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Abstract
One-pot hydrothermal process has been developed to synthesize uniform Te@phenol
formaldehyde resin core–shell nanowires with unique fluorescent properties. A synergistic
soft–hard template mechanism has been proposed to explain the formation of the core–shell
nanowires. The Te@phenol formaldehyde resin core–shell nanowires display unique
fluorescent properties, which give strong luminescent emission in the blue-violet and green
regions with excitation wavelengths of 270 nm and 402 nm, respectively.

S Online supplementary data available from stacks.iop.org/Nano/21/495602/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Core–shell nanostructures have received intense attention due
to their improved physical and chemical properties over their
single-component counterparts since the discovery of coaxial
nanocables in 1997 [1–4]. Up to now, many approaches have
been developed to fabricate various core–shell nanostructures,
for instance laser ablation [4–7], the γ -irradiation method [8],
electrochemical deposition [9, 10], the carbothermal reduction
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University, 688 Yingbin Avenue, Jinhua 321004, People’s Republic of China.
5 Author to whom any correspondence should be addressed.

method [11], chemical vapor epitaxy [12–16] and the sol–gel
process [17–19]. Most of these techniques need either hard
templates such as carbon nanotubes, ZnO nanowires, anodized
aluminum oxide (AAO) templates or rigorous reaction
conditions. Recently, a synergistic soft–hard template method
has been developed to synthesize flexible Ag/cross-linked PVA
coaxial nanocables [20], Cu/cross-linked PVA [21] Te/cross-
linked PVA [22] and Ag@carbon nanocables [23] under
hydrothermal conditions. Ag/polypyrrole nanocables have
been fabricated in aqueous solution through a redox reaction
between silver nitrite and pyrrole in aqueous solution at room
temperature with the addition of poly(vinyl pyrrolidone) used
as coordinating agents [24].
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Elemental tellurium is a narrow direct bandgap semicon-
ducting material with a bandgap energy of 0.35 eV, which has
a highly anisotropic growth tendency because of its unique
helical-chain conformation in its crystal structure. Crystalline
tellurium shows interesting optical properties and may be used
as a holographic recording material, an infrared photoconduc-
tive detector and for nonlinear infrared optics, such as second
harmonic generation [25, 26]. In particular, crystalline tel-
lurium nanowires of several nanometers in diameter display
strong luminescent emission in the blue-violet region [27, 28].
To date, many efforts have been made to synthesize various
one-dimensional nanostructures, for instance nanowires, nan-
otubes and nanobelts [29–32]. Furthermore, Te nanostructures
have been widely used as an excellent platform for controlled
synthesis of noble metal and telluride nanowires/nanotubes
[33, 34]. To the best of our knowledge, there is no report
on the synthesis of Te@phenol formaldehyde resin core–shell
nanowires.

Herein, a template-free approach has been developed to
synthesize Te@phenol formaldehyde resin (PFR) core–shell
nanowires. A synergistic soft–hard template mechanism has
been proposed to explain the formation of the core–shell
nanowires. The photoluminescence of the Te@PFR core–shell
nanowires has been investigated further.

2. Experimental details

2.1. Chemicals

All chemicals are of chemical grade and used without further
purification.

2.2. Synthesis of Te@phenol formaldehyde resin core–shell
nanowires

In a typical experimental process, 0.0553 g sodium tellurite
(0.25 mmol) was dissolved in 22 ml double-distilled water
and stirred vigorously to form a clear solution. Subsequently,
1.0 mmol phenol (P) and 4.0 mmol hexamethylenetetramine
(HMT) was added to the previous solution and form a clear
solution. After that the final solution was transferred into a
Teflon-lined stainless steel autoclave (28 ml in total volume),
which was closed and maintained at 160 ◦C for 48 h. The final
precipitate, green in color, was collected by centrifugation and
washed with absolute alcohol and distilled water for three times
respectively, and dried at 60 ◦C for 4 h.

2.3. In vitro cytotoxicity tests and confocal observation

HeLa cells were collected and diluted to a cell density of
1 × 105 ml−1 in complete medium, and then seeded into 96-
well plates (100 μl/well). After being cultured for 24 h, the
as-final sample with different concentrations (25, 50, 100, 200,
500 and 1000 μg ml−1) were added to the cells and the cells
were incubated for 24 or 48 h at 37 ◦C. The cells were washed
to remove the unbound nanoparticles. The cell viability was
measured by using the Cell Titer 96 aqueous one-solution assay
(Promega, Madison, WI) and was expressed as a percentage of
the control.

Figure 1. XRD pattern of the as-prepared product obtained from
reaction of 0.25 mmol sodium tellurite with 1.0 mmol phenol and
4.0 mmol hexamethylenetetramine at 160 ◦C for 48 h.

HeLa cells were cultured on a 35 mm polylysine-
coated glass bottomed microwell dish (MatTek Corporation,
MA, USA) and treated with the sample (100 μg ml−1) for
24 h. Mitochondria of the cells were stained with 0.1 mM
MitoTrackers Red CMXRos (Molecular Probes, OR, USA)
for 30 min, and then counterstained with DAPI (Molecular
Probes, OR, USA) for nuclear staining after washing with PBS
buffer two or three times. Fluorescence was observed using
a Nikon confocal microscope and images were captured using
the Evolution MP Cooled Camera Kit.

2.3.1. Characterization. The final products were charac-
terized by x-ray powder diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
HRTEM and XPS, respectively. The final sample was de-
posited and smeared uniformly onto a glass slide ensuring a
flat upper surface for XRD analyses, which were carried out
on a Philips X’Pert PRO SUPER x-ray diffractometer equipped
with graphite monochromatized Cu Kα radiation, with the op-
erational voltage and current maintained at 40 kV and 40 mA,
respectively. The morphologies of the composites were in-
vestigated by scanning electron microscopy (Hitachi S-4800)
with an accelerating voltage of 5.0 kV; transmission electron
microscopy (TEM) performed on a Hitachi (Tokyo, Japan) H-
800 transmission electron microscope (TEM) at an accelerat-
ing voltage of 200 kV, and high-resolution transmission elec-
tron microscopy (HRTEM) (JEOL-2010) operated at an ac-
celeration voltage of 200 kV. The x-ray photoelectron spec-
tra (XPS) were used to obtain further evidence for the puri-
ties and compositions of the as-prepared products, which were
recorded on an ESCALab MKII x-ray photoelectron spectrom-
eter (Thermo-VG Scientific). The photoluminescence analysis
was carried out on a Fluorolog3-TAU-P. The FTIR spectra of
the samples were measured on a MAGNA-IR 750 at room tem-
perature (Nicolet Instrument Co., USA).

3. Results and discussion

Figure 1 shows the XRD pattern of the sample obtained from
the reaction of sodium tellurite (Na2TeO3, 0.25 mmol) with
1.0 mmol phenol and 4.0 mmol hexamethylenetetramine at
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Figure 2. SEM images of the core–shell nanowires obtained from reaction of 0.25 mmol sodium tellurite with 1.0 mmol phenol and 4.0 mmol
hexamethylenetetramine at 160 ◦C for 48 h.

Figure 3. (a) and (b) TEM images of the core–shell nanowires obtained from reaction of 0.25 mmol sodium tellurite with 1.0 mmol phenol
and 4.0 mmol hexamethylenetetramine at 160 ◦C for 48 h. (c) High-resolution transmission microscope (HRTEM) images of the core Te
nanowires.

160 ◦C for 48 h, in which all peaks can be indexed to the
hexagonal phase of tellurium (t-Te) with a cell constant a =
4.466 Å, c = 5.910 Å and no impurity peaks detected, which
are in good agreement with the standard literature reports
(JCPDS card no. 36-1452).

The morphology and size of the as-prepared sample
was examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), respectively. A
general overview SEM image in figures 2(a) and (b) shows that
the product consists of nanowires with an average diameter of
40 nm and length up to tens of micrometers. Transmission
electron microscope (TEM) images reveal that the nanowires
are core–shell nanostructures, each of which consisted of a core
nanowire with an average diameter of 9 nm, which is in good
agreement with the results calculated according to the Scherrer
equation (Rm = kλ/β1/2 cos θ) from the XRD pattern of the
nanowires (figure 1) and a surrounding sheath of about 15 nm
in thickness.

The core nanowires are single crystalline as demonstrated
by the selected-area diffraction pattern (figure S1 in
supporting information available at stacks.iop.org/Nano/21/
495602/mmedia), which is taken from single core–shell
nanowires. The high-resolution TEM image of the core
nanowires (shown in figure 3(c)) obtained from the rectangular
portion (shown in figure 3(b)) shows that the fringes with
a spacing of 0.59 nm, which is perpendicular to the axial
direction, correspond to the (001) lattice planes of t-Te
nanowires, which demonstrates that the core nanowires of
tellurium grew along the [001] direction. All these are well
in accordance with the previous study of tellurium nanowires.

Figure 4. XPS spectrum of the Te@phenol formaldehyde resin
core–shell nanowires.

X-ray photoelectron spectroscopy (XPS) has been used
to examine the surface composition of core–shell nanowires,
which indicates that peak values at 284.72 and 531.48 eV can
be assigned readily to the binding energies of C1s and O1s,
respectively. The peak with a binding energy at 574.36 eV for
Te3d5 was very weak and can hardly be detected, indicating that
all of the tellurium in these products are confined within shells
of the phenol formaldehyde resin layers (shown in figure 4).

The chemical composition of the composites was also
characterized by energy-dispersive x-ray analysis (EDX), in
which Cu was detected due to use of a Cu plate as the sample
substrate and Au was from the sputtering system for FESEM
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Figure 5. (a) TEM image of the Te nanowires obtained at 160 ◦C for 6 h and (b) the histogram of the diameter distribution of the nanowires.

Figure 6. Tentative reaction mechanism proposed under the
hydrothermal condition.

observation (figure S2 in supporting information (available at
stacks.iop.org/Nano/21/495602/mmedia)); the Te element is
approx. 0.48 at.%, calculated according to the data on atomic
percentages. (See the detailed element composition list in
table S1 in supporting information available at stacks.iop.org/
Nano/21/495602/mmedia.) The FTIR spectra have been used
to detect the functional groups of the as-prepared sample. The
peaks around 1000–1300 cm−1 are indicative of the C–OH
stretching and OH bending vibrations and the peak values
around 2975 cm−1 are attributed to C–H (–CH2) vibration
(figure S3 in supporting information available at stacks.iop.org/
Nano/21/495602/mmedia), which is in good agreement with
the previous study [36].

To gain a better understanding on the growth mechanism
of these core–shell nanowires, the products formed at early
stages were collected for TEM analysis. Figure 5(a) shows
that only Te nanowires were formed and no polymer layers
on the nanowires when the reaction was conducted at 160 ◦C
for 6 h; the nanowires with an average size of 9 nm diameter
(figure 5(b)), which is in good agreement with the size of the
core–shell nanowires. The formation of such elegant core–
shell nanowires should be controlled by a synergistic soft–
hard template mechanism, which is, to some extent, similar
to that proposed previously in the case of Ag/cross-linked PVA
nanocables [20]. In the initial process tellurite (TeO2−

3 ) ions
were first reduced by HCHO, which were released from HMT
according to the previous studies [35, 36]. Simultaneously,

Figure 7. Photoluminescence emission spectrum of the Te@PFR
core–shell nanowires with an excitation wavelength of 270 nm.

HCHO and phenol undergo a polymerization reaction to form
phenol formaldehyde resin. In general, tellurium has a highly
anisotropic growth tendency due to its unique crystal structure.
However, the phenol formaldehyde resin is responsible for both
the oriented growth of Te nanowires and further formation of a
thin polymer layer on the Te nanowires. The reactions which
occurred were summarized as follows and shown in figure 6.

It is commonly recognized that the methods of materials
preparation and their relations to the morphology, surface
condition and strains are important factors determining the
material physical properties. The photoluminescence of the
Te@PFR core–shell nanowires was explored using an He–
Cd laser as the excitation wavelength. Figure 7 shows
the photoluminescence emission spectrum with an excitation
wavelength of 270 nm and a sharp emission peak around
402 nm, which is different from that reported previously,
even though the Te nanowires were of similar size [31, 37].
No photoluminescence emission of the core–shell nanowires
with an excitation wavelength of 365 nm was detected
as we previously studied [27]. These photoluminescence
peaks can be attributed to imperfections associated with
semiconductor nanorods [38, 39]. It is really very interesting
for the photoluminescence of Te nanostructures, which is of
great importance for optoelectronic applications. Figure 8
shows a broad green emission located at 550 and 20 nm

4

http://stacks.iop.org/Nano/21/495602/mmedia
http://stacks.iop.org/Nano/21/495602/mmedia
http://stacks.iop.org/Nano/21/495602/mmedia


Nanotechnology 21 (2010) 495602 H Qian et al

Figure 8. Photoluminescence emission spectrum of the Te@PFR
core–shell nanowires with an excitation wavelength of 402 nm.

Figure 9. Influence of different concentrations of nanoparticles on
the cell viability at different time points.

redshift with an excitation wavelength of 402 nm compared
to the photoluminescence of silver@PFR nanospheres and
Fe3O4@PFR chain-like core–shell nanowires; and no PL
emission peak was detected using an excitation wavelength of
330 nm [35, 36]. In a word, the photoluminescence of the
Te@PFR core–shell nanowires is very interesting and needs
investigating further.

The fluorescent core–shell nanowires with functional
groups have great potential for effective and targeted delivery
of drugs and imaging labels. To verify whether these core–shell
nanowires are biocompatible, cells treated with particles were

detected by MTS solution. As shown in figure 9, no noticeable
difference was seen in cell viability between cells containing
samples with different concentrations. Furthermore, there is
no significant decrease in cellular viability with increasing
concentration of particles. It is suggested that these materials
exhibit no cytotoxic effects on cells. Even this property differs
greatly from quantum dots or other inorganic materials whose
toxicity is concentration-dependent. This suggests that these
particles are suitable for biological applications.

To determine whether these particles could potentially
be used as drug carriers or imaging labels, we stained
the mitochondria with MicroTrackers Red CMXRos and
nuclei with DAPI, and then monitored the distribution
of nanoparticles in HeLa cells by confocal fluorescence
micrographs. Figure 10 shows these particles can produce
strong green visible emission under excitation at 340 nm.
It indicated that core–shell nanowires could be internalized
into cells, shown by colocalization of the sample and
mitochondria/nucleus, as exhibited by the merged fluorescence
color of light yellow/soft blue.

4. Conclusions

In summary, uniform fluorescent Te@phenol formaldehyde
resin core–shell nanowires have been synthesized successfully
by a one-pot hydrothermal process. The results reveal that each
of the Te@PFR core–shell nanowires consisted of a core with
about 4–10 nm in diameter and a surrounding sheath with about
10–15 nm in thickness. Furthermore, the Te@PFR core–shell
nanowires display unique fluorescent properties, which are of
great importance to apply in recording material, an infrared
photoconductive detector, and for nonlinear infrared optics,
optoelectronic applications, etc. In addition, the present study
reveals the core–shell nanowires are biocompatible and display
targeting of these nanoparticles for imaging labels, which will
be of particular interest.
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Figure 10. Fluorescence microscopy images of HeLa cells. The intracellular fluorescent nanoparticles are shown.
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