecules adsorbed thereon.21,22

In recent years, it was reported that even single-molecule
spectroscopy is possible by SERS, suggesting that the
enhancement factor can reach as much as 1014-1015.23,24The
present finding indicates that such a SERS effect is achiev-
able even via a self-generation process of nanostructures.

Studying the natural chemical character ofâ-Ag2Te can
help us to understand the growth mechanism ofâ-Ag2Te
nanotubes. The crystal structure25 of â-Ag2Te along theb
and c axes is shown in Scheme 1. Ag(1) atoms and
coordinating tellurium atoms form a sheet of tetrahedra
parallel to (100), sharing four edges with other Ag(1)Te4

tetrahedra. Ag(2)Te4 tetrahedra are linked to two other Ag-
(2)Te4 tetrahedra via common edges and to four Ag(2)Te4

tetrahedra via common vertices in another sheet parallel to
(100). The two different sheets are linked to each other via
shared tetrahedron edges. The two independent silver atoms
are 4-fold coordinated. Both tetrahedra are strongly distorted,
although the bond distances are in the rather narrow range
of 2.8415-3.034 Å. Thus,â-Ag2Te can be seen as a layered
structure. Ag(1) is in the center of the layers. The layers are
parallel to (100) and are connected by Ag(2)-Te bonds. The
distance between layers is about 7.5 Å [a sin(180- â) Å].
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Scheme 1. Perfective Projection Along theb andc Axes of the Structure ofâ-Ag2Te

Ag2Te + O2 ) 2Ag + TeO2
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It is well-known that natural and artificial lamellar solids
can be rolled up into nanotubes, under the appropriate
conditions.26-30 We believe that the rolling-up mechanism
is acceptable to explain the formation of silver telluride
nanotubes.

Control experiments have shown that the Ag2Te nanobelts
can change to nanotubes, under the appropriate reagent
combinations and reaction conditions. The shape evolution
process was followed by examining the intermediate products
obtained after different reaction times. As shown in Figure
S2 (Supporting Information), the products obtained after
hydrothermal reactions for∼3-4, 6-7, and more than 9 h
show the morphologies of soft and curled nanobelts (A), half
tubes (B), and bendy nanofibers (C), respectively. It is noted
that the presence of NH3‚H2O is necessary for the formation
of Ag2Te nanotubes. Without NH3‚H2O, only the mixture
of silver and tellurium was obtained in the same reaction
conditions (part D of Figure S2). The main reason may be
that the ammonia acts as a transporter of the Ag+ cations in
the form of the [Ag(NH3)2]+ cation, which is more difficult
to reduce than the Ag+ cation.

During the early stages of the hydrothermal reaction, the
nanobelts formed and the existence of half-tube structures
provides strong evidence for the rolling-up mechanism of
the nanobelts formed. The TEM analyses on a typical half-
tube further uncovered that the nanobelts curled up on thec
axis, became half-tubes, and finally grew into nanotubes. The
typical HRTEM image (part B of Figure 6) taken from an
individual half-tube (indicated by the white circle in part A
of Figure 6) exposes clear lattice fringes of{100} planes
with a d spacing of 0.745 nm, in accordance with the distance
between layers. The FFT pattern (inset in part B of Figure
6) can be indexed to the monoclinicâ-Ag2Te from the [010]
zone axis and reveals that the half-tubes grow along the [001]
direction of theâ-Ag2Te crystal. Thus, as shown in part C
of Figure 6, we can infer that the nanotubes of as-prepared
â-Ag2Te result from the nanobelts, which appear at the early
stages of the hydrothermal reaction, curl up on thec axis,
then become half-tubes after hydrothermal reaction for∼
6-7 h, and finally grow into nanotubes after hydrothermal
reaction for more than 9 h.

Conclusions

In summary, using the hydrothermal method, we have
synthesized for the first time silver telluride nanotubes in
the presence of ammonia, which is necessary for the
formation of a nanotubular structure. All of these nanotubes
are bendy and curled, with the diameters of 80-250 nm and
more than several tens of micrometers in length. They also
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Figure 6. (A) TEM image of the individual half-tube; (B) HRTEM image and FFT pattern (inset); (C) A scheme of the formation of the Ag2Te nanotube.
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show the characteristics of tubular structures with open-ended
and uncovered hollow interiors. The structural phase transi-
tion of the as-prepared Ag2Te nanotubes from the low-
temperature monoclinic structure (â-Ag2Te) to the high-
temperature face-centered cubic structure (R-Ag2Te) has been
observed by DSC, TGA, and temperature-dependent XRD
analysis. An interesting Raman scattering enhancement
phenomenon has also been observed during the observation
of Raman spectra, and a tentative explanation of this SERS
phenomenon was proposed. The rolling-up mechanism of
the silver telluride nanotubes is proposed to explain the
tubular formation procedure based on the inherent crystal
structure of low-temperatureâ-Ag2Te. These anisotropic
semiconductor Ag2Te nanotubes might hold great potential
applications in the engineering of nanodevices.
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